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The current study outlines an integrated experimental and data-driven methodology of the
development of sustainable high-performance concrete, using a hybrid low-carbon binder, which
includes fly ash (FA), ground granulated blast-furnace slag (GGBS), thermally treated coir biomass
(TTCB) and graphene nanoplatelets (GNPs). M40 grade concrete mixtures were prepared by systematic
variation of supplementary cementitious materials (SCMs, 30% of the total binder), TTCB (5% to
10%) and GNPs dosage (0.08% to 0.12%). Mechanical properties were evaluated at 7 and 28 days,
rapid chloride permeability (RCPT), water uptake and residual strength after exposure to 300 °C. The
optimised mix delivered a compressive strength of 55 MPa at 28 days, which is approximately 23%
greater than the control mix (44-45 MPa at 28 days), and chloride permeability 505 C (42% lower) and
water absorption 2.8% (40% lower), respectively. Retention of strength following exposure to 300 °C
was above 80%, which means that the thermal stability was improved. Microstructural examinations
confirmed refined pore structure, lower content of portlandite and enhanced interfacial bonding.

The 60 experimental observations based on replicated specimens in 10 mix designs were trained on
Random Forest, XGBoost and CNN LSTM models. XGBoost had the best predictive accuracy (R?>0.95
to predict strength), and the permutation-importance analysis revealed TTCB content and SCMs
balance to be the most important predictors. Multi-objective optimisation (NSGA-Il and MOEA/D)
was used to produce trade-offs between strength, durability, embodied CO, and cost within the
constrained experimental space. The suggested surrogate-assisted optimisation model offers a
repeatable approach to eco-efficient concrete mix design at limited laboratory conditions.

Keywo rds Sustainable concrete, Flyash, GGBS, Thermally treated coir biomass, Graphene nanoplatelets,
Machine learning

Concrete remains an essential element of the world’s infrastructure, but it has a significant negative impact on
the environment. Ordinary Portland cement (OPC), the dominant binder in concrete, is a major contributor to
CO, emissions in the world due to the energy-intensive process of clinker production'2. In order to reduce this
effect, the use of supplementary cementitious materials (SCMs) like fly ash (FA) and ground granulated blast-
furnace slag (GGBS) has become widely used®>~. The embodied carbon is minimised by partial replacement of
OPC by SCMs, and in most cases, the long-term durability is enhanced. However, the use of single-SCM systems
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presents intrinsic constraints; high fly-ash levels may slow down the initial development of strength, and the
effects of single additives are likely to level off at high dosage levels®~’. Binary and ternary blends have driven the
innovations in sustainable concrete technology, but it is still difficult to achieve a substantial decrease in clinker
and maintain the mechanical integrity and durability®®-1°. A promising strategy is the use of multi-component
systems that combine materials on the nano-, micro-, and meso-scales!!~13. At the same time, the traditional mix
design approaches are predominantly empirical and trial and error, which highlights the need to develop data-
driven approaches that would help accelerate sustainable binder optimisation.

The current work suggests a hybrid binder, which incorporates industrial by-products (FA and GGBS),
thermally treated coir biomass (TTCB), and graphene nanoplatelets (GNPs)!*-!® in accordance with the
carbon-neutral and circular economy principles!*~'¢. Introduced in low doses (0.05-0.30 wt%), GNPs may
facilitate nucleation, crack-bridging, and densification of the matrix, depending on good dispersion'®?%; but
agglomeration often inhibits these effects. The underutilised resources include agricultural residues, such as
coconut coir. Thermal treatment of coir under controlled conditions converts coir to silica-containing ash with
pozzolanic potential>!~?%. Besides acting as a reactive SCM, TTCB can be used as a micro-scale filler and a
dispersive matrix of nanoparticles?*~2%; the porous, carbonaceous biomass can help reduce the restacking of
graphene and enhance nanoscale dispersion. The FA-GGBS-TTCB-GNP system thus operates at various length
scales. FA and GGBS improve the pore structure and increase long-term hydration?”-?8. TTCB provides reactive
silica and micro-filling effects, which may be useful in dispersing nanoparticles?®?**. GNPs enhance the matrix
on a nanoscale level through nucleation enhancement and crack-bridging processes. Even though the research
on nanomaterials, bio-ashes, or SCM blends was done in the past, the combination of all four elements in a
single optimisation strategy has not been examined thoroughly®*!*2, In the materials science field, the coupled
hydration kinetics, secondary pozzolanic reactions, and development of interfacial nanostructures determine
the performance of the FA, GGBS, TTCB, and GNPs composite system. The aluminosilicate precursors provided
by FA and GGBS react with calcium hydroxide to produce additional C-S-H and C-A-S-H phases, which
refine the capillary pore network and reduce ionic transportation pathways. High-content amorphous silica
TTCB also takes part in pozzolanic reactions and serves as a micro-filler, which enhances the packing density
of particles. On a nanoscale, GNPs serve as heterogeneous nucleation sites, which increase early hydration
kinetics and promote the development of denser C-S-H structures. Well-dispersed GNPs may fill microcracks
and increase stress transfer across the interfacial transition zone (ITZ). Thus, the synergistic performance is
not only due to the substitution by supplementary cementitious material (SCM), but also multiscale couplings
between hydration chemistry, pore refinement, nanoparticle dispersion stability, and crack-bridging mechanics.
The methodological advances of artificial intelligence use in construction materials in the recent past have
highlighted the growing opportunities of machine learning in predicting and optimising concrete performance.
Empirical studies with waste glass powder (GGP/WGP)-based concretes have found that the ensemble learning
methods, such as support vector regression, gradient boosting, XGBoost, LightGBM, and CatBoost, can achieve
high predictive accuracy (R*>0.94) when trained on carefully curated experimental data, with curing age and
water-cement ratio reliably coming up as the most important predictors using SHAP-based interpretability
analyses®*-3¢. Similar studies on graphene nanoplatelet-modified cementitious systems have applied decision-
tree algorithms, CatBoost, adaptive neuro-fuzzy inference systems (ANFIS), and LightGBM, and the results
have shown that nano-scale geometric descriptors and curing age have a strong effect on the prediction of
compressive strength®. All of these studies support the effectiveness of ensemble and boosting algorithms in
the process of non-linear interactions within sustainable composite systems. The significance of curing regimes
and microstructural evolution to the achievement of optimum performance has been stressed by parallel
experimental studies of fly ash -ground-granulated blast-furnace slag (FA -GGBS)-based geopolymer recycled
aggregate concretes, and the importance of time-dependent pore refinement and shrinkage behaviour as
important determinants of durability has been highlighted by analyses of supplementary cementitious material-
blended systems>®3°.

However, the research that is available is mostly focused on single waste streams (e.g. glass or graphene),
single performance measures (mostly compressive strength), or single predictive modelling, commonly lacking
a multi-objective sustainability optimisation framework. Moreover, few studies have simultaneously used
bio-derived pozzolans, industrial SCMs, and nanomaterials in a single experimental-modelling-optimisation
paradigm. The current study aims at filling this gap by experimentally demonstrating a multi-component FA-
GGBS-TTCB-GNP system and integrating interpretable surrogate modelling in a constrained multi-objective
optimisation approach.

Research gap and motivation

Although there has been an advancement in low-carbon concrete technologies, there are still a number of gaps
in knowledge. To begin with, bio-derived ashes have been rarely explored as both reactive SCMs and nano-
dispersion facilitators*®*°. Second, most of the optimisation tools used are empirical in nature and therefore
offer little information on how to trade off competing goals, such as compressive strength, durability, cost of
production, and embodied carbon®~*. Third, sustainable concrete research has not yet applied machine-
learning methods to address the issue of predictive modelling, without directly considering the limitations of
datasets, model interpretability, and experimental validation®*->°. This necessitates an overall framework that
combines experimental verification, mechanistic understanding, interpretable machine-learning methods,
and multi-objective optimisation in a strictly defined design space. In the current study, multi-scale refers to
the interactions that are coordinated at the nano-, micro-, and meso-levels, and the system exhibits coupled
physicochemical interactions linking nanoscale nucleation effects, microscale pore refinement, and mesoscale
transport resistance. GNPs impact the nucleation and crack-bridging processes on the nanoscale. TTCB provides
reactive silica and supports micro-structural refinement as well as dispersion. FA and GGBS regulate hydration
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kinetics and long-term transport resistance. The resulting performance improvements are experimentally
assessed and analysed using surrogate-modelling and optimisation methods.

Scientific hypothesis

The main hypothesis of the current study is that a multicomponent binder that includes fly ash -granular ground
granulated blast furnace slag (FA -GGBS), thermally treated coir biomass (TTCB), and graphene nanoplatelets
(GNPs) will provide synergistic improvements in performance at nanometric, micrometric, and mesoscopic
levels, thus, resulting in a high mechanical strength, reduced chloride permeability, and enhanced thermal
stability in comparison to both conventional ordinary Portland cement (OPC) and individual supplementary
cementitious. In addition, it is hypothesised that the synergistic effect between the reactive bio-derived ash
(TTCB) and the uniformly dispersed GNPs will enhance nucleation enhancement, refinement of pores, and
crack-bridging effects, which are beyond the additive behaviour, and therefore, instill measurable non-linear
relationships between the formulation and functional behaviour of the composite. Lastly, it is hypothesised that
these nonlinear interdependencies can be formally summarised into interpretable ensemble-based machine
learning models and then utilised in a limited multi-objective optimisation schema to discover environmentally
efficient mix designs that balance mechanical strength, durability, embodied carbon dioxide emissions and
economic cost.

Novelty and research significance
This investigation is important and can be summarised in four contributions that are related to one another.

« First, the research designs and experimentally confirms a multi-component hybrid binder that incorporates
FA, GGBS, TTCB, and GNPs in a single system, which contributes to the development of material design
paradigms.

« Second, it illustrates the manipulated thermal treatment of coir waste to produce a functional, bio-derived
pozzolan, which shows possible dispersion-enhancing properties, as a part of sustainable building materials.

« Third, it uses interpretable machine-learning models, such as Random Forest, XGBoost, and a CNN-LM
hybrid, as surrogate tools to query nonlinear relationships between compositional variables and performance
results in the experimentally studied design space.

« Fourth, it combines surrogate modelling with multi-objective evolutionary optimisation (NSGA-II and
MOEA/D) to query the trade-offs between mechanical strength, durability (RCPT), embodied CO, emissions
and cost under realistic constraints.

Notably, the modelling framework is framed as a data-aided exploration device, which exists in the tested
experimental space, and not a predictor that is generally applicable.

Objectives and scope
The research is designed based on four interrelated objectives:

o Material development and characterisation FTIR, XRD, and SEM methods were used to carry out the produc-
tion and characterisation of TTCB. A stable dispersion of GNPs was prepared using surfactant-assisted ultra-
sonication. Hybrid binders were developed with systematically different concentrations of GNP (0.05-0.30
wt%), TTCB (5-15 wt%), and FA-GGBS proportions (20-30 wt%).

o Experimental performance evaluation Fresh properties, mechanical strength, durability, such as rapid chloride
permeability test (RCPT) and residual strength following exposure to 300 °C were evaluated. Microstructural
analysis was conducted to match the hydration mechanisms and interfacial behaviour to the macroscopic
performance.

o Surrogate modelling and interpretability Random Forest, XGBoost and CNN-LSTM models were trained and
validated to predict compressive strength, tensile strength and RCPT. SHAP analysis was used to measure the
contribution of features in the dataset.

o Multi-objective optimisation and sustainability benchmarking Surrogate models were incorporated in NSGA-II
and MOEA/D. Concurrent optimisation of strength, durability, embodied CO, (cradle-to-gate) and cost in-
dex had been undertaken. Experimental benchmarks were used to evaluate consistency between optimised
solutions and experimental benchmarks.

The suggested workflow will integrate experimental validation, interpretable modelling, and constrained
optimisation to assist in informed exploration of eco-efficient high-performance concrete in a specific laboratory-
scale design space.

Materials and methods—experimental programme

The main node, which is called Hybrid Concrete Mix Design, consists of three major parts: materials, mix
design, and testing. All the major constituents of the cement include FA, GGBS, TTCB, and GNPs, which are
selected herein to form an alternative and sustainable hybrid matrix of high performance. The Mix Design branch
specifies the experimental matrix, consisting of a control mix and a large number of combinations of additional
cementitious materials, further extended by the systematic changes in TTCB content and GNP dosages to
discuss the synergistic effects. Testing branch categorises the performance test into mechanical (compressive,
tensile, and flexural strengths), durability (RCPT, sorptivity, water absorption, and CO, permeability), and
thermal test (residual strength and mass loss). Together, these interdependent modules form the methodological
basis of designing, optimising and validating hybrid concrete mixes to show improved performance in terms
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of mechanical integrity and durability. Figure la schematic demonstrates the general workflow that should be
followed in the experimental programme.

Materials
All the materials that were used in this research were obtained locally to make the research representative and
economically viable. Ordinary Portland Cement of 53 grade (OPC 53 grade) that meets the requirements of the
IS 12269:2013 was the principal binder. FA, or a thermal power plant on the same premises, also satisfied the
requirements of IS 3812 (Part 1):2013 (Type F): GGBS was found to meet the requirements of IS 16714:2018.
Agricultural coir waste used in the production of TTCB was processed, and the biomass was obtained as
the resultant product. GNPs of commercial grade (xGnP-C300, purity 99.6%) were purchased from a certified
nanomaterials supplier, Platonic Nanotech Pvt. Ltd., Greater Noida, Uttar Pradesh, India, as a research-grade
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Fig. 1. (a) Hybrid Concrete Mix Design and Testing framework. (b) Particle size distribution curves of fine
aggregate, coarse aggregate, and TTCB ash.
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Oxide | OPC53 | (FA) | GGBS | TTCB
§i0, [235  [505 330 |11.2
ALO, | 53  [238 [126 | 32
Fe,0, | 2.8 95 | 13 | 09
CaO | 60.8 86 425 |161
MgO | 23 32 | 74 | 21
KO | 11 12 | 04 |190
Na,0 | 0.3 03 [ 02 | 19
so, | 32 06 | 19 | 05
Lol | 10 23 | 09 | 54

Table 1. Chemical composition (wt %) of OPC 53, FA, GGBS, and TTCB.

Property Cement | FA | GGBS | TTCB | GNP (xGnP-C300)
Specific gravity (g/cm?) 3.13 225|292 1.98 0.32

Blaine fineness (m?/kg) 355 315 | 410 165 -

Bulk density (kg/m®) 1120 780 | 1180 | 420 45

Avg. particle dia. (um) 14.5 19.0 | 11.0 9.5 =2

Specific surface area (m?/g) | 0.34 0.31 | 0.46 0.12 305

GNP thickness (nm) - - - - 2

GNP lateral size (um) - - - - 2.2

Carbon content (%) - - - - 99.6

Table 2. Physical properties of binder materials.

multilayer graphene nanoplatelet product. The material was supplied in dry powder form and used as received
without additional chemical functionalisation, which is characterised by a specific surface area of roughly
305m?/g, a thickness of about 2 nm and a lateral dimension of about 2.2 pm. Fine aggregates (crushed coarse
aggregates 20mm nominal size) and river sand were used as crushed fine aggregates to meet the requirements
of the IS 383: 2016 grades.

