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Preface

Materials science has now reached a critical phase of development, where combining 
sustainability, intelligence, and functionality is no longer visionary but the absolute 
requirement of the time. While the world is facing increasingly aggravated 
environmental concerns and its industries face growing demands for responsive 
and high-performance materials, the combination of biobased components with 
intelligent attributes is an opportunity for innovation, at the same time as it is eco- 
friendly and technologically advanced.

Intelligent biocomposite materials are one class of engineered systems combining 
renewable natural fibers with biodegradable or recyclable matrices and functional 
fillers or additives with responsive behaviors to external stimuli. These materials 
successfully address the imperative of reducing dependency on fossil-derived 
resources and possess enhanced features like self-healing, shape memory, and active 
sensing or actuation functions as well. The last 10 years have seen tremendous 
development in this field, driven by interdisciplinarity among materials engineering, 
biotechnology, polymer science, nanotechnology, and applied mechanics.

At the core of this discussion is a deep understanding of the interactions between 
different components, natural fibers, polymer matrices, and added functionalities. 
Advances in fabrication technologies, ranging from conventional compounding 
methods to advanced additive manufacturing methods, have enabled the large-scale 
production of biocomposites with tailored mechanical, thermal, and functional 
properties. The combination of responsive functionalities, such as sensors, stimuli- 
responsive fillers, or drug delivery systems, greatly expands their utility in high-end 
markets, such as biomedical devices, aerospace components, structural health 
monitoring, and soft robotics.

An important aspect of research in this area is mirroring the built-in self- 
sufficiency of nature with the development of materials with self-healing tendencies, 
the ability to change their shape in the presence of outside stimuli, and the ability to 
perform regulated-release functions. These attributes improve the potential of 
biocomposites and open up new prospects for research and application.

Sustainability remains the underlying tenet of this field, including not just the 
origin of materials but also life cycle assessment, recyclability, and environmental 
impact considerations. As the world economy increasingly moves toward more 
circular and biobased models of development, novel biocomposites are expected to 
play a key role in enabling this transformational process.

This book aims to act as a comprehensive scholarly reference for researchers, 
engineers, and postgraduate instructors to explore the scientific basis, processing 
methodologies, functional characteristics, and potential uses of intelligent 



biocomposite materials. This book integrates fundamental knowledge and state-of- 
the-art advancements to prompt further research and enable the development of 
advanced materials with features like intelligence, long-term performance, and 
sustainability.

Associate Professor Ts. Dr. Md. Rezaur Rahman
Ts. Dr. Hj. Muhammad Khusairy Bin Capt. Hj. Bakri
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14Challenges and future directions 
of biocomposite materials
Lelly Marini1, Mohammad Abdul Mannan1, Md. Rezaur Rahman1, and  
Muhammad Khusairy Bin Bakri1,2

1Faculty of Engineering, Universiti Malaysia Sarawak, Kota Samarahan, Sarawak, 
Malaysia, 2Composite Materials Engineering Center, Washington State University, 
Pullman, WA, United States

14.1 Introduction

Biocomposite materials, comprising natural fibers and bio-based or synthetic 
matrices, have emerged as promising solutions in the pursuit of sustainable 
alternatives to conventional materials. Their rise in prominence is fueled by growing 
environmental awareness and the implementation of stringent regulations aimed at 
curbing greenhouse gas emissions. The global biocomposites market, valued at $24.4 
billion in 2020, is projected to reach $51.2 billion by 2027, reflecting a robust 
compound annual growth rate of 11.3% (Gomes et al., 2019). This growth under
scores the increasing adoption of biocomposites across diverse industries.

In the construction sector, biocomposites find applications in insulation panels, 
roofing sheets, and modular components, offering lightweight and eco-friendly 
alternatives to traditional materials. The automotive industry integrates biocompo
sites into lightweight interior parts, enhancing fuel efficiency and reducing vehicle 
emissions. Meanwhile, the packaging industry benefits from biodegradable containers 
and films, which address the dual challenges of plastic waste and reliance on fossil- 
based resources. These applications collectively contribute to reduced carbon 
footprints and the advancement of circular economy principles.

The development of biocomposites shares parallels with innovations in geopo
lymer concrete, another sustainable material designed to mitigate environmental 
impact. Geopolymer concrete achieves significant reductions in CO₂ emissions—up 
to 80% compared to conventional Portland cement—by utilizing industrial by- 
products such as fly ash (FA) and slag (Institutes, n.d.). Similarly, biocomposites 
incorporate agricultural residues and natural fibers, transforming waste into valuable 
resources while promoting sustainability and resource efficiency.

Despite these advancements, biocomposites face critical challenges, including 
variability in raw material properties, limited mechanical strength compared to 
synthetic composites, and scalability issues in production processes. Overcoming 
these barriers demands a multidisciplinary approach, integrating expertise from 
material science, engineering, and industry collaborations (Adamu et al., 2019; 
Amran et al., 2021; Bakri et al., 2018; Fatema et al., 2024; Hari et al., 2021; James 
et al., 2024; Jayamani et al., 2015, 2016; Jayamaui et al., 2020). Drawing lessons 
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from the success of geopolymer concrete, tailored strategies can be developed to 
advance biocomposite technologies, aligning them with global sustainability objec
tives (Sax, 2024).