Workability was maintained using a polycarboxylate ether-based superplasticiser (PCE) that meets the
requirements of IS 9103:2019. Depending on GNP dosage and TTCB content, the dosage of superplasticiser was
varied between 2 and 4 kg/m®.

Table 1 summarises the chemical composition of the cementitious materials as determined through X-ray
fluorescence (XRF) and energy dispersive spectroscopy (EDS). The table shows that the cement had about 60.8
per cent CaO, with the FA and the GGBS being high in SiO, and Al,O,. TTCB was also calcined at 650 0 C and
had moderate content of CaO (16.1%) and SiO, (11.2%), thus giving rise to its latent pozzolanic properties.
Table 2 shows that TTCB had a lower density (1.98 g/cm®) and it had a coarser texture than GGBS, whereas GNP
had alarge specific surface area characteristic of nano-platelet morphology. Physical characteristics of the binder
materials (Table 2) point to the fineness of the GGBS (11 um), moderate fineness of FA, and relatively low density
of TTCB. GNPs have the greatest surface area, and therefore allow easy nano-scale reinforcement.

Fine aggregate, coarse aggregate (20mm nominal size) and TTCB ash particle size distribution were
determined through sieve analysis and the resultant grading curves are shown in Fig. 1b. Fine aggregate meets
the Zone II of 1S383: 2016 requirements of the IS383: 2016, and coarse aggregate meets the requirements of the
stipulated grading envelope. The TTCB ash has ultrafine characteristics with 100% passing rate through 75 pm
sieve, thus supporting its application as a SCMs.

Processing and characterisation of thermally treated coir biomass (TTCB)
TTCB was produced using coir fibres that were sourced locally from coconut-processing units in Ranchi,
Jharkhand, India. First, the raw fibres were washed properly to eliminate dust, oil and surface impurities. They
were then dried in the oven at 105+ 5 °C for 24 h to dry. After drying, the fibres were milled to a fine powder with
a particle size smaller than 150 um and then dried in a programmable muffle furnace at a heating rate of 10 °C/
min at a heating temperature of 650 °C. This temperature was chosen to allow total lignocellulosic breakdown
without compromising the presence of amorphous silica phases that are useful in pozzolanic activity. The
resulting calcined ash was sieved using a 75 pm sieve and then kept in airtight containers to avoid carbonation or
absorption of moisture. The entire characterisation processes were carefully done in the Central Instrumentation
Facility, Department of Civil and Environmental Engineering, BIT Mesra, Ranchi and Graphic Era (Deemed to
be) University, Dehradun.

The FTIR spectrum of TTCB (Fig. 2a) indicates that three major absorption peaks, namely related to OH,
C=0, and C H, are present, which are all indicative of partial organic degradation and silicate formation. The
wide OH stretching band at approximately 3400 cm™ indicates the existence of the surface hydroxyl groups
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Fig. 2. Characterisation and Processing of TTCB.

and adsorbed water molecules on the silica matrix. As anticipated, this effect is widespread in biomass-derived
ash and is beneficial in cementitious uses, since surface hydroxyls increase reactivity with Ca?* ions during
hydration*-**. Moreover, the C=0 stretching vibration of about 1700 cm™! indicates the remaining carbonyl
compounds or small lignin fragments that were not changed in the process of calcination; however, their weak
intensity proves the close-to-100% organic decay®*>~>%. This conclusion is further supported by a weaker C-H
stretching band at 2850-2950 cm™!. Together, these few organic signatures, along with the high OH content,
conclusively prove that TTCB has a reactive, silanol-covered surface and is mostly mineralised, a most desirable
condition in pozzolanic ash.

Notable in the X-ray diffraction pattern (Fig. 2b) are the crystalline phases, which are identified as Quartz,
Cristobalite and Biotite, as well as minor traces of Kaolinite, Rutile, Enstatite, Aragonite and Zircon. In particular,
the Quartz peaks at 20 =~ 26.6° and the Cristobalite reflection at 21-22° prove that silica is the major crystalline
constituent, which is also supported by a high percentage of SiO, in Table 1%°. These silica polymorphs imply
partial crystallinity of an otherwise amorphous matrix, thus providing strength and reactivity®-%>. The low-
angle Biotite reflection indicates a K-Mg aluminosilicate phase that either formed or was retained during the
calcination process and is directly proportional to the high K,O in Table 1. Besides, the lamellar structure
of Biotite adds alkali ions capable of increasing pore-solution alkalinity, which promotes secondary C-S-H
formation when TTCB is incorporated with cement, FA or GGBS®?%. As a result, the diffractogram indicates
that calcination at 650°C produces a semi-crystalline, silica-based ash with a disordered structure that is both
pozzolanic in nature and, at the same time, retains mineral stability.

As shown in Fig. 2¢, the scanning electron micrograph clearly shows the distinctive microstructural
characteristics of TTCB, which include lamellar, sheet-like particles, which support the XRD results on Biotite.
The typical features of this morphology of particles are several layers and stepped edges, which, together,
allow increasing the surface area and significant micro-roughness. Consequently, this structural feature has a
considerable implication in cementitious systems since it operates in a multifaceted manner. The natural layered
silicate texture is a strong nucleating agent, which greatly enhances the development of the critical hydration
product, including calcium-silicate-hydrate and calcium-aluminate-silicate-hydrate and subsequently results
in a more sophisticated and robust microstructure®’. Besides, the unique surface irregularities and plate-like
geometry contribute to the increased packing density of the particles and optimised pore structure in case TTCB
is used wisely with the additional cementitious materials like FA or GGBS®>~7°. Moreover, the intrinsic lamellar
structure offers the best anchoring sites, which promote homogeneous nano-scale dispersion of GNPs and
successfully address their undesirable agglomeration in the composite binder matrix. Thus, the SEM evidence
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shows clearly the dual functional efficacy of TTCB: it is a highly reactive pozzolanic ash, and it is also a bio-
adsorptive and dispersive agent, which is essential to the incorporation of GNPs into the composite binder
system’!78,

A combination of all three FTIR, XRD, and SEM analyses confirms that TTCB manufactured at 650 °C
consists of silica-rich, potassium-bearing aluminosilicates containing some residual organics. The FTIR bands
show hydroxylation of the surface that is favourable to reactions with hydration, whereas the XRD phases give
stability and reactive $i0,”*82. Also, the biotite lamellae that are identified by the SEM provide surface area and
dispersive potential. These properties, combined with other reasons, make TTCB suitable for incorporation
into the hybrid binder as a pozzolanic SCM, as well as a bio-functional additive to promote interfacial bonding
and dispersibility of nanomaterials. This behaviour is consistent with the compositional values given in Table
1 and the physical parameters given in Table 2. Based on this, TTCB was used at 5-15% replacement rates in
the following mix designs, which guaranteed balanced reactivity, strength contribution, and sustainability in
the multi-scale binder system. Photographic documentation of each processing stage is provided in Fig. 2d to
enhance methodological transparency and reproducibility. The preparation stages of Thermally Treated Coir
Biomass include: (a) raw coconut coir fibres (as received); (b) dried and ground coir powder (<150 um); (c)
calcination at 650 °C in a programmable muflle furnace (2 h, heating rate 10 °C/min); and (d) final calcined
TTCB ash after sieving (<75 pm).

The basic response of thermal treatment on the surface chemistry and structure of coir biomass is the
conversion of fibrous organic substrate into fine, angular ash typified by greater surface hydroxylation and
enhanced wettability. This means that it can be mixed without any additional chemical pre-treatment. The
equilibrium distribution of the TTCB was reached through dry mixing with cement and additional cementitious
materials (SCMs) before water was added according to the standard protocol of fine pozzolanic constituents.

Dispersion and morphological characterisation of graphene nanoplatelets (GNPs)

To achieve the maximum mechanical, electrical, and durability-enhancing properties of GNPs in cementitious
systems, uniform dispersion of the nanoplatelets is necessary. However, due to their very high surface energy and
a strong van der Waals force, pure GNPs are likely to form dense clusters and hence limit their interaction with
the binder. To eliminate this challenge, a surfactant-aided ultrasonic dispersion technique was used to stabilise
exfoliation and uniform distribution of the nanomaterial before it was combined with the cementitious binder.

To disperse them, GNPs were added to deionised water with 0.5 wt% of sodium dodecyl sulfate, an anionic
surfactant which is known to stabilise carbon-based nanostructures through electrostatic repulsion and
hydrophilic forces. The suspension was then ultrasonicated using a 20 kHz probe sonicator at 60% amplitude in
pulse mode after 45 min under ambient conditions. The pulsed mode also reduced local heating and eliminated
fragmentation or oxidation of the graphene layers’®-83. The SDS molecules were adsorbed to the graphene surface,
and therefore, the surface tension decreased, making the surface wettable and enhancing the exfoliation process
and uniform distribution of the nanoplatelets in the aqueous medium. The well-dispersed GNP suspension was
immediately mixed with gauging water that is used in the concrete mix to maintain colloidal stability and avoid
restacking before mixing. This incorporation measure guaranteed that the GNPs were uniformly distributed all
over the binder matrix, thus making it possible to reinforce uniformly at the nano-scale during hydration?>81-83,

Scanning Electron Microscopy done at the Central Instrumentation Facility, BIT Mesra, Ranchi, validated
the quality of the dispersion. The high-resolution SEM micrograph, taken at the 25,000 x magnification, shows
that well-exfoliated sheets of graphene are thin with smooth and intact surfaces and sharp edges. Distribution of
the nanoplatelets is uniform, with no significant indications of aggregation or stacking-indications of effective
exfoliation and stabilisation””-#>. The platelets are morphologically sub-micron in size and have a high aspect
ratio in nature, which gives them a large surface area to bond in the cementitious matrix. The fact that no
wrinkled or folded aggregates were observed under non-sonication or mechanical stirrer dispersion is an
indication that the combination of ultrasonication and surfactant used was effective at reducing the natural
agglomeration tendency of GNPs81:84,

This quality dispersion will have a strong effect on composite performance. Monolayers of graphene serve as
the nucleation sites of the initial stages of hydrated products and thus increase the rate of formation of calcium
silicate hydrate gel. Their bi-dimensional geometry enables them to transfer loads across microcracks to enhance
tensile and flexural strength, and the interconnected nanosheets enhance electrical conductivity and ion-
transport resistance, hence durability!””?. Thus, the dispersion protocol adopted transforms GNPs of inert fillers
into active nano-reinforcements, which allows the multi-scale hybrid concrete system to perform well in terms
of mechanical performance and permeability. Figure 3 shows the SEM micrograph of ultrasonically dispersed
(GNPs) with the addition of 0.5 wt% SDS surfactant (EHT =10.00 kV, Mag=25.00 kX), and it is observed that
well-exfoliated sheets of graphene have been obtained with uniform distribution and smooth surfaces; this proves
that there is good dispersion with no agglomeration properties, and hence, good reinforcement capabilities in
the hybrid binder.

Structural and morphological verification of the GNPs was conducted using X-ray diffraction (XRD),
Fourier Transform Infrared Spectroscopy (FTIR), Raman spectroscopy, and scanning electron microscopy
(SEM). The XRD pattern (Fig. 3a) exhibits a dominant diffraction peak at approximately 26 = 26°, corresponding
to the characteristic (002) plane of graphitic carbon, confirming layered crystalline ordering. Minor peaks
corresponding to higher-order reflections ((100), (101), (004), and (110)) further support the graphitic structure.
The FTIR spectrum (Fig. 3b) shows characteristic absorption bands associated with O-H stretching (~ 3400
cm™!), C=C stretching (~1600 cm™), and C-O functional groups (~1100 cm™), indicating the presence of
surface oxygen-containing groups that may enhance interfacial bonding within the cementitious matrix. Raman
spectroscopy (Fig. 3c) reveals the prominent D band (~ 1350 cm™) and G band (~ 1580 cm™!), characteristic
of sp>-bonded carbon structures, along with the 2D band (~2700 cm™!), confirming the multilayer graphene
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Fig. 3. Structural and morphological characterisation of graphene nanoplatelets (GNPs): (a) XRD pattern
showing characteristic (002) graphitic peak; (b) FTIR spectrum indicating surface functional groups;

(c) Raman spectrum displaying D, G, and 2D bands; (d) SEM micrograph showing multilayer platelet
morphology.

morphology. The intensity ratio between the D and G bands indicates the presence of structural defects typical
of graphene nanoplatelets intended for composite reinforcement applications. SEM micrographs (Fig. 3d) show
thin, platelet-like layered structures with lateral dimensions in the micron range, consistent with multilayer
graphene nanoplatelet morphology.

Mix design and batch designations

The mixtures of concrete were designed with the specifications of 1S10262: 2019 to guarantee that the concrete
mixtures reached M40-grade strength and also cross-tested with ACI211.1 (2018) to guarantee global
consistency. The batches were all prepared with a total binder content of 450 kg/m? and a constant water-binder
ratio of 0.35, thus giving all the specimens an equal hydration and similar performance. The ratio of the fine to
coarse aggregates was kept at 0.8:1.0, thus guaranteeing balance in the grading, cohesiveness and workability of
the mixes.

The experimental programme involved ten different batches (M1-M10) that were developed to explore
the effects of FA, GGBS, TTCB, and GNPs on mechanical and durability properties in a systematic manner.
FA + GGBS and TTCB were adjusted between 20 and 40%, and the GNPs level was raised between 0.05% and
0.30% by binder weight. A superplasticiser based on polycarboxylate ether (PCE) was added in the dosage of
2.0-4.0 kg/m? to ensure the same slump and flow behaviour with the same consistency of the nano- and micro-
additive content.

The batches were coded based on replacement proportions and levels of additives in each batch. The control
mix (M1) was 100% OPC with no additional cementitious materials or nanomaterials; thus, it was the reference
to the control. Sub-batches of increasing amounts of SCMs, TTCB, and GNPs were then added to investigate
possible synergies between them over a spectrum of reinforcement scales. Batches M2, M3 added blended
systems with 30% SCMs (FA + GGBS) and relatively small amounts of TTCB (5-10%) and GNP (0.08-0.12%),
thus reflecting the shift towards traditional and partially hybrid binders. Batches M4-M6 gradually added TTCB
(10-20%). Batches M7-M9 further increased TTCB to 25% with varying ratios of FA-GGBS and nano-dispersion
with higher GNP levels (0.22-0.25%) to determine the extent of hybridisation and the nano-dispersion effects.
Lastly, the highest substitution rates of SCM (40% in batch M10) and GNP (0.30% in batch M10) were used to
measure the highest substitution levels and their effects on composite integrity.