This chapter delves into the challenges and opportunities associated with biocom
posite materials, offering insights into innovative solutions and future directions. By 
leveraging the lessons learned from sustainable materials like geopolymer concrete, the 
discussion aims to chart a comprehensive roadmap for the evolution of biocomposites, 
ensuring their role as key enablers of a sustainable future.

14.2 Challenges in biocomposite material development

14.2.1 Raw material availability and variability

Biocomposites rely heavily on agricultural and forestry by-products, such as hemp, 
flax, jute fibers, and other natural sources. The availability of these raw materials is 
subject to seasonal variations, geographical differences, and agricultural practices, 
making supply chains unpredictable. For example, hemp production is influenced by 
soil quality and climate, while flax yields can vary due to pest infestations and 
harvesting techniques. Furthermore, natural fibers exhibit significant variability in 
mechanical properties such as tensile strength, elasticity, and moisture content 
(Delgado-Plana et al., 2021; Kanagaraj, Lubloy, et al., 2023; Kiew et al., 2013; 
Kuok et al., 2024; Lai et al., 2015; Namakka, Rahman, Bin Mohamad Said, et al., 2024; 
Namakka, Rahman, Mohamad Bin Said, et al., 2024). This variability complicates 
efforts to ensure consistent composite performance, requiring advanced sorting, 
grading, and pretreatment methods to homogenize raw materials. Addressing these 
issues necessitates investment in cultivation technologies, such as genetically optimized 
crops, and the development of regional supply chains to stabilize raw material access.

14.2.2 Balancing mechanical performance with sustainability

While biocomposites are celebrated for their eco-friendliness, their mechanical 
properties often fall short compared to synthetic composites. For instance, natural 
fibers like jute and hemp have lower tensile strengths than glass or carbon fibers, 
which limits their use in high-performance applications. Poor fiber-matrix adhesion is 
another critical issue, as weak bonding reduces load transfer efficiency, leading to 
premature failure under stress. Moisture sensitivity exacerbates these problems, as 
natural fibers tend to swell and degrade in humid environments. Strategies to address 
these challenges include the use of coupling agents, such as silanes, to improve 
adhesion, and chemical or thermal treatments to reduce moisture absorption. 
Additionally, hybrid composites that combine natural and synthetic fibers are being 
explored to enhance mechanical performance while retaining sustainability benefits.

14.2.3 Cost and scalability

High production costs and limited scalability remain significant barriers to the 
commercial viability of biocomposites. The pretreatment and processing of natural 
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fibers to meet industrial standards often require specialized equipment and energy- 
intensive methods, increasing production expenses. For instance, alkali treatments to 
improve fiber compatibility with matrices can be costly and time-consuming. The 
development of bio-based matrices, such as polylactic acid, further adds to the cost 
due to their complex synthesis processes. Additionally, inconsistent raw material 
supply disrupts large-scale production, driving up costs through inventory adjust
ments and procurement challenges. To overcome these barriers, cost-effective 
processing methods, such as enzymatic treatments, and the establishment of 
industrial-scale production facilities are critical. Government subsidies and incentives 
for sustainable materials can also play a key role in addressing cost concerns.

14.2.4 Processing and standardization

The lack of standardized processing techniques and quality control methods is a 
major obstacle to the widespread adoption of biocomposites. Natural fibers require 
extensive pretreatment to remove impurities, enhance mechanical properties, and 
improve compatibility with polymer matrices. However, these processes often vary 
between manufacturers, leading to inconsistent product quality. Furthermore, the 
absence of universally accepted standards for testing and certifying biocomposites 
makes it difficult for industries to adopt them with confidence. For example, the 
tensile strength of biocomposites can vary significantly depending on the testing 
methods used, creating uncertainty in performance metrics. Initiatives to establish 
global standards for biocomposite processing and certification, similar to ASTM 
standards for conventional materials, are essential for industry growth.

14.2.5 Durability and life cycle assessment

Biocomposites are prone to degradation under environmental conditions such as high 
humidity, UV exposure, and microbial activity. For example, jute fibers can lose up to 
50% of their tensile strength after prolonged exposure to moisture, limiting their use in 
outdoor applications. UV radiation can also cause discoloration and embrittlement of 
natural fibers, further compromising performance. Comprehensive life cycle assess
ments (LCAs) are needed to validate the environmental benefits of biocomposites 
across their production, use, and disposal phases. Such assessments must consider 
factors like energy consumption during processing, transportation emissions, and end- 
of-life disposal options. Innovations such as UV-resistant coatings, biodegradable 
resins, and recycling technologies can enhance the durability and sustainability of 
biocomposites, making them more competitive with synthetic alternatives.