The mix proportions were selected based on literature evidence, initial dispersion limits and the performance
workability balance. The level of additional SCM replacement of 30%was chosen according to previous research,
which showed that FA-GGBS blended systems between 25 and 35% produce significant clinker content
reduction without affecting the performance of mechanical integrity and durability. Replacement levels above
35% often lead to retarded strength development or reduced early-age stiffness in conventional curing regimes,
but lower replacement levels offer limited carbon-reduction advantages®-1%. In the overall SCM fraction, TTCB
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was adjusted to 5-10% to determine its dual role as a reactive pozzolan and a nano-dispersion agent. According
to the literature on biomass-derived ashes, incorporation rates of more than 10-12% could contribute to higher
water demand and negatively affect workability because of high surface area and porosity. Therefore, the range
of 5-10% was chosen to be controlled to balance between reactivity and rheological stability. The GNPs were
added at 0.08%-0.12% by weight of binder, which is comparable to the optimum nano-reinforcement dosage of
cementitious composites. Agglomeration, dispersion instability and strength loss are common with higher GNP
contents (>0.15%), whereas marginal reinforcement effects are common with lower dosages (< 0.05%)'%1-120, The
selected range thus represents the expected optimum without causing too much trouble in terms of viscosity and
dispersion. The combined proportioning approach allowed for evaluating multiscale interactions systematically,
without losing the practical workability and compatibility with traditional mixing protocols. Trial batches were
done initially to determine acceptable workability and dispersion stability before finalising the reported mix
proportions. Although the ultrasonication was effective at the laboratory level, a high-shear or continuous
dispersion system would be required on an industrial scale; the current study reveals evidence of dispersion in
the proof-of-concept in the controlled laboratory scenario. Casting and averaging of three specimens per mix
per test age were done. As a result, the chosen ranges are a narrow optimisation window, which is characterised
by mechanistic evidence, dispersion feasibility, and sustainability factors, as opposed to arbitrary experimental
choice.

Table 3 gives the entire percentages of all batches, including the constituents of the binder, the total amounts,
the water, and the dosages of the superplasticiser. All batches were mixed in the same conditions to provide a
consistent comparative evaluation during the next mechanical, durability, and microstructural tests.

Basis for selection of FA, GGBS, TTCB, and GNP dosages

The dosages of FA, GGBS, TTCB and GNPs have been selected by considering previous research, potential
structural constraints of the mixture and experimentation to establish where modifications occur. The 20-40%
range of FA and GGBS was employed since it is one of the typical ranges that would enhance the durability
without losing excessive early strength. TTCB was experimented with 5 to 25%, with the aim of it being both
a reactive pozzolan and a fine filler, whilst avoiding the cement matrix becoming too diluted as well. GNP
dosages (0.05-0.30 wt%) of cement weight were selected due to this being the range over which they spread and
become sufficient in the number of networks to cause reinforcement. The doses were kept up slowly, to allow the
observation of the relations between materials when they assist each other, and when they injure one another,
instead of merely endeavouring to produce the greatest possible effect on a given property.

Casting, curing, and testing of specimens

Mixing and specimen preparation were conducted according to the Indian and international standards so as to
achieve consistency and reproducibility of all the batches of the experiment. A 60-L capacity pan mixer was used
to prepare concrete mixing in line with IS 516 (Part 1):2023, thus ensuring a uniform dispersion of GNPs, TTCB
and other components of the binder. The dry constituents (cement, SCMs, TTCB, and aggregates) were mixed
first for two minutes so that uniformity is achieved; next, the pre-dispersed GNP suspension was introduced
gradually, followed by the addition of the superplasticiser solution. The new mix was then weighed in standard
moulds that matched the test specimens required.

The compressive, tensile and flexural properties were evaluated by casting cubes, cylinders, and prisms,
respectively, with sizes of 100 x 100 x 100 mm, 100 x 200 mm and 100 x 100 x 500 mm, respectively. A vibrating
table was used to compact the material to remove trapped air as well as to achieve uniform density. Wet burlap
was applied to the specimens right after casting and demoulded with great care after 24 h. All samples were post-
demoulded and cured at 27+2 °C at an IS 9013: 2018, curing ages of 7, 28 and 56 days. This curing regime was
sufficient to guarantee proper hydration and strength gain, especially when using the SCMs and nanomaterials
in mixes.

To conduct all the experimental testing, a Concrete and Materials Laboratory, Department of Civil
Engineering, Noida International University, was used under controlled temperature and humidity. The
testing program involved an overall testing of the concrete on mechanical, durability and thermal performance

Cement | FA GGBS |TTCB | GNP | Water | SP | Fine aggregate | Coarse aggregate
Mix ID ((kg/m?)) | (kg/m?®) | (kg/m’) | (kg/m’) | (%) | (kg/m’) | (%) | (kg/m’) (kg/m?)
M1 (Control) | 450 0 0 0 0.00 |157.5 2.0 | 800 1000
M2 320 65 65 0 0.08 | 157.5 2.2 | 800 1000
M3 295 65 65 25 0.12 | 157.5 2.4 | 800 1000
M4 275 50 85 40 0.15 | 157.5 2.6 | 800 1000
M5 250 55 80 65 0.18 | 157.5 2.9 | 800 1000
M6 230 45 90 85 0.20 |157.5 3.2 | 800 1000
M7 220 35 100 95 0.22 | 1575 3.3 | 800 1000
M8 240 70 70 70 0.22 | 1575 3.4 | 800 1000
M9 205 55 85 105 0.25 |157.5 3.7 | 800 1000
M10 215 90 90 55 0.30 | 157.5 4.0 | 800 1000

Table 3. Mix proportions for 1 m* of M40 concrete (constant w/b =0.35; total binder =450 kg/m?).

Scientific Reports |

(2026) 16:10657 | https://doi.org/10.1038/s41598-026-45032-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

in compliance with the applicable IS, ASTM, and ASCE standards. Cube test: The compressive strength test
followed IS 516 (Part 1): 2023 and ASTM C39, split tensile strength test followed IS 5816. Third-point loading
was performed according to IS 516 to measure flexural strength, and it is a method of determining the bending
resistance of the material.

Durability performance was also tested by Rapid Chloride Penetration Test (RCPT) using a 100 x 200 mm
cylindrical specimen in accordance with the ASTM C1202, in which a constant potential of 60 V DC was used
over 6 h, and the total charge passed was measured in coulombs to measure the chloride permeability. The water
absorption and sorptivity properties were evaluated according to ASTM C642, and this gave an insight into the
porosity and the surface permeability of the hybrid concretes. Also, thermal resistance and post-heating residual
strength were tested, whereby cube specimens were subjected to 300 °C for 2 h, then compressive testing was
conducted as per ASTM C177. The given process enabled the indirect evaluation of the thermal conductivity of
the material and its structural integrity after exposure to high temperatures.

Triple specimens were done in each mix in order to determine the reliability of the data, and the average was
taken to derive representative figures. Therefore, the testing program gave a strict and standardised framework
within which the effect of integrating GNPs, TTCB and SCMs individually on the mechanical strength, durability
and thermal resilience of the developed M40-grade hybrid concrete system can be studied.

CO, emissions quantification

To measure the embodied carbon per tonne of every concrete batch (M1-M10), a cradle-to-gate life cycle
assessment (LCA) methodology was performed in the compliance with ISO 14040/44, the GHG Protocol
India (Cement Sector Guidance), and data sets were in line with Cement Sustainability Initiative (CSI) and the
Alliance for an Energy Efficient Economy (AEEE)!>>!416, This approach takes into consideration all the direct
emissions that occur during the production of the raw materials, transportation to the batching venue, and mix
preparation. The CO, emission per cubic metre of concrete was computed as the expression of all constituents
mix elements, namely cement, SCMs, aggregates, fibre, admixtures, and water»>1416. The contribution of the
emission of each constituent was calculated as:

E;=Q:x F; (1)

Where E; = CO, emission contribution of ingredient i (kg/m3), Q: = quantity of ingredient i used per cubic
meter of concrete (kg/m?), F; = emission factor for ingredient i (kg CO, per kg material).

n is used to indicate the number of components in the mix. The Indian datasets were used to obtain emission
factors, which are related to local manufacturing and energy bases. The representative values used were around
0.85-0.95 kg CO,/kg for cement, 0.05-0.09 kg CO,/kg FA and GGBS, and less than 0.02 kg CO,/kg aggregates
and fibre. The emissions of transportation and batching were included based on the Indian grid emission factor
(= 0.82 kg CO,/kWh) and the average fuel consumption figures that were obtained through the Indian GHG
Protocol database.

The total embodied CO, for the mix is then given by:

n
Eotal = ZEz (2)
=1

Cradle-to-gate boundary was selected due to the fact that downstream processes (transport to the site, placement,
and service life) are the same in all mixes and therefore have no impact on comparative trends. The calculated
CO? intensity (kg/m?) of each batch was based on the material inventory used in the mix design according to
the IS 10,262:2019, so that the results of the emissions are directly related to the formulations in the laboratory.

Cost analysis (control-normalised index method)

Economic analysis of the identical concrete batches was done simultaneously to find the effect of the additional
cementitious materials (SCMs) and coir-based nano-carbon (TTCB) addition on the material cost. The overall
material price per cubic metre (C,,,) was calculated as:

n

Ciotal = Y (Qs x P) 3)

1=1

where Q; = quantity of ingredient i (kg/m®), P; = prevailing market rate of ingredient i (¥/kg or /L), and
n=number of components per mix.

Unit rates were calculated based on schedules of CPWD/DSR 2024 and cross-verified with quotes received
from regional suppliers in the Delhi-NCR region to depict the real conditions in the Indian market. Normalisation
was on the baseline mix (M1, OPC control) with a Cost Index of 1.00. The normalised cost index of any batch
was calculated as:

CI]‘ _ Ctotal,j (4)

Ctotal, control

This normalisation makes a relative comparison of the cost-effectiveness of all sustainable alternatives possible.
The integrated approach guarantees the clear evaluation of environmental and economic performance, with
the mix composition being directly connected to sustainability performance. The boundary of the cradle-to-
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gate system suits the stage the most vulnerable to replacement of the binder and utilisation of the additives,
i.e., raw-material production and concrete batching, and does not consider the confounding influences of the
construction or service-life factors!:>>1416,

The mix proportioning and structural-grade specifications using IS 10262:2019 and IS 456:2000, respectively,
will provide a consistent procedure with Indian concrete design practice. The implementation of the GHG
Protocol India Cement Tool has the effect of equating the CO, quantification with the country reporting
frameworks, whereas market-rate normalisation under CPWD /DSR 2024 ensures applicability to price-sensitive
Indian construction projects. In general, this process produces two vital sustainability measures (embodied
CO, (kg/m®) and normalised cost index) of concrete that jointly guide the multi-objective optimisation process
outlined!*>1416,

The factors of emissions in the instance of TTCB are considered as the energy of collection, drying, and
calcination, and are alleviated by the fact that it is classified as agricultural waste, thus not bearing the production
overhead of its upstream. The distance of transportation was also assumed to be equal to regional SCM sourcing,
and as such it would not distort conservative estimates. Based on this, TTCB produces a significantly lower
embodied CO, compared to OPC even after thermal treatment.

Machine learning models and optimisation

An orderly experimental dataset was assembled that included hybrid concretes with partial cement substitution
by FA and GGBS, as well as TTCB and GNPs. Each record contained full mix proportions, fresh properties
(slump, compaction factor, fresh density), hardened properties at 7 and 28 days (compressive and split-tensile
strength), as well as 28-day rapid chloride penetration test (RCPT). Rescaling of continuous variables to similar
ranges was done, which eliminates the necessity of categorical encodings. k-fold cross-validation was used to
divide the data into training, validation and test subsets. Though it was expected that considerable amounts of
collinearity would exist between cement and supplementary cementitious material (SCM) contents, all physically
significant variables were included; the model families selected are resistant to multicollinearity.

The modelling data consisted of ten different mix designs tested on various performance outputs (compressive
strength, tensile strength, and RCPT). A three-stage data partitioning strategy was adopted to make sure that
systematic model assessment is given despite the small sample size. The data was separated into training (70%)
and validation (15%) and testing (15%) samples. The model was fitted to the training set, the hyperparameters
were tuned and early stopped (where applicable) using the validation set, and the independent performance was
evaluated using the test set. Since the dataset size is rather small, k-fold cross-validation (k=>5) was also applied
during the training step to mitigate variance related to single random splits. The reported final performance
measures (R?, RMSE) in the Results section are related to the held-out test set to guarantee the separation of
training and evaluation data.

Each target was trained with three trained regressors: a hybrid CNNLSTM (1-D convolutions over the feature
vector followed by an LSTM block to capture age/sequence effects), Random Forest, and XGBoost. In cross-
validation, hyperparameters were optimised using grid or Bayesian search. The hyperparameter optimisation
was performed with the help of various strategies based on the complexity of the model and the dimensionality
of the parameters. In the case of tree-based ensemble models (Random Forest and XGBoost), a systematic grid
search with k-fold cross-validation was used, which can be explained by the fact that the hyperparameters of
these models are relatively discrete and bounded (e.g. the number of estimators, maximum depth, learning rate).
This approach guaranteed a comprehensive analysis in a controlled parameter space, which made it easy to
replicate and be rigorous. Bayesian optimisation was used instead of an exhaustive grid search in the CNNLSTM
architecture. The dimensionality and continuous nature of the hyperparameters of the neural network (e.g.,
the number of filters, learning rate, dropout rate, and hidden units) required a more computationally efficient
method. Bayesian search provided the possibility to find near-optimal settings and reduce the infeasibility of
an exhaustive grid. As a result, different optimisation strategies were chosen based on the considerations of
model structure and computational efficiency, all the time without compromising the integrity of performance
evaluation by maintaining the same cross-validation protocols. In all cases, identical k-fold cross-validation was
applied to ensure fair comparison across models. The evaluation of performance was done on held-out folds
based on the R%, RMSE, and MAE, making sure that the models selected were able to generalise to the training
data.

SHAP (SHapley Additive exPlanations) was used to deal with model interpretability. SHAP values measured
the contribution of each input to the prediction against a baseline for each trained model and sample. Mean
absolute SHAP values were used to give global scores of the feature influence, and the distribution of the signed
values was used to show the directionality of the effects of each factor on the targets.

To explore the design, the trained models were used as surrogate evaluators within a multi-objective
optimisation problem. The decision variables consisted of the binder fractions and additive dosages, which were
limited to realistic limits and a constant water-to-binder ratio w/b=0.35. There were four goals to be optimised
at the same time: maximise 28-day compressive strength; minimise RCPT; minimise a normalised cost index;
and minimise mix-level CO, footprint. Two evolutionary algorithms, NSGA-II (Pareto-based) and MOEA/D
(decomposition-based), were used, which produced sets of non-dominated solutions, which provided a data-
driven Pareto front of viable mixes, allowing performance and sustainability to be balanced.

Even though the sample of different mix designs that were experimentally studied was small (ten formulations),
each mix was described in a variety of performance indicators and test conditions, which produced an organised
dataset that could be used in surrogate modelling. The machine-learning part was not aimed at producing a
predictive model that would be generalisable, but instead to build constrained surrogate regressors that would
be able to represent nonlinear trends in the experimentally validated design space. Since the dataset size is
quite small, the model complexity was kept under tight control by using cross-validation and hyperparameter
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optimisation to reduce the risk of overfitting. The CNNLSTM architecture was used in a regression context
to investigate nonlinear interactions between compositional variables, but its implementation is to be viewed
as a functional approximator over the range of interest studied and not as a large-scale deep-learning model.
This means that optimisation solutions can only be interpolated within the constrained experimental space and
cannot be extrapolated to other parameter spaces. Future research with larger datasets and external validation
groups would enhance the overall model generalisability and strength.