14.3 Case study insights: lessons from geopolymer 
concrete

The optimization strategies employed in geopolymer concrete—a sustainable 
alternative to conventional concrete—offer valuable insights for biocomposite 
development. Geopolymer concrete’s emphasis on silica-alumina ratio optimization 
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to enhance mechanical properties parallels the need for precise fiber-matrix 
compatibility in biocomposites. Concrete is the most widely used construction 
material globally (Vázquez-Calle et al., 2022), but traditional Portland cement, its 
main binder, is a significant source of CO₂ emissions (Marini et al., 2024), 
contributing to climate change (Neupane, 2022). To address this, geopolymer 
concrete has emerged as a more sustainable alternative (Ndagi & Saleh Jaafar, 
2019). By replacing Portland cement with industrial by-products (Kathirvel & 
Sreekumaran, 2021), geopolymer concrete reduces carbon emissions while repur
posing waste (Wong, 2022). It also offers excellent mechanical properties for high- 
performance applications (Qaidi, Sulaiman Atrushi, et al., 2022). Haruna et al. (2020)
noted that adding slag can extend setting time and enhance strength. This research 
explores using FA, slag, silica fume, and steel fibers (STF) in the geopolymer matrix 
to produce ultrahigh-strength concrete. Slag, rich in silica and alumina, promotes 
geopolymerization (Pacheco-Torgal et al., 2013), forming a dense microstructure 
primarily composed of C–A–S–H gel, which improves compressive strength (Castillo 
et al., 2021). The key reaction involves dissolving silica and alumina (Chuah et al., 
2016) from source materials using an alkaline activator (Madirisha et al., 2024), 
forming a rigid three-dimensional Si–O–Al network (Chuewangkam et al., 2024) that 
gives the material its strength (Kushwah et al., 2021). The Si/Al ratio is crucial in 
controlling the composition and density of the matrix (Chiranjeevi et al., 2023; 
Siddika et al., 2021), with a higher ratio increasing compressive strength by 
producing a more silica-rich structure. N–A–S–H gel, the main binding phase, is 
also influenced by the Si/Al ratio (Chen et al., 2024), which affects both mechanical 
properties and chemical stability (Li et al., 2020).

Fig. 14.1 shows in Portland cement concrete derives its strength from hydration 
reactions that form calcium–silicate–hydrate (C–S–H) gel, creating a robust internal 

Figure 14.1 The comparison of polymer bonding that occurs between Portland cement 
concrete and geopolymer concrete.
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structure (Madadi & Wei, 2022). In contrast, geopolymer concrete uses polymeriza
tion of aluminosilicate materials activated by alkaline solutions, resulting in a unique 
Si–O–Al bonding network (Cui et al., 2023). This difference influences the 
mechanical properties and performance of each concrete type. Researchers assess 
these mechanisms to identify which offers better structural integrity and environ
mental sustainability. STF enhance tensile strength, ductility, and crack resistance by 
bridging microcracks (Alashker & Raza, 2022; Liu et al., 2020; Zheng et al., 2023). 
The combination of dense C–A–S–H gel and STF allows geopolymer concrete to 
achieve strength comparable to high-performance concretes. However, higher costs 
associated with alkali activators like sodium silicate pose challenges (Rintala et al., 
2021; Tempest et al., 2015), making it essential to optimize the Si/Al ratio for better 
mechanical properties and economic viability.

Research shows a strong correlation between the Si/Al ratio and the mechanical 
properties of geopolymer concrete. Higher Si/Al ratios enhance compressive, tensile, 
and flexural strength by creating a denser matrix (Alaneme et al., 2024; Tu & Zhang, 
2023). SiO₂ increases silicate chain rigidity, while Al₂O₃ improves cross-linking 
(Hajiabadi et al., 2023). For ultrahigh-strength applications, optimizing the Si/Al ratio 
is crucial for achieving compressive strengths over 100 MPa (Castillo et al., 2021). 
Alkali-activated waste materials, such as FA and NaOH, initiate aluminosilicate 
reactions that strengthen the matrix (Almutairi et al., 2021). The combination of 
Na₂SiO₃ and NaOH or other alkali activators like KOH is especially effective at higher 
Si/Al ratios (Lǎzǎrescu et al., 2017). Liu et al. (2020) achieved 170.4 MPa with a 5.1 
Si/Al ratio, while Althoey et al. (2023) reached 155.4 MPa at 8.95. Higher NaOH 
molarities improve strength (Ahmad Sofri et al., 2020), but lower Si/Al ratios can limit 
compressive strength to below 80 MPa (Kucukgoncu & Özbayrak, 2024). Curing 
conditions also play a vital role. Oven curing at 60°C–90°C for 24–72 hours 
significantly boosts strength, with Lao et al. (2022), Lao et al. (2023) achieving 
222 MPa at 90°C for 72 hours. Tahwia et al. (2022) reached 152MPa with a higher Si/ 
Al ratio of 8.73. In contrast, lower ratios (1.5–3.0) generally result in compressive 
strengths below 80 MPa, as shown by Palomo et al. (1999) and Abdullah et al. (2017). 
Ambient curing results in much lower strengths (Palomo et al., 1999). Compressive 
strengths range from 13 MPa with ferronickel slag to 222 MPa with a mix of FA, 
ground granulated blast-furnace slag (GGBS), and SF (Althoey et al., 2023; Gao et al., 
2024). The use of these materials, especially at higher Si/Al ratios, is effective in 
producing high-performance geopolymer concrete. Flexural strength varied as well, 
with Gao et al. (2024) reaching 21.11 MPa using kaolin and silica powder, while Lao 
et al. (2022) obtained 18 MPa with a similar FA, GGBS, and SF mix. The inclusion of 
waste materials and additives like GGBS and SF significantly enhances compressive 
strength, especially with higher Si/Al ratios. Liu et al. (2020) reached 170.3 MPa using 
GGBS and FA, while Tahwia et al. (2022) and Althoey et al. (2023) achieved strengths 
over 150 MPa with high Si/Al ratios and additives. This highlights the effectiveness of 
these materials and ratios in producing high-performance geopolymer concrete.

Balancing strength and weight reduction is essential for lightweight concrete 
(Bhaidas et al., 2024), which uses lower specific gravity materials to decrease density 
while maintaining strength (Rodacka et al., 2023). Incorporating waste materials can 

Challenges and future directions of biocomposite materials                                                   391



enhance mechanical properties (Singh & Kumar, 2024) but may lead to lower overall 
strength and increased brittleness compared to normal-weight concrete (Bakhoum & 
Mater, 2022; Hong et al., 2022; Rumsys et al., 2018). Lightweight geopolymer 
concrete offers reduced structural weight without sacrificing strength (Kanagaraj, 
Anand, et al., 2023). Achieving ultra-high-strength alongside lightweight properties 
requires careful design (Iffat, 2016; Wang et al., 2024). High-reactivity materials like 
FA, GGBS, and SF improve microstructure without significantly increasing density, 
while strong alkali activators and optimal curing conditions enhance strength. 
Incorporating STF can also boost flexural and tensile strength without adding weight 
(Ma et al., 2023). Optimizing the Si/Al ratio within 4.0–8.95 is crucial for 
maximizing both compressive and flexural strength, facilitating a balance between 
high performance and reduced weight. This study aims to identify the optimal Si/Al 
ratio through predictive modeling and experimental validation, contributing to 
sustainable, high-strength concrete solutions. Kalinowska-Wichrowska et al. 
(2022), Kalinowska-Wichrowska et al. (2022) found that using FA and GGBS in 
lightweight geopolymer concrete significantly enhances compressive strength and 
reduces water absorption. The optimal mix included 400 kg/m³ of additives and 10 M 
NaOH, with presoaked lightweight aggregates improving adhesion and microstruc
ture density (Rahardjo et al., 2024). High-density lightweight concrete (1350–1850 
kg/m³) (Zaki et al., 2021) reduces reinforcement needs and enhances thermal and 
flexural performance. Other studies reported densities of 1850–1951 g/cm³ with 
compressive strengths of 24.5–50.3 MPa (Abbas et al., 2018; Nukah et al., 2024; 
Rajalekshmi & Jose, 2023). This research aims to optimize the Si/Al ratio and 
increase SiO₂ and Al₂O₃ content to achieve ultra-high-strength while maintaining 
reduced weight. Mechanical tests and microstructural analyses [scanning electron 
microscopy (SEM)–energy dispersive spectroscopy (EDS), FTIR] will evaluate the 
effects of these ratios and STF, with advanced models (ANN, XGB, MLR) 
optimizing mix design and validating predictions through experiments.

14.3.1 Material optimization

Geopolymer concrete demonstrates the importance of fine-tuning material ratios and 
curing conditions to maximize performance. For example, optimizing the silica–a
lumina ratio in geopolymer concrete has resulted in compressive strengths exceeding 
100 MPa, highlighting the critical role of composition in achieving high performance. 
Similarly, biocomposites can benefit from advanced modeling techniques to optimize 
fiber volume fractions, matrix formulations, and processing conditions (Namakka 
et al., 2023; Qaidi, Najm, et al., 2022; Rahman et al., 2011, 2013, 2017, 2019, 2024; 
Rahman, Hamdan, Hasan, et al., 2015; Rahman, Hamdan, Hashim, et al., 2015; 
Sueraya et al., 2024). Adjusting the proportion of natural fibers and resin, for 
instance, can significantly influence tensile strength and impact resistance. Curing 
conditions, such as temperature and humidity, also play a key role in ensuring optimal 
bonding and structural integrity in biocomposites.