In order to determine the most sustainable and high-performing concrete mix systematically, a hybrid multi-
objective optimisation framework was created, as shown in Fig. 4. The algorithm combines machine-learned
surrogate modelling with evolutionary optimisation algorithms to search the large compositional design space
efficiently and find Pareto-optimal trade-offs between conflicting goals.

The workflow starts with the loading of the experimentally obtained dataset, which is the input mix parameters
(cement, fly ash, ground granulated blast-furnace slag, TTCB, fibres, superplasticiser, etc.) and the output
responses (compressive strength, rapid chloride penetration, embodied CO,, and cost). An independent random
forest (RF) regressor is used to model each output, and it represents a surrogate model, which approximates
experimental behaviour without having to run the experiment to exhaustive laboratory experiments. RF model
is especially appropriate to utilise this study due to its capability to obtain nonlinear interactions between mix
components and performance variables, despite having limited datasets.

Once the model has been trained, we establish constraints on the input values. These limits are based on
tested-in-experiment ranges, to make the optimisation remain within realistic physical limits. The limits are also
provided in accordance with the practical design guidelines in the Indian Standards, such as IS 10262: 2019 and
IS 456: 2000. These optimisation objectives are then expressed in the form of equations.:

Minimize [— f1 (Compressive Strength), fo (RCPT), f3 (CO2), f4 (Cost)] (5)

In this case, compressive strength was taken as a negative value such that all objectives may be minimised
simultaneously, according to the general principles of evolutionary optimization.

Then, further execution of multiple multi-objective evolutionary algorithms, namely NSGA-II and MOEA/D.
They were selected as they complement each other. NSGA-II retains the best solutions and ensures diversity
through the crowding distance. MOEA/D decomposes the problem into a large number of single-objective
problems, a fact that contributes to the formation of a more homogeneous Pareto front.

The algorithm generates a set of the best trade-off solutions of the four goals, known as a Pareto front. Each
front presents solutions, in which the improvement of one goal will worsen another. By pooling all the fronts
to a single Union Pareto front, which has all possible good candidates. Out of that, selecting one compromising
solution. Thus, selecting it by considering its normalised Euclidean distance to the ideal point, thus it trades off
strength, durability, cost and carbon footprint.

Jj=1
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Fig. 4. A hybrid multi-objective optimisation framework.
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Where f;; is the value of the jth objective for the ith solution, f; is the ideal (best) value, and f;"**, f;ni“ are the
respective bounds for normalisation.

Lastly, the study compared the optimal mix of the model computer with the optimal mix of the experiment
of M8 or M9 to determine whether the computer model predictions are correct and can be applied in real life.
This comparison ensures that the computer-optimised mix is the same as we observe in experiments in terms of
strength and durability, and this proves that the hybrid data-driven method is effective.

All in all, this technique allows for consideration of a large number of possible mixes in a short amount
of time with minimal lab effort. Through the integration of shortcut models and evolutionary search, the
research discovers tangible formulas that are information-founded, satisfy the performance objectives, and are
sustainable, between the findings of the experiment and intelligent prediction.

Three machine learning models, including Random Forest (RF), XGBoost, and CNN-LM, were compared.
Even though XGBoost and CNN-LSTM proved to be competitive in terms of predictive accuracy, RF was chosen
as the surrogate model to be used in the multi-objective optimisation. This choice was informed by the fact that
RF performed better in comparison with other alternatives, was more stable in cross-validation folds, and more
robust due to the small size of the dataset. In addition, RF was less affected by folds and less prone to over-fitting
compared to the other algorithms. With the small size of experimental samples, tree-based ensemble models
like RF can offer an accurate nonlinear approximation without the large-scale parameter optimisation of more
complex neural networks. RF was, therefore, chosen as the main surrogate in order to guarantee numerical
stability and interpretability in the limited experimental design space. The consistency in prediction that is
evident in the various models also serves as an added assurance to the trends that have been identified. Given
the small amount of data that is characteristic of controlled laboratory experiments, the machine-learning
models to be used in this circumstance must be framed as exploratory surrogate models, but not predictors
that are universal. They are meant to find nonlinear tendencies in the experimentally valid design space as well
as enable informed multi-objective exploration rather than to replace empirical testing or to provide decision-
grade predictions.

Results and discussion

Experimental results

Fresh concrete properties

Figure 5 illustrates the fresh concrete properties, which include slump, compaction factor and fresh density;
averaged per batch (M1 to M10), therefore, provided comparable information on the effects of different binder
compositions and additional additions on workability and density. Figure 5 demonstrates the systematic decrease
in the workability parameters with the content of the TTCB and the GNP, and an increase in the replacement
levels of FA and the GGBS.

The control batch, M1 (Plain OPC), has the best slump (92 mm), compaction factor (0.96), and fresh density
(2470 kg/m?), which are indicative of the best plasticity and compactness that pure OPC should have without
the presence of any supplementary cementitious material (SCM) or nano-additive interference. All three
parameters are significantly reduced as the mixes are continued to M2 to M7, with increasing cement content

90 4

80

70 A

60

40 1

—8— Slump (mm)

—@- Compaction Factor [ 096 2470
X~ - —& - Fresh Density (kg/m®)
ko4 k2460

r0.92

r0.88 2430

- 0.86 2420

T
M2 M3 M4 M5 M6 M7 M8 M9 M10
Mix ID

Fig. 5. Fresh concrete properties for Mix IDs M1 to M10, illustrating the effect of varying binder and nano-
additive compositions on slump, compaction factor, and fresh density.

Scientific Reports |

(2026) 16:10657 | https://doi.org/10.1038/s41598-026-45032-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

being substituted by FA, GGBS, and the proportion of TTCB. The decrease in slump (92mm in M1 to 46mm
in M7) is due to the cumulative effect of FA, slower reactivity, angular and irregular morphology of the GGBS
particles, along with the hygroscopic and porous characteristics of TTCB. All these properties add to the overall
water demand and to the constraint of the cementitious matrix flow, but a stable water-to-binder ratio (0.35)
and a small dosage of superplasticiser (2-3.3 kg/m?) put an upper limit on the attainable fluidity. This decrease
is reflected in the compaction factor, which dropped to 0.89 in the identical range, indicating the presence of
growing internal friction and decreasing consolidation ease. The use of fibrous and nano-sized materials breaks
the continuity of the paste, limits the mobility of the aggregates and entraps air voids, thus encouraging slight
increments of porosity. This conclusion is further substantiated by the coinciding decrease in fresh density (kg/
m?® of M1) to (2425 kg/m® of M7), since a partial replacement of fresh material with lighter SCMs and biomass
materials in combination with entrapped air will produce a less compact fresh matrix.

It is important to note that mix M8 does not follow the monotonic decrease, having a small increase in slump
(52 mm), a flat compaction factor (0.90), and a small increase in density (2432 kg/m?). This blend was a well-
thought-out formulation of equal parts FA and GGBS (70 kg each) and a middle range TTCB replacement of
15% and 0.22 kg/m> GNP, and an optimal dosage of superplasticiser of 3.4 kg/m>. The resulting enhancement
is the significance of proportion synergy: the spherical structure of FA provides a high lubricity, and packing
content of the paste, and the latent hydraulic reactivity of GGBS leads to formative gel properties, both of which
reduce the water absorption propensity of TTCB®*1%. At the same time, moderate GNP content does not overly
enrich the microstructure and does not affect viscosity significantly. All these complementary effects combine to
provide a mix with enhanced flow and stabilised density that justifies M8 as the optimised formulation with the
ability to balance sustainability with desirable fresh-state performance!!%!!1,

In addition to this balance, M9 and M10 indicate the negative impact of overloading with other binders and
nano-additives. As the TTCB contents reach over 20% and GNP reaches about 0.30, the values of slump decrease
sharply to 4lmm, 33mm, the compaction factor becomes 0.87, 0.85 and the value of density, respectively, becomes
2420 kg/m?, 2415 kg/m?. These decreases indicate the reduced dispersion of GNPs in higher concentrations,
the increased absorption and surface roughness of water TTCB, and the overextension of the content of SCM,
which all contribute to the deterioration of paste cohesion and heightened viscosity of the mix?”1%!12, Even
increasing the dosage of superplasticiser, internal friction, and the low volume of the paste do not allow efficient
compaction, as can be seen by the steep fall of all three curves in Fig. 5.

The general behaviour is consistent with the available literature on fibre-modified and nano-enhanced
cementitious composites, in which materials with large surface area and porosity increase water demand,
break rheological homogenisation, and reduce workability?”%7-1. Although superplasticisers are effective to
some extent in restoring flowability, they cannot work effectively at very high concentrations because of steric
hindrance and saturation effects. As a result, it is the optimised balance of FA, GGBS, TTCB, and GNP as realised
in M8 which can result in a stable rheological and densification profile?”-1%%. The constant decrease in density
throughout the series also proves the substitution of dense cement particles with low-specific-gravity SCMs
and fibrous materials, but the range of (2415-2470 kg/m?) is within the acceptable high-performance concrete
range!16-115,

Together, the findings of Fig. 5 and Table 5 indicate the negative trade-off that exists between workability
and sustainability in hybrid concrete systems. Replacement with TTCB and GNP will improve the ecological
and possibly micro-structural performance of the binder matrix but inevitably will deteriorate early-age flow
and compactness. However, with the moderate proportions of hybrids, such as M8, there is a synergistic effect
between the pozzolanic reactivity, the packing of particles, and the micro-reinforcement that results in balanced
fresh-state behaviour. This analysis therefore, verifies that regulated addition of TTCB and GNPs with the aid
of well-graded FA-GGBS blends can maintain sufficient workability and density without compromising the
densification capabilities and performance uniformity that are the foundation of sustainable high-performance
concrete.

Mechanical properties

Determining the mechanical properties of ten hybrid concrete mixes (M1-M10) is presented in Fig. 6, which
shows how compressive, flexural and tensile strength changes with binder composition, SCM proportions,
TTCB substitution and GNP dosage. The trend observed is unique and internally consistent with mix design
(Table 3) and fresh-state behaviour (Fig. 6). All mechanical properties grow steadily to the optimal mix M8, and
then decrease when the contents of the additives are above their effective threshold (M9-M10).

During the initial period of curing (Fig. 6a), the compressive strength of the seven days is steadily increasing,
beginning with 29.7 MPa in the control mix M1 up to about 39.3 MPa in M8. This steady increase is an indication
of the positive synergy of FA and GGBS, which serves as micro-fillers and nucleation sites of early hydration
and TTCB supplements, amorphous silica that reacts with calcium hydroxide to produce secondary C-S-H
gel['?!]. Additional refinement of the pore structure and the increase of skeleton strength are attained by the
incorporation of well-distributed GNPs, which further increase the densification of the matrix and interfacial
bonding!?>!2>. Moderate changes in superplasticiser in this range ensure that there is adequate flow to ensure
that dispersion is adequate. The seven-day findings also indicate that appropriately balanced SCMs and nano-
additives are capable of increasing early reactivity without adding more clinker'24!2°. With time elapsing (Fig. 6b)
to 28 days, the differences between mixes are even more pronounced. The compressive strength is raised in M1
to a high of 44.1 MPa, which is improved to a maximum of 55.2 MPa in M8, which is almost 25%. The increase
between M2 and M8 is caused by the long-term pozzolanic and latent hydraulic action of FA and GGBS, which
constantly dissolves Ca(OH), and forms stable C-(A)-S-H gel, and TTCB and GNPs jointly filler the pack and
allow crack-bridging at the nanoscale!?#127128, M8, which balances FA-GGBS (70 kg each), moderate TTCB
(15%), and 0.22% GNPs, is the most efficient hydrating and microstructurally refined material, with its fresh
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Fig. 6 . Mechanical properties of all concrete batches (M1-M10): (a) compressive strength at 7 days, (b)
compressive strength at 28 days, (c) flexural strength at 28 days, (d) split tensile strength at 28 days.

density and compaction factor also optimised in Fig. 4. But at M8, compressive strength decreases drastically:
the M9 and M10 levels have too much TTCB (>207) and increased GNP dosage, lowering the useful binder
fraction, increasing water demand, and agglomerating the particles. These impacts inhibit dispersion, favour
the formation of micro-voids, and weaken the interfacial transition zone (ITZ)?"*12-131, Figure 6¢ shows that
the flexural strength outcomes at 28 days behave in parallel to each other. The values begin at 4.9 MPa at M1
and are almost linear up to 6.5- 6.6 MPa at M8. The enhancement is attributed to the micro-crack bridging
through homogeneous dispensation of biomass fines and GNP platelets and the increased density of packing
through the ternary binder system. The spherical morphology of FA increases the paste mobility, GGBS provides
reactivity and roughness at the ITZ, which results in the enhanced fibre-matrix bond and increased energy
intake®19%129. M9 and M10 also show significant flexural capacity loss even at high additive content, illustrating
the adverse impact of clustering and loss of workability at very high dosage. Nanoparticles and excess fibres
form discontinuities instead of reinforcement, which proves the sensitivity of flexural performance to the quality
of dispersion and mix rheology?®83132, These findings are reaffirmed by the results of the 28-day split-tensile
strength (Fig. 6d). Strength values increase between 3.4 MPa (M1) and 4.3 MPa (M8), which are the effects of an
increase in the homogeneity of the matrix and controlled crack-propagation routes. The ensuing decrease in M9
and M10 is similar to the compressive and flexural test, since as porosity and poor compaction increase, tensile
integrity is reduced. The increasing error bar in these two mixes proves the existence of more microstructural
inconsistency, which is probably due to the agglomeration of TTCB particles and GNP clusters that disrupt
bonding networks!33-140,

The two-age compressive strength assessment (7 and 28 days) is diagnostic and performance-based. Early-
age strength measures the hydration kinetics and early binder efficiency that are vital in determining the
setting behaviour, removal of formwork and structural safety of the construction®*1°!12, The 28-day strength,
conversely, is the normal reference point of long-term structural dependability and maturity of the pozzolanic
and secondary hydration reactions. The progressive increases in compressive strength of all mixes between 7-
and 28-day in the present study (=40-52%) underscore the successful application of SCMs and reactive fillers in
hydrating the mixes past the initial curing phases!**-138. In general, Fig. 6 shows that the mechanical improvement
of the samples to M8 is the direct result of the optimal combination of the SCMs (FA and GGBS), moderate
TTCB introduction, and controlled GNP content- each of which leads to the refinement of pores, enhanced
packing, and increased development of ITZ. Outside this limit, the benefits are counter-optimal because overly
large fines and nano-additives reduce workability, cause uneven distribution, and reduce compaction efficiency,
as already shown in Fig. 4. The synergistic interpretation of the fresh and hardened performance, hence, makes
M8 the most-performing hybrid mix, which can provide high early-age strength, improved flexural and tensile
behaviour, and long-term sustainability of the material due to synergies in material design. The strength
improvement at an early age can be explained by the synergistic effect of nucleation and filler effects. GNPs serve
as high-energy nucleation centres, and thus speed up the precipitation of C-S-H, whereas fine TTCB particles
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increase the packing density and local alkalinity. At the same time, GGBS displays latent hydraulic reactivity at
high pore-solution pH, and, in general, increases the pace of hydration without raising the quantity of clinker.

Durability properties

Figure 7 shows the development of durability and thermal stability of all ten hybrid concrete batches (M1-
M10), at twenty-eight days, to determine the complex effect of pozzolanic reactions, microstructural refinement,
and hybrid fibre-nanoplatelet modification. The assessed properties are RCPT, compressive strength after being
subjected to 300 °C, water absorption, and sorptivity, and a combination of them gives a comprehensive view
of the pore structure, permeability, and heat degradation in the hybrid binder system developed. The overall
tendency is similar to those of mechanical properties (Fig. 6) the durability and stability increase steadily up to
the control mix up to M8, and then decrease, which proves the clear existence of the optimum range of dosages
of the ternary and nano components.

Starting with the control batch, M1, it can be stated that the system shows the best performance in all
indicators: RCPT =870 C, water absorption=4.8%, sorptivity=0.22 mm/Vmin, and after 300 °C the residual
strength="78%. These values are characteristic of the behaviour of a dense yet conventionally porous OPC
matrix, in which massive connected capillaries and unreacted calcium hydroxide promotes both the migration
of chloride and the thermal cracking!*!~'¥7. A lack of pozzolanic refinement leads to coarser network of pores
and is more prone to ionic and thermal attack!48-1>°,

The transport properties are changed drastically with the addition of FA and GGBS, and the gradual addition
of low to moderate amounts of TTCB and GNP in M2-M4. The values of RCPT decrease (to 770, 690, and 620
C), water absorption and sorptivity decrease to 4.4%-3.8% and 0.20 mm/Vmin—0.18 mm/Ymin, respectively.
Simultaneously, the residual strength increases by 81% to 86%'5!~15. The Ca(OH), reacts with FA/GGBS to
produce secondary C-(A)-S-H gel, which fills micro-voids and enhances the connection of pores. Major
additions of TTCB and graphene also increase this densification. TTCB fine, reactive silica acts as a micro-filler
and the dispersed nanoplatelets of graphene lead to nucleation of products associated with hydration and block
ion transport pathways?”-84122-124 The effect of the combination is a tighter and less permeable structure without
reduced cohesion or workability84102122156-160,

Further moving to M5-M8, all indicators are at their most favourable values, which forms the range of
optimum hybrid synergy. RCPT has continued to decrease, with a minimum of approximately 505 C in M8;
water absorption is 2.8%, and sorptivity equals 0.15 mm/Ymin with residual strength of approximately 94%.
These advancements are signs of a highly developed pore structure and high quality chloride and moisture
resistance. The proportion of FA and GGBS will maintain the pozzolanic reactive and the long-term C-S-H gel
formation, and TTCB will provide reactive silica as well as the carbonaceous phases, which are thermally stable
to provide the heat resistance. In turn, GNPs form an extremely tortuous micro-pathway and reinforce the ITZ,
with the help of nanoscale bridging and interfacial bonding!®!-1%%. The outcome is a small, moist, and thermally
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Fig. 7. Durability and thermal resistance characteristics of hybrid concretes (M1-M10): (a) Rapid Chloride
Permeability (RCPT), (b) Residual Compressive Strength at 300 °C, (c) Water Absorption, and (d) Sorptivity.
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stable matrix, which supports the fresh-state compaction and stability of density that was previously noticed
(Fig. 5). Mix M8 therefore is the formulation that is optimised in that micro- and nano-scale interactions are
considered to give the highest degree of densification without compromised uniformity!¢*-17°,

At levels M9 and M10 performance deterioration is apparent beyond the optimum. RCPT goes up (to 540
and 700 C), absorption of water goes up (3.2% and 4.5%), sorptivity is back (0.17 and 0.205 mm/Ymin), and
residual strength plummets (90% and 79%). Such changes are due to excessive dosing of TTCB and GNP, which
increases the water demand, increases the thickness of the paste, and makes it difficult to compact the paste®”:1°1.
In such concentrations, TTCB particles and graphene sheets are more likely to form clumps and create weak
points and partially bridged pores that negate previous gains in the densification. The resultant discontinuities
in microstructure propagate localised porosity and permeability, lessening the resistance to chloride and thermal
integrity. The greater variability of experimental data in M9-M10 is also a testament to the heterogeneity which
is brought about by poor additive dispersion!”-17¢,

The improvements explained by changes between M1 and M8 can be mechanistically related to three
processes that occur simultaneously. First, the chemical refinement by the use of prolonged pozzolanic and
latent hydraulic reactions: FA and GGBS react with Ca(OH), to form more C-(A)-S-H gel, reducing the pore
connectivity®?132, Secondly, physical refinement through filler effects: TTCB fine ash particles fill micro-voids,
and GNPs fill micro-cracks with their high aspect ratio, which serves as ion transport barriers’®!?#133, Third,
interfacial strengthening: the hybrid binder forms a dense ITZ that contains micro-fibres and nano-platelets that
strengthen the bond and enhance the moisture resistance and residual thermal strength!3*13>. The net effect is
the decrease in the level of diffusivity and capillary suction, which is indicated by the sudden decrease in the level
of RCPT, sorptivity, and water absorption.

The threshold phenomenon, which is characteristic of highly filled hybrid concretes, is confirmed by the
subsequent losses in M9 and M10. Beyond a critical level of total non-cementitious content, the dispersion
and hydration of the matrix is no longer maintained and clustering and unreacted pores form, which establish
connected porosity and do not seal it out. Positive tortuosity of the pore network is replaced by the irregular
pathways that ease the water uptake and chloride movement!'?*136-138 At the same time, higher internal stresses
during a heating process due to uneven distribution of additives decrease the power of the matrix to maintain
the strength at higher temperatures!3140.

Allin all, the results presented in Fig. 7 regarding the durability are in perfect agreement with the mechanical
behaviour of Fig. 6. The closer the binder composition is to M8, the more the microstructure becomes compact,
the permeability barrier becomes stronger, and the better the resilience of the matrix to ionic diffusion and heat
degradation will be. More than this composition, excessive addition of hybrid components compromises the
workability and structural uniformity at the expense of previous benefits. The results confirm that a reasonably
balanced mixture of SCMs, thermally treated, biomass filler, and GNPs results in a concrete matrix with low
permeability, low capillary suction, and high post-fire strength retention, which are the typical characteristics of
a stable and sustainable high-performance concrete system.

This selection of 300°C is a moderate thermal exposure which is relevant to real-life fire and post fire service
scenarios, where dehydration of hydration products and microcracking initiation takes place without a total
collapse of the matrix. This temperature aids to make a comparative analysis of residual strength retention
compared to ultimate fire resistance and in this manner serves to act as a screening heat of durability.

Microstructural evolution and correlation with macro-performance

The microstructural characterisation using scanning electron microscopy, Fourier-transform infrared
spectroscopy and X-ray diffraction was essential in developing mechanistic correlations between mix composition
and macroscopic performance. Indicators of transport durability, including recycled concrete penetrating test,
sorptivity and water absorption, are controlled by the pore connectivity, hydration morphology, and the quality
of the interfacial transition zone, none of which can be deduced based on the mechanical data alone. In that
way, these methods will cause the proposed interactions between additional cementitious materials, titanium-
tetracycline binders, and GNPs.

Figure 8a-e shows the gradual change of the cementitious matrix through a control (M1), a porous, highly
refined hybrid gel (M8), and an overdose, porous structure (M10), shown in the sequence of the SEM. The
progression reflects directly the fresh, mechanical, and durability tendencies, which were mentioned previously
(Figs. 5, 6 and 7), providing the morphological confirmation of the presence of the macroscopic results.

Figure 8 represents the SEM micrographs at 28 days which illustrates the development of the binder
microstructure of the representative mixes, whereby (a) represents the batch M1—control OPC with plate-like
portlandite (CH) in a relatively open C-S-H matrix; (b) represents the batch M4—needle-like hydrates and
nucleation features of early pozzolanic refinement; (c) represents the batch M7—dense C-S-H with minimal
CH remains, early densification; (d) represents the batch M8 On each panel, the scale bars and magnifications
are recorded.

The baseline OPC control matrix is in Fig. 8a of batch (M1). The structure is mainly dominated by large, plate-
like crystals of portlandite, which are incorporated in the loosely bonded C-S-H structure. This morphology
is characteristic of low pozzolanic contribution, and hydration is restricted to the primary C-S-H formation
and some secondary gel development!’’-!¥°. This microstructure is the reason for poor transport resistance
(RCPT =870 C, water uptake=4.8%) and low compressive strength (44 MPa) of the control. Interconnected
pores and unreacted CH are poor planes of transport and channels of ion transport!81:182,

Figure 8b of batch (M4) identifies the initial impact of FA+GGBS addition and low TTCB level. The
micrograph indicates partial densification, with slender needle-like ettringite, C-S-H filaments that are loosely
interwoven. The presence of visible voids is less than that in M1. Free CH loss in this instance is evidence
of secondary hydration by SCM reactions®>!4>. These morphological changes are accompanied by quantifiable
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Fig. 8. SEM micrographs.

increases in—RCPT reduces to 620 C, absorption decreases to 3.8%, and compressive strength at 28 days
increases to 49 MPa, indicating the beginning of pore refinement and enhancement of bonding!46-148.

A fine, pre-optimum microstructure is depicted in Fig. 8c of batch (M7). C-S-H seems continuous and
compact; CH residues and the number of open pores are very small. The gel structure is less disordered compared
to M4, which indicates that it is highly hydrated and that fillers interact well'**-15!. This quantitatively translates
to high mechanical performance (compressive strength=53MPa, flexural strength=6.4MPa, split tensile
strength =4.2MPa) and high durability (RCPT =530 C, absorption=3.1%). The thick texture means that SCMs,
TTCB, and a moderate dose of GNP all refine the ITZ and produce a compact and low-permeable matrix®!7:132,

Figure 8d of batch (M8) represents the optimised microstructure. The C-S-H gel is very dense, smooth,
and interlaced with fine ettringite needles and clear clusters of the GNP-induced nucleation. Portlandite is
nearly completely exhausted, which proves the full conversion of pozzolans and maturity of binders!*4!2. This
microstructure represents the mechanical and durability extremes: compressive strength =55.2MPa, RCPT =505
C, absorption=2%, sorptivity=0.155 mm/ N min, and remaining compressive strength at 300 °C=94%. The
GNPs generate nucleation sites that enhance the kinetics of hydration and optimise pore connectivity, whereas
TTCB micro-ash and SCMs provide reactive silica and filler effects, which are multiplied to form a multi-scale
dense network?®-102123,

The post-optimum degradation is caught in Fig. 8e of batch (M10). The gel looks fractured, has bigger voids,
cracks, and discontinuous C-S-H clusters. The high level of TTCB and GNP leads to the heightened water
demand and viscosity, lessening the efficiency of compaction and agglomeration of additives. This is why the
deterioration has been observed: RCPT =700 C, absorption=4.5%, and compressive strength has decreased
to=45MPa. The loss of homogeneity and reconnected pore pathways at high additive loading are supported by
the SEM evidence of micro-voids and CH reappearance!4%1>%,

The C-H-to-C-S-H conversion pathway (M1->M4->M7->M8) perfectly correlates with the decreasing
permeability data and the increasing strength data. RCPT and water uptake decrease by almost 40-45%,
compressive strength rises by more than 25%, and residual thermal retention rises by 78%-94%. In the meantime,
porosity and density of microcracks observed in M 10 are associated with the recovery of performance observed
in mechanical and durability tests!?>!*15%, The microstructural densification index, which is estimated based on
the CH content and gel continuity, exhibits a close linear relationship with RCPT and sorptivity. This confirms
that morphological refinement witnessed in SEM is directly controlling the transport behaviour and the
performance in general!3%153:1%,

Scientific Reports |

(2026) 16:10657 | https://doi.org/10.1038/s41598-026-45032-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Figure 8a—e illustrate the entire progression of the hybrid system as shown by its SEM evidence. M1 is defined
as CH-dominated and permeable; M4 is defined as the start of pozzolanic pore refinement; M7 is defined as
the start of practically sealed pores with synergistic SCM-TTCB interaction; M8 is defined as the maximum
microstructural compactness with nucleation by GNP; and M10 is defined as the reintroduction of porosity and
weak zones by over-dosage. Such images therefore furnish morphological evidence of the same balance that is
expressed in all the macroscopic observations, that optimal synergy between FA, GGBS, TTCB, and GNP results
in a dense, durable and thermally stable matrix, and that a loss of that synergy results in the loss of the benefits
through structural heterogeneity.

3D response surface analysis and literature comparison of compressive strength

The response surfaces in Fig. 9 all suggest that compressive strength is largely controlled by the chemistry of the
binder and the presence of nanoscale modifiers as opposed to differences in the type of aggregate in the range
considered. The replacement of OPC by FA and GGBS proves a gradual reduction of strength, but the addition
of TTCB and GNPs induces stronger nonlinear changes, thus indicating nucleation-controlled densification
processes. The fact that the gradients that can be seen on the majority of the surfaces are rather smooth, and
that there are no sudden instability areas, supports the fact that the experimental domain is well-defined, and
that there are no sudden instability areas, which in turn supports the appropriateness of surrogate modelling
in this parameter space. Lastly, the interaction plots that show the GNP-TTCB interactions also highlight the
existence of an optimum intermediate nanoscale dosage regime where marginal gains diminish in concert with
dispersion-regulated reinforcement behaviour.

Figure 9a-i represent 28 days compressive strength versus combinations in pairs of cement (FA), ground
GGBS), (TTCB), and (GNP). At constant other variables kept close to the middle levels, the cement-FA and
cement-GGBS surfaces (Fig. 9a,b) approach a peak in the middle of the replacement and drop. At 1020% FA
enhances later-age strength through the pozzolanic use of Ca(OH), and refinement of pores; however, above a
specific dilution threshold (about 20% FA) the dilution penalty takes over and the strength decreases after 28
days'*1"142 This is a similar shoulder case to that of GGBS: anything up to about 30% enhances strength by latent
hydraulic reactivity; anything above 30-40% slows down hydration to the extent that strength decreases after
28 days!*!. Present data adhere to such ridges: M8 (balanced FA + GGBS) reaches a top of 55 MPa, 25 per cent
higher than the all-cement M1 (44 MPa), and M10 (high FA and GGBS) drops to about 46 MPa—clear evidence
of a replacement threshold beyond which strength suffers (Fig. 9).

In (Fig. 9e) plateau of the FA-GGBS surface at about 10-20% FA with about 20-30% GGBS is higher than
either of the SCMs alone. GGBS strengthens faster; FA strengthens later, and both achieve maximum effects
in packing and micro-filler'*"!42, This is the reason the second-highest (M7, which is around 53MPa) has a
balanced FA + GGBS ratio, as opposed to the single-SCMs approach.

The optimum is evident in TTCB surfaces in (Fig. 9¢, f and h). Minor additions (about 1-2% by binder) raise
strength—in line with micro-filler and nucleation actions that densify paste and the ITZ, but where 3- 4% and
above agglomeration, increased water requirement, and effective binder dilution occur, diminishing strength is
observed!*3. At high FA, TTCB partially restores strength (Fig. 8f), suggesting that TTCB can be used to fulfill
the pozzolanic potential of FA by seeding hydrates. The same moderation is observed with GGBS (Fig. 8h), a
thin layer of about 1-2% TTCB reinforces slag-bearing mixes ; beyond this level TTCB turns the profit against
the gain!*.