This study employed several key materials in the production of geopolymer 
concrete, all of which are classified as scheduled waste and are abundantly available 
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in Sarawak, Malaysia. These materials include industrial by-products such as silica 
fume, FA, and SiMn slag, which are locally generated in significant quantities and are 
considered sustainable alternatives to traditional raw materials in meeting construction 
demands. Silica fume, produced in the smelting plant of Pertama Ferroalloys Sdn. Bhd. 
in Samalaju Industrial Zone, Bintulu, Sarawak, has an annual production of 
approximately 120,000 tons. It is categorized as scheduled waste under Malaysian 
regulations due to its high silica content (90.27% SiO₂). FA, a by-product of coal 
combustion in electric power plants, is another material utilized in this study. Malaysia 
has substantial coal reserves, estimated at approximately 1.9 billion MT, with 69% of 
these reserves located in Sarawak. FA is classified as scheduled waste and is produced 
in significant volumes from coal-based energy production (Usman Kankia et al., 2023). 
In addition, SiMn slag is produced as a by-product in the Samalaju Industrial Zone, 
with annual output ranging between 160,000 and 180,000 tons. This slag, also 
classified as scheduled waste, represents a considerable potential source of raw material 
for sustainable construction applications (Artika H et al., 2019). The properties of these 
materials utilized in this research are presented in Table 14.1.

The particle size distribution of FA, SiMn slag, SF, and fine sand is detailed in 
Fig. 14.2.

The Si/Al ratio is key to determining geopolymer concrete properties. A higher 
ratio enhances early strength, while a lower ratio improves corrosion resistance 
(Kucukgoncu & Özbayrak, 2024; Mustofa & Pintowantoro, 2016). Waterglass or 
sodium silicate supplies silica, and its concentration affects performance (Cong & 
Cheng, 2021). The optimal Si/Al ratio for balancing strength, especially with STF, is 
still debated and requires more research (Hanani Ismail et al., 2024). Calculating the 
Si/Al ratio involves determining the mass of silicon and aluminum from SiO₂ and 
Al₂O₃ percentages. The mass of Si was calculated from the percentage of SiO₂ using 
(14.1) (Ghita et al., 2011):

Mass of Si =
Mass of SiO × Ar(Si)

Mr(SiO )
2

2 (14.1) 

where Ar(Si) is the relative atomic mass of silicon (28.0855 g/mol) and Mr(SiO₂) is 
the molar mass of silicon dioxide (60.08 g/mol). Similarly, the mass of Al was 
derived from the percentage of Al₂O₃ using (14.2):

Mass of Al =
Mass of Al O × 2 × Ar(Al)

Mr(Al O )
2 3

2 3 (14.2) 

where Ar(Al) is the relative atomic mass of aluminum (26.9815 g/mol) and Mr 
(Al₂O₃) is the molar mass of alumina (101.96 g/mol). Once the masses of Si and Al 
were calculated, the Si/Al ratio was determined by dividing the mass of Si by the 
mass of Al. To calculate the Si/Al ratio, first gather the mass and SiO₂ and Al₂O₃ 
percentages for each material are shown in Table 14.2. Sum the contributions of SiO₂ 
and Al₂O₃ to find their total content. Convert these totals to the masses of silicon (Si) 
and aluminum (Al) using molecular weight formulas. Divide the mass of Si by the 
mass of Al to determine the Si/Al ratio (Dinh et al., 2024), which is crucial for 
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Table 14.1 Materials properties used in this research. 

Materials Properties Values

Class F fly ash, as per ASTM C 618, 
was obtained from the Sejingkat 
Coal-Fired Power Station in 
Kuching

Form Powder
Specific surface area 316 m²/kg
Specific gravity 2.9.
Particle size 19.22 µm

SiMn slag Form Rough and angular 
pieces

Specific gravity 2.6
Due to its irregular 

shape, the slag 
needed to be ground

<30 µm

Specific surface area 509.341 m²/kg
Silica fume Form Ultrafine amorphous 

powder with a 
whitish-gray color

Bulk density 150–700 kg/m³
Specific gravity 2.1
Particle size 0.4–0.5 µm

Fine sand used was river sand from 
Kuching

Particle sizes Passing through a 
sieve of < 200 µm

Specific surface area 236.429 m²/kg
Fineness modulus 2.9
Specific gravity 2.6

Steel fiber Diameter 0.2 mm
Length 13 mm
Shape
specific gravity

A straight and plain
7.86

Anhydrous sodium silicate (Na₂SiO₃) 
acted as the alkali activator

Specific gravity 
Molar mass

2.61 
122.06 g/mol

Tap water Used to mix these components, aiding in the 
hydration process, as well as regulating the 
consistency of the geopolymer concrete (Wei 
et al., 2020)

Waterglass was a sodium silicate 
solution

Specific gravity 1.39
Contain Disodium metasilicate
Total solids: % 45.46
Baume @ 25°C 50
Viscosity: Pa s 0.90

Superplasticizer Used to improve the workability of the concrete 
mix without increasing the water content, 
which is crucial for achieving high density and 
reducing porosity (Memon et al., 2012).
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optimizing geopolymer concrete properties. Fig. 14.3 illustrates the detailed flowchart 
for calculating the Si/Al ratio.

FA, with high SiO₂ (54.6%) and Al₂O₃ (23.5%), is ideal for geopolymer formation 
due to its strong silica-alumina bonds. SiMn slag, with lower SiO₂ (36.78%) and 
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Figure 14.2 Size distribution of raw materials.

Table 14.2 Chemical composition of raw materials. 

Chemical 
composition

FA Slag SF Fine 
Sand

Na2SiO3 

anhydrous
Waterglass

C – 6.95 5.62 9.44 – –
Na2O – 0.44 0.76 0.18 85 14.20
MgO 2.23 3.85 0.72 0.39 – –
Al2O3 23.5 10.81 0.57 5.74 – –
SiO2 54.6 36.78 88.95 81.32 15 31.26
SO3 0.79 1.3 – – – –
K2O 1.52 1.95 1.52 0.85 – –
CaO 7.18 23.89 0.64 0.28 – –
TiO2 1.24 0.21 – 0.11 – –
MnO – 12.56 – – – –
BaO – 1.26 – – – –
FeO – – 1.22 1.69 – -–
Fe2O3 8.1 – – – – –
P2O5 0.84 – – – – –
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Al₂O₃ (10.81%), also shows potential, especially when combined with other silica- 
rich materials. Using SiMn slag supports sustainability by repurposing industrial 
waste and reducing reliance on FA, which can be scarce or costly. This study 
explores SiMn slag's potential in creating innovative, eco-friendly geopolymer 
materials.

Start

Output: Si/Al Ratio for the geopolymer composite mix

Calculate Si/Al Ratio:
Si/Al Ratio = Mass of Si / Mass of Al

Input: 
- Mass of each material in the mix 

- Percentage content of SiO₂ and Al₂O₃ for each material

Calculate Mass of SiO₂ from each material:
Mass of SiO₂ (material) = Mass of material × (SiO₂ % / 100)

Calculate Mass of Al₂O₃ from each material:
Mass of Al₂O₃ (material) = Mass of material × (Al₂O₃ % / 100)

Sum the total SiO₂ and Al₂O₃ masses:
Total SiO₂ = Σ Mass of SiO₂ (from all materials)

Total Al₂O₃ = Σ Mass of Al₂O₃ (from all materials)

Convert SiO₂ to Si mass:
Mass of Si = (Total SiO₂ × Ar(Si)) / Mr(SiO₂)

Equation (1): Mass of Si = (Total SiO₂ × 28.0855) / 60.08

Convert Al₂O₃ to Al mass:
Mass of Al = (Total Al₂O₃ × 2 × Ar(Al)) / Mr(Al₂O₃)

Equation (2): Mass of Al = (Total Al₂O₃ × 2 × 26.9815) / 101.96

End

Figure 14.3 Flowchart calculation for Si/Al ratio.
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14.3.2 Geopolymer concrete production

The procedure began by preparing the alkali activator solution (AAS) by dissolving 
anhydrous Na₂SiO₃ in water and letting it cool for an hour. Precursors and aggregates 
were dry-mixed for 3 minutes at low speed (90 rpm), then combined with AAS and 
mixed for another 3 minutes. Fibers were added and mixed until uniformly 
distributed, followed by high-speed mixing (182 rpm) to eliminate fiber clumping. 
The mixture was cast into molds, compacted on a vibrating table for 2 minutes, and 
precured for 2 days at 27.3°C–29.6°C and 74.0%–92.0% humidity under plastic 
sheets. For optimal curing, samples were then heat-cured at 90°C for 48 hours, as 
high temperatures improve compressive strength (Verma Rao & Kumar, 2022). 
Castillo et al. (2021) stated that high moderate temperatures (80°C–90°C) induced 
higher compressive strengths in geopolymer, because the temperature favors the 
geopolymerization process (Castillo et al., 2021).

However, considering the primary aim of geopolymer concrete as a solution to 
reduce CO2 emissions while achieving high compressive strength, previous studies 
have shown that using an oven at 90°C for 2 days can produce high compressive 
strength, exceeding 160 MPa (Lao et al., 2022). Samples were tested for compressive 
strength at 7, 14, and 28 days, with preparation details shown in Fig. 14.4.

14.3.3 Geopolymer concrete testing

For the compression test, concrete cubic specimens with a side length of 50 mm were 
designed according to Lao et al. (2022). The test samples were tested using a 2000- 
kN universal testing machine. The applied force ranged from 0 to 2000 kN and was 
tested at a loading rate of 0.6 MPa/s for compressive strength. In the flexural test on 
geopolymer concrete, beam specimens with dimensions of 50 mm × 50 mm × 
200 mm are used. The standard test methods of ASTM C 293 were used to determine 
the flexural strength (Iqbal et al., 2024). The span length of the test specimen was 
divided into two portions, and the ratio of the straight distance between the point of 
load application and the nearest reaction to the depth of the beam was 1.5. In general, 
the span of the specimen was three times the depth.