Even the lowest GNP dosages (0.05%) generate a sharp increase in strength as observed in (Fig. 9d, 9g and
9i) due to the characteristic of 2D nucleation templates and nano-reinforcement that hasten the formation of
hydrates and seal microcracks!**. After around 0.1% the benefit levels off or hits a plateau!**. Figure 8g-i indicate
GNP moves the optimum to higher SCM content and extends the high-performance plateau: in the presence
of 30-40% GGBS or perhaps 15-20% FA, mixes with 0.05% GNP give high strengths otherwise dropping at 28
days!®. This corresponds to the matrix where present batches of GNP-free or GNP-overdosed perform worse
than M8 at around 0.05%GNP.

On all nine surfaces, the sweet spot is moderate SCM replacement and low nano/micro dosage, just enough
clinker to provide primary hydration; just enough FA + GGBS to provide secondary C-(A)-S-H. Beyond these
points, 30% total SCM by 28days, 1% TTCB, 0.05% GNP -introduces dilution, agglomeration and compaction
penalties, which decrease strength (Fig. 9)!41143-145,

Mechanistic links and FA and GGBS thicken by absorbing portlandite and creating more C-(A)-S-H; TTCB
contributes to micro-filler/nucleation sites that narrow the I'TZ; GNP is also a source of nucleation and nano-
bridging. They all contribute to increased hydration efficiency and impede transport pathways, and present
measures of durability also support this (Fig. 7). Prior optimisation and response surface work on multi-
component binders reproduce the same mechanisms—and limits—as in prior optimisation and response-
surface work!%®. Overall the response surfaces in Fig. 9 graphically depict why M8 performs better (55.2 MPa)
and why M10 slides back, balance gains; overshoot loses.

Table 4 compares the present study’s best mixes with representative reports on binary/ternary/quaternary
systems with FA, GGBS, carbon black analogues and graphene-family nano-additives. The batch M8 (OPC + 15%
FA +15% GGBS +about 1% TTCB +about 0.05% GNP) has 55.2 MPa at 28 days of standard curing- competitive
with most mixes in the literature with its lower clinker. The literature of 20-30% procurement increases with
0.04%-10% graphene derivatives or about 4% fine carbon black proves the enhancement and the presence of
narrow optimal nano/micro ranges!*3-14,

Taken together, Figs. 8 and 9 and Table 4 indicate that a quaternary, dual-scale carbon strategy (micro
TTCB+ nano GNP) may be used to open the door to high strength with reduced cement, but it is important to

maintain dispersion and dosages!“c.
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text.
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Mix/source Binder composition (OPC +additives) 28-day compressive strength (MPa) | Curing condition References
M8 (Present study) OPC+15% FA +15% GGBS+ ~1% TTCB + ~0.05% GNP | 55.2+0.5 28 days, moist (23 °C) | Present study
M7 (Present study) OPC+10% FA +20% GGBS+ ~ 1% TTCB+ ~0.05% GNP | 53.0+1.2 28 days, moist (23 °C) | Present study
FA 10% + GO 0.05% OPC+10% FA +0.05% graphene oxide 62.0 (£2.5) 28 days, water 183
Tire-derived graphene | OPC+ ~0.10% graphene (from tire pyrolysis) ~40 (=+30% vs.~30 MPa control) | 28 days, moist 184

Pyrolytic carbon black | OPC+4% carbon black (waste-tire derived) ~37 (=+26% vs.~29 MPa control) | 28 days, standard 185
FA-geopolymer+ GNP | FA-based geopolymer +1.0% GNP 44.0 (1.44 x control 30.6 MPa) 28 days, ambient 186

GGBS 30% + GO 0.04% | OPC+30% GGBS+0.04% graphene oxide 51.5 (=+15% vs. control) 28 days, moist 186

Table 4. Comparison of 28-day compressive strength with previous studies.
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Fig. 10. Variation of CO, emissions (kg/m®) and cost index (normalised to OPC control) for all concrete mixes
(M1-M10), highlighting the inverse trend between embodied carbon reduction and incremental material cost
as sustainable materials replace conventional cementitious content.

CO, footprint and cost evaluation of different concrete mixes

Figure 10 gives a detailed evaluation of embodied carbon dioxide (CO,) emissions and a normalised cost index
of all the experimented concrete batches (M1-M10). The data are proportional to the effects of cradle-to-gate,
proportional to cubic metres of concrete, based on the inventory and emission factors that are outlined in the
methodology section. The presented graphical synthesis shows that a step-by-step replacement of cement and the
integration of high-quality carbonaceous additives can alter the amount of environmental footprint and material
cost-effectiveness. As shown in Fig. 10, although the addition of SCMs has a significant impact on reducing CO,
(up to 52%), the cost also grows in proportion to the advanced admixtures, fibre, and nano-additives. The best
designs as M8, have balanced performances with a carbon footprint 45% lower and reasonable cost levels.

The most embodied Co, of the reference mix, M1 (100% OPC), is 382.5 kg/m3 cement, which is expected
given the established preponderance of clinker in the carbon profile of cement (0.85-0.95 kg CO, per kg cement).
With the substitution of cement with FA and GGBS during later mixes, the emissions are reduced significantly.
Between M2 and M7, CO, footprint drops to 277.9 kg/m? to 196.6 kg/m?, which is almost half compared to the
control. This tendency is due to the fact that FA and GGBS have one-tenth to one-twentieth of the emission
factors of cement, and their application also alleviates CO, in the process of calcinations. There were earlier
results of 40-60% carbon cuts in embodied concretes with high-volume SCM.

The deep, subtle reversals occur at M8, which rises to 211.7 kg/ m3and M9, which records the lowest
footprint, 183.4 kg/m? and a slight recovery to 192 kg/m? of M10. These differences are in line with mix design
modifications. M8 had been designed to have a balanced mechanical and durability property, and so it retained
a little higher cementitious content of material to maintain strength and workability. M10, which was richer in
natural fibre and GNPs, needed even more superplasticiser and cement to be uniform, which eventually caused
a slight increment in embodied CO2. The trends confirm that, even though the SCM substitution remains the
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main driver in the reduction of emissions, secondary factors, like admixtures dosage, fibre absorption and nano-
additive processing, can affect the overall footprint moderately. However, each of the other blends performs well
in terms of high carbon savings over traditional OPC concrete.

Unlike the decreasing CO, curve, the cost index remains an increasing curve along the same sequence
of mix. The baseline (M1) was scaled at 1.00, and all the other mixes show gradual increments based on the
cost increment of specialised materials and admixtures. M2 and M3 are 2.32 and 3.02, respectively, which are
moderate SCM replacement, moderate additive usage. M4-M7 further increase this upward trend with a peak
at around 4.78, and this is mostly attributed to the addition of TTCB, nano-graphene and a higher content of
superplasticiser needed to restore workability that was lost due to the reduction of cement. The greatest cost
values are found in M8-M10 and range from 4.80 to 6.28 because the mixes will be high-performance and high-
sustainability constituents.

This increase in cost is an indication of the market reality of producing concrete sustainably. Although FA and
GGBS are commonly industrial by-products and cheap, the synthesis, treatment, and distribution of graphene-
based materials and treated fibres are still costly assets. In addition, high-range water reducers are associated
with high-per-unit costs despite low dosages. Research proves that, although life-cycle costs can be balanced by
long life and low maintenance, the initial costs of materials in such innovative blends can be three to six times
higher than the traditional blends.

The plot mixture in Fig. 10 indicates that the relationship between the embodied CO, emission and the cost
index is obviously negative: the lower the carbon emission, the higher the cost index. This non-linear trade-off
is the primary focus of the sustainability framework of the study. High SCM and additive incorporation would
technically make a deep decarbonisation feasible, but the economic feasibility is a limiting factor. The results
indicate that M8 is the most balanced structure, the one that had a CO, reduction of about 45% of M1 (211.7 kg/
m? vs. 382.5 kg/m?) and still had a high compression strength and low permeability (RCPT). Comparatively,
M9 optimises the CO, reduction (183.4 kg/m®) at the cost of marginal strength and workability whereas M10
stretches the limit at unrealistic cost yet without quantifiable environmental benefit.

As the balance of performance and sustainability is common to the larger patterns in sustainable construction
scholarship, optimum instead of maximum solutions are offered by optimisation. In the case of cement-intensive
infrastructure, in India, the results of such studies highlight the necessity to encourage performance-constrained
decarbonisation, that is, stimulate the replacement of SCM with the use of industrial by-products sourced locally
and the moderate use of high-value applications of advanced carbonaceous materials.

These tendencies in Fig. 10 are consistent with life-cycle assessment (LCA) of blended concretes done
worldwide, which highlights that 70-90% of the embodied CO, in concrete is attributed to the cement component.
FA and GGBS bring about exponential sustainability return by reducing this dependency. Simultaneously,
economic calculations in India and Southeast Asia demonstrate the same cost increases in using fibre and nano-
modified concretes, which are caused by material and processing costs. Therefore, the cost-carbon relationship
herein is reflective of the scaling impediments towards the attainment of sustainable construction materials in
the real world.

When these results are combined with the mechanical and durability performance information, it is found
that M8 and M9 not only lead to significant emission reductions but also show much higher levels of resistance
to chloride ingress over time, which translates into extended service life. Policy and design choices that require
embodied carbon limits to be taken into account, such as durability and lifecycle costs metrics, are especially
dependent on such integrated outcomes.

Mechanistic interpretation and model-experiment integration

Experimental evidence suggests that synergistic hydration chemistry, pore refinement, and nanoscale
reinforcement are the factors that have led to the observed performance enhancement in the FA-GGBS-TTCB-
GNP blend rather than simple additive substitution. The incorporation of FA and GGBS reacts to secondary
pozzolanic reactions, whereby calcium hydroxide is utilized and extra C-S-H and C-A-S-H phases are created;
this is supported by the decreased peaks of attenuated portlandite in XRD spectra and denser microstructure as
shown by SEM images. The resulting densification of the microstructure explains the observed increase in 28-
day compressive strength and the simultaneous reduction in the values of RCPT.

TTCB, which is rich in amorphous silica, has reactive and filler effects. The small particle size facilitates high
packing density, and the pozzolanic reactivity of the fine particle enhances the synthesis of gels and refines the
capillary porosity. SEM indicates reduced pore connectivity and enhanced interfacial adhesion in formulations
with moderate TTCB inclusion, which is accompanied by lower water uptake and chloride permeability. The
reduction in permeability was therefore attributed to the shortening of diffusion pathways and a decrease in
effective pore diameter, and not just the decrease in total porosity.

When properly dispersed, GNPs can serve as heterogeneous nucleation sites and microcrack-bridging
reinforcements. Their inclusion accelerates the early hydration and enhances the transfer of stress within
the interfacial transition zone (ITZ). However, the supra-optimal doses may produce agglomeration, hence
explaining the plateau in the performance at high concentrations. The resultant increase in strength and the
residual strength after being exposed to 300 °C indicate an increase in crack resistance and matrix cohesion.

The assessment of feature-importance based on the ensemble models (permutation and SHAP) identifies
TTCB and binder composition as the most significant predictors. This finding is consistent with the known
hydration theory, in which binder chemistry determines the kinetics of C-S—-H formation, pore refinement, and
transport resistance, which in turn are the main determinants of mechanical strength and durability. The relative
devaluation of water content and aggregate proportions is due to the restricted ranges of the experimental values
of these variables, and not to any physical insignificance.
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Durability indices such as RCPT, water absorption, and sorptivity have a good correlation with microstructural
refinement. Reduced chloride permeability is linked to increased gel matrix, increased chloride binding through
alumina-containing phases added by GGBS, and reduced ionic mobility due to narrowed diffusion channels.
As a result, the mechanical performance and impermeability are interconnected via shared microstructural
pathways.

Finally, the machine-learning framework is a proxy mapping tool within the boundaries of the experimentally
defined domain, and is not a replacement for mechanistic understanding. The nonlinear interactions represented
by XGBoost and Random Forest are associated with the multifactorial interactions between binder chemistry,
nanoscale reinforcement, and transport behaviour. The optimisation process is therefore informed by empirically
supported mechanisms as opposed to mere statistical abstractions.

Machine learning models results and comparative analysis

Correlation analysis of experimental and derived variables

The correlation matrix will offer a background insight into the nature of the relationship between mix
composition variables, fresh concrete parameters, and performance indicators. The cells are the Pearson
correlation coefficients that are colour-coded between —1 and + 1.

There is a strong negative relationship between the cement content and the other cementitious materials,
FA and GGBS, meaning that there is deliberate substitution of binders in the dataset. Both FA and GGBS show
a corresponding increase as the cement percentage reduces. The percentages of FA and GGBS in the binder
show weak positive correlations with 28-day compressive strength, indicating that a partial cement replacement
leads to an increase in strength in later ages and not the decrease that is expected. This activity is in line with
pozzolanic and latent-hydraulic activation, which is involved in further calcium-silicate-hydraulic gel formation
at 28 days!33163164,

On the other hand, there exists a positive relationship between cement content and CO, emission and cost
index, which proves that the high-clinker mix is more ecological and economical. Both cost and carbon footprint
have negative correlations with FA and GGBS, which makes them both environmentally and financially friendly
as an alternative!33166:167,

The values of the Rapid Chloride Penetration Test are negatively related to FA and GGBS and positively
related to cement and slump. This trend reveals that the incorporation of SCM greatly hones the pore structure,
thus lowering the ionic conductivity and excess cement content or the presence of too much mixing water
increases the permeability. There is a low but consistent negative relationship between the compaction factor
and RCPT that indicates a higher packing and lower content of void in denser mixes. The addition of natural
fibres (percentage of coir as a part of binder) has a positive correlation with split-tensile strength, which is
a contributing factor to its crack-bridging property'®-170. Nevertheless, it has a negative correlation with
compressive strength, where the addition of fibre after a certain optimal level may cause the discontinuity of the
matrix and the appearance of an air pore. The negative relationship between the same fibre parameter and slump
is also a confirmation of the lower workability associated with the absorption and entanglement of fibres®”171:172,

The content in GNPs has a consistent positive relationship with compressive strength and tensile strength and
anegative relationship with RCPT. This indicates that GNP plays a simultaneous role in mechanical improvement,
as well as microstructural densification. A similar synergistic effect of it with SCMs and fibre additives can be
visually observed in the clustered yellow-green areas that connect these variables and strength parameters!’>!74,
Correlation magnitudes above |0.60| were considered strong, while values between 0.30 and 0.60 indicate
moderate association. No perfect multicollinearity (|r| =~ 1) was observed among predictor variables, confirming
that the feature set remains suitable for tree-based ensemble modelling without dimensional reduction. The
correlation trends also justify retaining binder-related variables (TTCB, SCM fraction, GNP dosage) in the
surrogate models, as they explain the majority of response variance within the experimental design space.

Taken together, Fig. 11 supports three important mechanistic conclusions: the substitution of cement
by a balanced mixture of FA and GGBS positively influences the late-age strengths and durability; coir fibre
increases the tensile response slightly, but negatively influences the compressive strength and flow; the GNP is
an omnipresent performance enhancer, positively correlated with the results of strength and durability. These
correlations support the preservation of all these predictors in later machine-learning models, even though the
multicollinearity between them is partial since each corresponds to physically meaningful effects on the multi-
scale behaviour of the material?*17>.

Model-driven feature importance and interpretability
Figure 12 contrasts the ranking of the input variables generated by the three regressors on the three target
properties and then uses SHAP to visualize the direction of the impact of the regressors. Despite the differences
between the employed algorithms as to the variables they consider most informative, the patterns obtained are
physically consistent and concurring with the previously described trends in the experiment. Figure 12a-c shows
the relative feature importance of the CNN-LSTM, Random Forest, and XGBoost models trained on 28-day
compressive strength, 28-day split tensile strength, and RCPT, whereas Fig. 12d provides the SHAP summary
plots, which illustrate the direction and magnitude of each feature contribution to the model outputs (red =high
feature value, blue =low). In the CNN-LM, fresh consolidation measures occupy first place in the tree; in the
tree-based ensembles, TTCB and GNP take the first place in ranks; in SHAP, TTCB strengthens tensile strength
but also weaken compressive strength at high dose levels, and GNP strengthens and densifies microstructures to
increase strength and decrease RCPT.

The strongest predictors in the CNN -LTSA (Fig. 12a) include the fresh-state variables, which are compaction
factor, fresh density, and slump, then the binder fractions (GGBS and FA). This is expected of a network that
discovers relationships between co-varying inputs: at constant water-to-binder ratio, these fresh measures are
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Fig. 11. Correlation matrix of all compositional, fresh, mechanical, and durability parameters for the
experimental data set. Yellow indicates strong positive correlation (+ 1), violet indicates strong negative
correlation (-1).

good proxies of paste packing and entrained air hence controlling compressive strength and permeability.
Consolidation (elevated compaction factor and fresh density, diminished slump at a given water/binder
proportion) in mixes that achieved higher predicted strengths and reduced RCPT values through the CNNLSTM
therefore suggested the empirical correlations.

The tree based ensembles draw the focus less on the response proxies and more on the specific composition.
In the Random Forecast (Fig. 12b) coir-derived micro-carbon (TTCB) is leading in the ranking on all three
targets. It is most critical to split tensile strength, in which fiber bridging is the dominant mechanism, as well
as compressive strength and RCPT, since TTCB has a concomitant effect on crack initiation, pore connectivity,
and compaction. The second level of predictors includes FA, GGBS, superplasticizer dosage, and slump thus
representing their impact on subsequent hydration and workability at old age. XGBoost (Fig. 12¢) has a parallel
story but places the dual-scale carbon system in a more pronounced light: TTCB does not change the location
of the leading variable but instead, GNPs emerge at the highest value of the compressive strength and RCPT.

This ranking is in line with laboratory results that suggested that extremely tiny GNP dosage provides
nucleation sites and crack bridging in the nanoscale, therefore, strengthening and hindering charge movement,
especially when used alongside additional cementitious materials.

The directionality of feature effects is determined by SHAP summary plots (Fig. 12d). In the left panel, relating
to compressive strength, high TTCB values are concentrated to the negative side of the SHAP axis indicating
a net penalty at 28 days when the fiber content is high enough to render the matrix continuity ineffective or
entrain air. Conversely, the trend in middle panel is the converse of that of split tensile strength: here, there is
consistent positive SHAP contribution, which is the anticipated crack-bridging benefit. GNP also gives positive
SHAP values with compressive strength and split tensile strength, but gives negative values with RCPT, which
also supports a nucleation-and-densification mechanism that increases mechanical performance and reduces
ionic transport. The SCM variables show heterogeneous interpretable patterns: intermediate replacement levels
place numerous points a little too far on the positive side of compressive strength (pozzolanic or latent-hydraulic
benefit of high age), but high replacement levels cause the values to become negative (dilution and a decreased
hydration rate by 28 days). In the right panel, covering RCPT, the signals are unambiguous, increased values of
TTCB, GGBS, FA, and compaction factor push SHAP values toward the negative direction (lower coulombs),
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and higher slump values drive them towards the positive direction (higher coulombs). The fresh density acts as
expected: the dense mixes produce negative values of SHAP of RCPT and positive values of strength.

The models therefore converge to a common physical meaning: consolidation quality can explain a
significant percentage of the variation of the neural network, but composition, specifically fiber (TTCB), nano-
reinforcement (GNP), is the most important thing to control the tree-based ensembles. The SHAP analysis
proves the trade-off nature of fibers, which are known to increase tensile capacity and durability, but should be
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balanced to avoid compressive strength loss. Additions of minute GNPs, which cause dense networks of hydrates
and an interfacial transition zone, enhance all the three targets concomitantly.

In the current experimental programme, the major sources of variation in performance were deliberately
introduced into the binder matrix, and not in aggregate grading or volumetric proportions. The aggregate
skeleton was held constant across the ten mixes (M1-M10) to provide similar packing density and isolate
the effects of binder on this, and GGBS and TTCB contents were varied systematically to provide insight into
hydration kinetics, pore refinement, and transport resistance.

This design decision is proportional to the experimental observations: mixes containing increased reactive
supplementary cementitious material contribution had a denser micro-structure and increased indicators
of durability, TTCB provided further micro-filler action and pozzolanic activity, which changed the pore
connectivity and refinement. Therefore, the surrogate models perceived TTCB and GGBS to be the most
informative variables since they describe the highest proportion of variability among outputs (compressive and
tensile strengths and RCPT) in the tested space. Therefore, the massive preponderance of TTCB and GGBS in
SHAP is not inconsistent with concrete physics, but instead, it indicates that the space of factor in the experiments
was binder-driven, and the highest performance gradient in the data was generated by binder chemistry and
micro-structural densification.

SHAP contribution of water-related variables (water content, w/b) and aggregate parameters is relatively low,
which is predetermined mainly by the controlled experimental ranges and the limitations of the design. Water
and aggregate proportions were not investigated as independent design variables in the mixes, but kept within a
small range to maintain desired fresh properties and batch-to-batch consistency. In cases where a predictor has
a small amount of variation as compared to other variables, SHAP will automatically assign it a low value since
it cannot explain a lot of the variance in the output observed in such a dataset. Furthermore, the covariation of
practical batching can be as follows: small changes in water (or superplasticiser) can be occasionally made in
reaction to changes in binder fineness/surface area (especially with TTCB and SCMs), and the model can tend
to predict the shared predictive signal as TTCB or GGBS. This separate attribution pattern is a familiar property
of the proxy learning in data-mediated models that collinearity causes and does not suggest that the influence of
water and aggregates in the data is physically insignificant; rather, it suggests that in the data, much of the effect
was captured in the constraints of the mix design and the collinearity-induced adjustments.

Based on this, SHAP results and optimisation performance can be viewed as interpolation-based within the
experimentally validated range of M1-M10, with binder composition making up the major exploratory axis. The
models are not meant to claim that there is universal feature dominance in larger concrete classes or in regimes
where there is a range over w/b ratio, aggregate grading or admixture dosage that are varied orthogonally. In
order to prevent over-interpretation, the trained models are directly described as surrogate approximators to
decision-making in the studied design space. The addition of orthogonal variation of water content/w-b and
aggregate proportions to the dataset would represent the correct direction towards enhancing generalisability
and decreasing the importance redistribution in future studies due to collinearity.

Predictive accuracy and comparative evaluation

Figure 13 illustrates the parity plots between predicted and measured values for compressive strength, split
tensile strength, and rapid chloride penetration test (RCPT) results across the Random Forest, XGBoost, and
CNN-LSTM models. The numerical performance indices corresponding to these plots are summarised in Table
5, which consolidates the coefficient of determination (R?), root mean square error (RMSE), and mean absolute
error (MAE) for all dataset splits.

Compressive strength prediction Among the assessed algorithms, it is XGBoost, which showed the best pre-
dictive accuracy with an R? of 0.949 and RMSE of 0.89 MPa on the evaluation set and the nearest competitor of
the Random Forest, which achieved an R? of 0.942 and RMSE of 0.95 MPa (see Table 5). The nonlinear corre-
lation between 28-day compressive strength and the variables of binder composition and fibre content, as well
as between 28-day compressive strength and nano-additive dosage, was developed using the two models. The
prediction bands in Fig. 13a,b are close to the 45° line, and show no significant systematic error throughout the
whole range of strength (43-56 MPa).

The CNN-LSTM model, in turn, performed worse with an R2 of 0.52-0.57 and RMSE of around 3MPa and
predicts that are flattened at both low and high strength levels (Fig. 13c). This can be typical of deep sequence
models trained on limited tabular data with no time-dependent signal; the recurrent layers of the model are
likely to overfit intermediate values and not represent the variability at the extreme values.

The excellence of the tree-based ensemble models agrees with the past studies. As an example, the Random
Forest model reached an R? of 0.93 in estimating the compressive strength of sustainable concretes with SCMs,
and XGBoost achieved an R? of over 0.95 in mixes with GGBS and silica-fume. These results support the
observation that boosting and bagging are superior to deep neural networks in nonlinear and interdependent
mix variables, especially with a sample size of less than a few hundred.

Split tensile strength prediction Once more, both ensemble models worked relatively similarly when predict-
ing tensile-strength and XGBoost (R?=0.741) slightly outperformed the predictive power of the Random Forest
(R?=0.724). The high density of the points around the diagonal in Fig. 13d,e shows that the fibre-dominated
behaviour is learned stably. CNNLSTM fit a moderate R?=0.64, but with regress toward the mean (Fig. 13f):
low tensile values were over-fitted, and high tensile values were under-fitted. This is in line with the variability
of experiments that is part and parcel of fibre reinforcement, in which micro-dispersion and interfacial bond
strength add noise that cannot be reflected in the neural model that was trained on scalar mix data. The same
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Fig. 13. Predicted versus actual results for (a-c) 28-day compressive strength, (d-f) 28-day split tensile
strength, and (g-i) RCPT using Random Forest, XGBoost, and CNN-LSTM models.

trends have been reported, with CNNLSTM models of natural-fibre concretes failing to perform well compared

with ensemble learners because of cases of random fibre orientation.

Rapid chloride penetration test (RCPT) prediction
In the case of RCPT, both of the ensemble models showed great accuracy. XGBoost had almost perfect
prediction with R?=1.00 in all splits and sub-Coulomb RMSE values (Table 5), whereas random forest came
second (R?=0.99, RMSE=12 C on the test set). The high R? values observed for certain models, particularly
XGBoost in RCPT prediction, reflect the structured nature of the experimental dataset and the bounded
parameter space investigated. RCPT values in the present study exhibited strong monotonic relationships with
binder composition, especially GGBS and TTCB content, which facilitated accurate nonlinear mapping by
ensemble tree-based methods. However, given the limited number of distinct mix designs, such near-perfect
R? values should be interpreted as evidence of effective interpolation within the studied domain rather than
proof of broad generalisation. Ensemble models such as XGBoost can closely approximate deterministic trends
in small, low-noise datasets, particularly when the experimental variables are systematically varied. To mitigate
overfitting risk, model complexity was controlled through hyperparameter tuning, validation monitoring, and
test-set evaluation. Nevertheless, the modelling framework remains constrained to the investigated design space,
and extrapolation beyond the tested parameter ranges is not recommended.
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Target property Model type Dataset split | Coefficient of determination (R?) | Root mean square error | Mean absolute error
Train 0.901 1.03 0.75
Random Forest | Validation 0.942 0.95 0.80
Test 0.912 0.92 0.77
Train 0.903 1.02 0.71
Compressive strength (28 Days, MPa) XGBoost Validation 0.949 0.89 0.75
Test 0.886 1.05 0.89
Train 0.547 2.77 2.29
CNN-LSTM Validation 0.569 3.40 2.75
Test 0.516 2.85 2.53
Train 0.778 0.17 0.13
Random Forest | Validation 0.735 0.20 0.16
Test 0.724 0.18 0.15
Train 0.779 0.17 0.13
Split tensile strength (28 Days, MPa) XGBoost Validation 0.738 0.20 0.16
Test 0.741 0.18 0.15
Train 0.626 0.21 0.17
CNN-LSTM Validation 0.752 0.16 0.14
Test 0.636 0.24 0.20
Train 0.997 5.92 2.35
Random Forest | Validation 0.996 7.35 3.80
Test 0.991 12.04 6.99
Train 1.000 0.0009 0.0008
Rapid chloride penetration test (Coulombs) | XGBoost Validation 1.000 0.0009 0.0007
Test 1.000 0.0012 0.0012
Train 0.517 100.41 81.32
CNN-LSTM Validation 0.598 116.23 104.37
Test 0.512 146.23 121.67

Table 5. Performance metrics for Random Forest, XGBoost, and CNN-LSTM models predicting 28-day
compressive strength, 28-day split tensile strength, and RCPT.

R? (best

Reference study Material system Algorithm Target property model) Remarks
49 Fly-ash blended concrete Random Forest | Compressive strength 0.93 g:;emble models generalize well on small
187 GGBS-silica fume concrete XGBoost Compressive strength 0.96 Boosted trees capture nonlinear SCM effects
188 Fiber-reinforced concrete XGBoost Chloride permeability 0.99 Outperforms deep CNN for durability indices
189 Natural-fiber concrete CNN-LSTM | Tensile strength 0.60 IS;;‘E:S nce models less effective for static

All targets (Compressive Strength Superior balance of accuracy and
Present study (2025) | FA-GGBS-Coir-GNP concrete | XGBoost 28 days, Split tensile strength 0.74-1.00 | 2P o Y

28 days and RCPT) interpretability

Table 6. Comparative summary of machine learning models for predicting mechanical and durability
properties of sustainable concretes in previous literature and the present study.

Figure 13g,h indicate that both ensembles had the entire range of permeability between 500 and 850 C without
any significant outliers. CNNLSTM, however, did not show any significant convergence (R*=0.51-0.60), being
excessively high in projecting the charge passed to low permeability mixes (Fig. 13i). This is once again due to
the improper generalisation of this model by the features of the inputs that do not have time or space hierarchies.
Such results are consistent with earlier research, in which gradient-boosting models were competitive and
outperformed deep CNN architectures in predicting chloride diffusivity because they can subdivide the feature
space efficiently and decrease variance without the need to have large datasets.