14.3.4 Predictive modeling and data analytics

Machine learning models, such as those employed in geopolymer research, can 
predict material properties based on raw material characteristics and processing 
parameters. In geopolymer concrete, predictive models have been used to optimize 
mix designs by analyzing the effects of variables like FA content and activator 
concentration. For biocomposites, similar approaches can streamline the development 
process by reducing trial-and-error experimentation. Predictive modeling can help 
identify ideal fiber-matrix combinations and processing parameters, saving time and 
resources. For instance, data-driven simulations can predict how different fiber 
treatments or resin types will impact mechanical performance and durability, 
enabling rapid prototyping and optimization.
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Modeling techniques are key for optimizing geopolymer concrete composition 
(Rathnayaka et al., 2024). ANN, XGB, and MLR predict material properties based on 
chemical composition and ratios (Dang et al., 2024). ANN handles complex, 
nonlinear data (Huynh et al., 2020), XGB combines multiple models for accuracy 
(Cao et al., 2022), and MLR reveals linear relationships (Ahmed et al., 2022). 
Integrating these methods will help determine the optimal scheduled waste-based 
geopolymer concrete composition and Si/Al ratio. Accurate model specification is 
crucial for predicting ultra-high-strength lightweight geopolymer concrete 
(USLGPC) compressive strength. The regression equation links compressive strength 
to mix proportions, requiring careful determination of coefficients and handling 
multicollinearity. Validation ensures model accuracy, with least squares and matrix 
methods used for calculations. Cross-validation (CV) confirms robustness. The 

1. Prepara�on of Dry Materials: 
Oven-dry the dry materials, such as fine 

sand and slag, at 100°C for 24 hours.

2. Sieving the Sand: Sieve the 
sand using a 300 µm mesh.

3. Grinding and Sieving the Slag: 
Grind the oven-dried slag to achieve 

finer par"cle sizes, then sieve it using a 
100 µm mesh.

4. Weighing the Materials: Weigh 
all materials according to the required 

mix composi"on.

5. Preparing the Ac�vator Solu�on: Prepare 
the ac"vator solu"on consis"ng of anhydrous 
Na2SiO3, water, and waterglass. S"r un"l fully 

dissolved and the solu"on reaches room 
temperature.

6. Mixing the Dry Materials: While 
wai"ng for the ac"vator solu"on to be ready, 

mix the dry materials such as fly ash, slag, silica 
fume, and fine sand using a mixer for 3 

minutes.

7. Combining Ac�vator Solu�on 
and Dry Materials: Mix the dry 

materials with the alkali ac"vator 
solu"on and con"nue mixing with a 

mixer for 3 minutes un"l homogeneous.

8. Adding Steel Fibers: Transfer 
the mixture to a larger container, add 

steel fibers, and manually mix un"l fully 
integrated.

9. Cas�ng: Cast the mortar or 
mixture into the prepared cube molds 

size 5x5x5 cm3, compac"ng it to ensure 
density.

10. Vibra�on: Use a vibrator to 
vibrate the concrete mold for 5 minutes 

to achieve be$er compac"on and 
uniformity.

11. Ini�al Curing: Leave the 
concrete in the molds in a closed 

environment for 48 hours.

12. Weighing: Remove the 
concrete from the cube molds and 

weigh it to obtain the weight before 
oven curing.

13. Oven Curing: Oven-cure the 
geopolymer concrete at 90°C for 48 

hours.

14. Weighing A!er Oven Curing: Remove 
the concrete from the oven and weigh it again 

to obtain the dry weight a%er oven curing.

15. Storage: Store the geopolymer 
concrete in a closed or sheltered 

environment un"l the "me of tes"ng.

Figure 14.4 Steps for geopolymer concrete production.
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coefficients , …,0 8 represent the effect of each variable on compressive strength, 
as shown in the multiple linear regression Eq. (14.3) (Schneider et al., 2010):

y x x x= + + + +i i i p pi i0 1 1 2 2 (14.3) 

where, yi is the ith observation of the dependent variable, x i1 , xpi are the observations of 
the independent variables, 0 is the intercept term, , …, p1 are the coefficients to be 

estimated, and i is the modeling error component of the ith observation, also known as 
the residual. ANN models, like feedforward neural networks, are effective for regression 
tasks due to their simplicity and accuracy (Alamia et al., 2020). This study uses a 
multilayer perceptron (MLP) regressor to predict USLGPC compressive strength. The 
MLP includes an input layer, hidden layers for processing, and an output layer (Jain 
et al., 2015). Neurons are connected via weights, biases, and activation functions (Qamar 
& Ali Zardari, 2023), with activation described by Eq. (14.4):

e

1
1 + Aj (14.4) 

where Aj is the value of the jth neuron calculated as follows, Eq. (14.5):

A w x b= +j
i

m

ij i j
=1 (14.5) 

where wij is the weight between the jth neuron and the previous layer, xi denotes the 
ith input, and bj is the bias used to model the threshold. The final outputs are computed 
based on the calculated outputs of the hidden nodes as follows, Eqs. (14.6) and (14.7):

y
e

=
1

1 +k Bk (14.6) 

B w y b= +k
j

m

jk j k
=1 (14.7) 

where Bk is the activation of the kth output node, wjk is the connection weight from the 

jth hidden node to the kth output node, and bk is the bias of the kth output node. XGB is 
a gradient-boosting algorithm using decision trees as base learners. It improves 
prediction accuracy by sequentially updating residual errors and combining weak 
learners into a strong model, optimizing bias and variance (Chen & Guestrin, 2016). 
The prediction made by an XGB model is mathematically expressed in Eq. (14.8).