Comparative evaluation with previous studies Table 6 compares the model performances reported in the liter-
ature with the results of the current research to put them in context. Ensemble-based methods are systematically
better than deep neural networks with the limitation of small experimental data (less than 200 samples), which
supports the abovementioned hierarchy of performance: XGBoost > Random Forest > CNN-LSTM in both me-
chanical and durability forecasts.
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Allin all, ensemble learning and in particular, XGBoost proved to have the highest level of effectiveness in the
prediction of the nonlinear, coupled influences of binder composition, SCM ratio, fiber dosage and nano-additive
concentration on mechanical and durability properties. The relatively poor results of CNNLSTM highlight the
idea that deep models require richer sequential or high-dimensional inputs to learn to make generalisations.
The findings are therefore affirmative that tree-based ensembles offer a convenient and interpretable predictive
framework of sustainable concrete systems, according to the current research directions of data-driven materials
engineering. Compared to previous studies, the paper broadens the use of machine learning methods by
simultaneously forecasting mechanical strength and durability indices in one surrogate modelling framework,
avoiding the common emphasis on individual target properties. Whereas literature values of R? may sometimes
be larger when isolated strength predictions are done, our values are always robust and multi-target, with a
range of between 0.74 and 1.00, even though the size of the experimental data is small. The main improvement
is not in the increased predictive accuracy, but the integration of interpretability via permutation importance
and the implementation of multi-objective optimisation within a constrained design space. As a result, this work
stands out from the earlier studies that treat prediction and optimisation as distinct processes. Ensemble tree-
based models are proven to be more effective than deep neural architectures that require higher-dimensional
or sequential inputs when applied to small and structured tabular datasets with fewer than 200 observations.

Model comparison based on independent test-set R?> and RMSE was performed to achieve methodological
transparency, and was further supported by permutation importance analysis to increase interpretability. The
resultant ranking (XGBoost>Random Forest>CNN-LSTM) indicates a consistently higher performance of
XGBoost in all the performance results, especially in 28-day compressive strength and durability indicators. The
improved predictive power of XGBoost can be explained by the fact that it is based on the gradient-boosting
architecture, and it gradually corrects the residual errors and effectively captures nonlinear relationships between
binder composition and performance responses. Random Forest yielded consistent results with low variance but
with a little less precision compared to XGBoost, as expected of its bagging-based averaging process.

The relatively poor performance of CNN-LSTM seems to be caused by the incompatibility between the
architecture and the data. The data set is 60 observations based on ten different mix combinations, which are
structured tabular inputs as opposed to time or space series. The large datasets needed to train deep neural
architectures like CNN-LSTM are generally necessary to take advantage of hierarchical feature extraction and
temporal memory processes. The ensemble tree-based models are more consistent with the data structure and
scale within the current limited experimental domain. The feature contributions are further explained by the
permutation importance analysis of 28-day compressive strength. The mean change in model score is greatest
in TTCB content (kg/m?) and coir percentage of the binder (approximately 0.33 and 0.30, respectively), which
means that they have the strongest predictive power. The fly ash variables have small but significant effects, and
GGBS, water content, water-binder ratio, and aggregate proportions have insignificant or almost zero permutation
effect within the parameter ranges of the study. This preeminence ought to be viewed in the framework of
experimental design. Binder-related variables (TTCB and SCMs proportions) were systematically controlled to
investigate microstructural refinement and pozzolanic reactivity, but water, w/b, and aggregate proportions were
kept within a small range to maintain workability and volumetric stability. Ensemble models, therefore, place
more emphasis on binder chemistry since it explains most of the output variance in the data set. The resulting
ranking and dominance of features are therefore indicative of algorithm-data compatibility and experimental
form as opposed to a material hierarchy in general. The surrogate models are used as interpolation aids in
the validated design space, and extrapolation outside the ranges investigated is not advisable. The predictive
models are based on a small set of experimentally generated mix designs. Although systematic partitioning into
training, validation and test sets was adopted and cross-validation was performed to enhance robustness, the
limited size of the dataset limits statistical generalizability. Such models should therefore be viewed as surrogate
approximators that are only strictly within the bounds of empirically validated parameters. It is probable that
adding more orthogonally diverse mix configurations to the dataset would increase the model’s robustness and
external validity in future studies.

Multi-objective optimisation results and comparative analysis

Figure 14 shows the Pareto projections of the optimisation process, and Tables 7 and 8 are a summary of the
performance comparison between the experimental mix and the optimised mix and the benchmark values
reported in the literature. Together, they show that the surrogate and multi-objective optimisation framework
based on the Random Forest (RF) is useful to balance mechanical strength, durability, carbon footprint, and
cost-effectiveness of a product in a range of trade-off surfaces. Figure 14 uses the four core optimisation
objectives as four axes, with each axis representing a continuous output of the optimising models, which are
the trained Random Forest surrogate models. The variable f_(1_“neg comp28” ) is equal to the negative of the
28-day compressive strength (MPa), a formula which enables the objective of all objectives to be minimised
simultaneously during the optimisation process. This parameter is minimised, and this is the maximisation
of the actual compressive strength. The second variable, f (2_“rcpt” ) is an indicator of the Rapid Chloride
Penetration Test (RCPT) result in Coulombs, which is a direct measure of concrete durability—the lower the
result of the RCPT, the better the resistance to chloride ingress and, consequently, long-term performance. The
third goal, f_(3_"CO," ), measures the cradle-to-gate emissions of carbon dioxide per mix (kg m~3), which is
an environmental footprint of binder and additive selection. Lastly, f (4_“cost” ) is a normalised cost index,
in which the OPC control mix will be given a reference value of 1.00 in order to provide a direct comparison
of relative material costs in cubic metres. Figure 14 displays the Pareto-optimal curves between pairs of these
criteria, and illustrates relationships between trade-offs in sustainable concrete construction in a systematic
manner. Subplot (a) examines the relationship between compressive strength and durability, reducing negative
strength and RCPT to find strong-low-permeability mixtures.
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Fig. 14. Pareto projections showing the trade-offs among 28-day compressive strength (-Comp28), Rapid
Chloride Penetration (RCPT), embodied CO, (kg m~3), and cost index (control = 1.00) for NSGA-II and
MOEA/D optimisation results. Each subplot represents a bi-objective front highlighting the balance between
performance, durability, economy, and sustainability.

Subplot (b) plots negative strength versus embodied CO,, and subplot (c) portrays the strength-sustainability
frontier, taking the cost-mechanical performance tradeoft: cost can increase with mechanical performance.
Subplot (d) discusses the RCPT—CO, correlation, which demonstrates the impact that binder optimisation has
on the durability and environmental effects. Blue circles and green diamonds are used to represent NSGA-II
solutions and MOEA/D results, respectively, in all subplots. The fact that the two datasets are almost identical
when using all four views implies that both algorithms came to an almost similar set of Pareto fronts and
only differ in the local weighting of each objective. Tables 7 and 8 also keep the same notations and report
28-day compressive strength, RCPT, embodied CO, and normalised cost index. The consistency through
figures and tables provides direct quantitative cross-comparison of the experimental validation, the predictions
of the surrogate model, and the optimisation results- a unified foundation of the multi-objective behaviour
interpretation of the designed mixes.

Table 7 shows the most significant findings of the experimental control mix, machine-learning-predicted
optimum, and compromising solutions with the use of NSGA-II and MOEA/D. The experimental control
(baseline) had compressive strength of 52.21 MPa with 554.9 C and embedded CO, of 204.4 kg m™3, and the cost
index of 4.42. These are the laboratory-tested values, which serve as the reference value upon which the results
of computational optimisation are compared.

Referring to the RF-surrogate and NSGA-II- optimised combination (54.39 MPa, 573.82 C, 236.73 kg CO,
m™3, cost 3.70) showed a greater mechanical strength and cost-efliciency, though with a relatively high increment
of carbon emissions. This increment can be explained by a slightly increased cement fraction used to uphold
cohesion and workability at the optimum water-to-binder ratio (w/b=0.35) and lower dosage of superplasticiser
of about (~3.5%) and 800 kg m~ fine aggregate.

MOEA/D solution produced the most balanced sustainability profile with a compressive strength of
54.86 MPa, an RCPT of 518.23 C, 192.46 kg CO, m~3, and an index cost of 4.79. The synergistic loss of the
ternary binder system, which is FA (approximately 71.5 kg m™3), GGBS (approximately 68. kg m™2), and TTCB
(approximately kg m™), together with about 0.14% addition of GNPs, makes it more resistant to chloride. The
small increment in the cost is compensated with significant decreases in the permeability and embodied carbon.

The non-linear and competitive nature of these objectives is highlighted by the Pareto fronts in Fig. 14.
The correlation between the compressive strength and the negative component of the compressive strength
is negative, indicating that, at a specific point, the increase of compressive strength can lead to a decrease in
chloride resistance and the RCPT-CO, plane demonstrates the definite positive dependence the mixes with lower
RCPT values have lower CO, emissions and binder fineness is a strong determinant. The Comp28 versus Cost
projection shows that there is a practical constraint of cost minimisation, beyond which structural performance
must start to decline, which means that optimisation should be multi-objective and not single-objective.

Table 8 puts the current optimisation results in comparison with existing literature. A DNN + MOPSO hybrid
was used in Tipu et al.*’ to attain compressive strengths up to 50 MPa using 25% less cement at a cost of 15%
lower. Wu et al.'®® claimed the CO, and cost-saving of 23-60% and 16-36%, respectively, in geopolymer concretes
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28d
strength | RCPT Cost Index
Mix type/reference (MPa) (Coulombs) | CO, (kg/m?) (Control=1) Remarks
Present Study—Experimental 52.21 554.92 204.44 442 Laboratory-verified control mix (baseline)
(Control)
Present study—ML-Optimized | 54.39 573.82 236.73 3.70 ML-predicted optimum mix (balanced objectives)
Present study—NSGA-II 54.39 573.82 236.73 3.70 NSGA-II compromise solution (near-optimal strength)
Present study—MOEA/D 54.86 518.23 192.46 4.79 MOEA/D compromise (best durability and CO, trade-off)
Tipu etal. 2500 |- - (c)éﬁr(;ﬁS% VS | DNN +MOPSO: > 50 MPa via 25% cement, cost-15%

Gu etal.'¥” - - - NSGA-II for recycled concrete (multi-objective: strength, cost, carbon)
Wu et al.!$8 - -23t0-60%| | - 16to—36%| | AutoML + Pareto (geopolymer concrete): balanced strength, cost, CO,
Wang et al. ¥ B _ _ _ NSGA-III/MOEA for UHPC: Pareto trade-offs (strength, flow, cost,

sustainability)

Table 8. Comparative analysis of optimised concrete performance against recent literature on multi-objective
optimisation of cementitious systems.

using Pareto optima, and Gu et al.'¥” and Wang et al.!® established that the NSGA-II and MOEA models
could efficiently trade-off performance and sustainability in recycled and ultra-high-performance concretes.
Comparatively, the MOEA/D solution of the present study (192 kg CO, m3, 518 C, 54.9 MPa) demonstrates
similar performance, with about 6% reduction in the CO, concentration, and improved chloride resistance at a
relatively low increment in cost when compared to the control. The NSGA II mix confirms the results of Gu et
al.’¥7 which certifies its reliability to determine low-cost, high-strength solutions with feasible mix constraints.
The main difference between the present work, though, lies in combining experimental validation, Al-based
surrogate modelling, and evolutionary optimisation into a full iterative cycle, which strengthens the predictive
accuracy as well as physical verifiability. The strong match between optimised predictions and measured data
confirms the strength of the surrogate-based optimisation framework.

The combined results validate the fact that hybrid binder systems made using FA, GGBS and thermally-
treated coir biomass can significantly reduce embodied carbon, which is usually less than 200 kg m™ but,
nevertheless, strength and durability are not compromised or reduced. This is a saving of about half of the usual
OPC-based concrete. However, the cost and material complexity of such decarbonisation is bound to be added.
Both NSGA-II and MOEA/D algorithms study this balance in the following manner: NSGA-II is cost-efficient
and buildable, and MOEA/D is environmentally and durability performance focused. The corresponding
measures of normalised distances (0.66 and 0.80) verify that both result in Pareto-optimal solutions in the design
space, which are close to equilibrium.

Practically, these findings explain that an approach to sustainable and high-performance concrete design
should not aim to achieve just the best but must act within a multi-objective performance range that optimises
mechanical integrity, service life, and embodied carbon. The combined predictive-optimisation content that is
justified in this paper offers a reproducible and evidence-based framework with which to design next-generation
concretes at both structural and sustainability requirements without the necessity of conducting extensive
laboratory experimentation.

Conclusion

This study develops a combined experimental-computational model of the sustainable high-performance
concrete design, using a hybrid low-carbon binder, which includes fly ash (FA), ground granulated blast-furnace
slag (GGBS), thermally treated coir biomass (TTCB) and graphene nanoplatelets (GNPs). Instead of considering
material development, modelling and optimisation as separate activities, the work connects multiscale material
engineering with interpretable surrogate modelling and constrained multi-objective optimisation in a strictly
defined laboratory design space. The results indicate that sustainability goals, compressive strength, durability,
embodied CO, and cost can be explored systematically using data-driven exploration without losing mechanistic
foundations. The major contributions and findings are:

o Hybrid binder innovation Multifaceted system of industrial by-products, bio-derived pozzolan and nanomate-
rials experimental validation. The optimised mixture achieved a compressive strength of about 55 MPa, RCPT
value of about 505 C and a decrease of about 45% of embodied CO, in comparison with ordinary Portland
cement, which was supported by microstructural densification and increased calcium-silicate-hydrate net-
works.

o Functional bio-pozzolan development Evidence that thermally treated coir biomass can serve simultaneously
as an active supplementary cementitious material and as a dispersion-enhancing modifier in hybrid binders
to enhance pore refinement and interfacial enhancement.

o Interpretable surrogate modelling Tree-based ensemble models, especially XGBoost, provided strong mul-
ti-target predictions of 28-day compressive strength, tensile strength, and RCPT on a small experimental
dataset. The importance of features analysis showed that the binder chemistry is the most important determi-
nant of performance, which reflects the experimental control used.
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o Constrained multi-objective optimisation The integration of surrogate models with NSGA-II and MOEA/D
allowed exploration of explicit trade-offs between strength, durability, carbon footprint, and cost. The frame-
work shows that sustainable mix design can be developed beyond empirical iteration and proceed towards
structured optimisation.

The modelling framework has been narrowed down intentionally to a validated exploration tool in the
experimentally constrained domain. Future studies ought to move the validation to independent data, explore
long-term durability processes, and conduct pilot-scale implementation to augment external generalizability.

Limitations

Although the current study has promising results, there are a number of limitations that are worth mentioning.
In the first place, 60 observations were used to model, which is equal to ten different mix designs; therefore,
the statistical generalisability of the studies on the composition range, which is tested, is limited. Second, the
durability test was limited to the accelerated indicators, namely, RCPT, water absorption, sorptivity, and residual
strength at 300 °C, and it does not consider the long-term degradation processes. Third, the surrogate models
are limited to the design space that is defined in the experiments and thus ought to be viewed as interpolation
instruments, but not as predictors that are applicable across the board. Lastly, even though the quality of
nanoparticle dispersion was experimentally regulated, it was not measured with the help of sophisticated
dispersion characterisation methods.

Future research directions

The framework should be expanded in future studies to include long-term durability processes, such as
carbonation, sulfate attack, freeze-thaw resistance, and chloride diffusion modelling under realistic exposure
environments. An increase in the number of experiments using orthogonally varied water-to-binder ratios and
aggregate parameters would improve statistical strength and generalisability of the model. Mechanistic insight
can be further reinforced by integration of quantitative pore-structure characterisation, i.e. MIP or micro-CT.
Lastly, the optimisation framework would be more practically applicable with validation using independent
external datasets or field-scale tests.

Data availability

Data are not publicly available but are available from the corresponding author on reasonable request.
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