y f xˆ = ( )i
k

N

k i
=1 (14.8) 

where ŷi is the predicted value, xi is the input data with multiple features, α is the 
learning rate of the individual regression tree, N is the number of estimators, and fk is 

the output of the kth estimator. The quality of the obtained prediction results is 
evaluated via the objective function O expressed as follows, Eq. (14.9):

O L y y R f= ( , ˆ ) + ( )
i

n

i i
m

K

x
=1 =1 (14.9) 
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where L is the loss function, representing the difference between yi and ŷi . In addition, 
R is the regularization term that controls the complexity of the model and is defined as 
follows, Eq. (14.10):

R f T( ) = +
1

2 j

T

j
=1

2

(14.10) 

where T is the total number of leaves of the regression trees, j is the predicted value of 

the jth leaf node, and and are the regularization parameters that control the 
magnitude of the weights assigned to the leaves and help prevent overfitting. The 
hyperparameters of XGB, such as the maximum tree depth d( )max , the number of trees 
(estimators) N , the learning rate , and the regularization parameters, and , can play 
an important role in the overall behavior and performance of the model. Therefore they 
normally require tuning (Chen & Guestrin, 2016). This study develops a model to 
predict the 28-day compressive strength of USLGPC using 190 data points from prior 
research and experiments. Mix proportions are the independent variables, and 
compressive strength is the dependent variable. MLR, XGB, ANN, and MLP 
regression models were trained to predict USLGPC compressive strength using 190 
data points, including strengths over 100 MPa. Data was processed in Python (Joshi & 
Tiwari, 2023), split into training and testing sets, and evaluated with fivefold CV. ANN 
used 2 hidden layers, 10 neurons per layer, “relu” activation, “lbfgs” solver, alpha=0.1, 
and 3000 epochs. XGB's initial settings included max depth=3, learning rate=0.1, and 
100 estimators, with hyperparameters later tuned using GridSearchCV. The maximum 
depth of the trees (d_max) was varied between 1 and 10, with a tolerance of 1. The 
regularization parameter α ranged from 0.1 to 0.2, with a tolerance of 0.02, while the 
number of boosting rounds (N) spanned values from 10 to 100, with a tolerance of 10. 
The minimum loss reduction required to make a further partition on a leaf node of the 
tree (γ) was set between 0.01 and 0.05, with a tolerance of 0.01. Lastly, the 
regularization parameter λ ranged from 0.1 to 1, with a tolerance of 0.1. These 
hyperparameters were systematically adjusted to fine-tune the model and improve 
prediction accuracy. A fivefold CV splits the data into five parts, using four for training 
and one for testing. Each model's performance was averaged across all folds and 
evaluated using R², Eq. (14.11).

R
y y

y y
= 1

( ˆ )

( )
i
n

i i

i
n

i

2 =1
2

=1
2 (14.11) 

where yi is the actual value, ŷi is the predicted one; y is the average of actual values, 
and n is the number of observations. The R2 value measures how well the predictive 
model fits the actual data. It ranges between 0 and 1, with values closer to 1 indicating a 
better fit. Three models—ANN, XGB, and MLR—were developed to predict USLGPC 
compressive strength. ANN used an MLP architecture for nonlinear data, XGB applied 
boosting to reduce bias and variance, and MLR analyzed linear relationships. Model 
accuracy was validated with experimental data using mean squared error (MSE) and R² 
metrics. The design and modeling processes are shown in Figs. 14.5–14.7.
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14.3.5 Experiment design and model validation

To study USLGPC strength, 10 mixtures were designed using MLR, ANN, and XGB 
models. The best model guided the experiments. FA, SF, STF, and Na₂SiO₃ were kept 
constant, while varying SiMn slag, aggregates, waterglass, and water. Accuracy was 
validated by comparing experimental results with predictions using MSE, R², and 
residuals. Correlation analysis identified key relationships using coefficients and 
visualizations. Outliers were managed, and the data were split into training and testing 
sets for model building and evaluation. Coefficients showed positive correlations with 
SiMn slag, SF, fine aggregates, STF, Na₂SiO₃, waterglass, and water. Fig. 14.8 shows 
that multiple linear regressions prioritize the most influential materials.

14.3.6 Microscopic analysis

Microscopic analysis of geopolymer concrete used SEM and EDS to study its 
microstructure and chemical composition. SEM provided high-resolution images of 
surface morphology, while EDS detailed the elemental distribution. Samples were 
examined after 7, 14, and 28 days, with a platinum coating for conductivity. SEM and 
EDS, using a JEOL-JSM 6390A microscope, revealed how the Si/Al ratio and STF 
affected the concrete’s internal structure (Wang et al., 2015). SEM images and EDS 
analysis of precursors and fine sand are shown in Fig. 14.9.

14.3.7 FTIR analysis

FTIR was used to identify chemical bonds and geopolymer phases, providing insights 
into functional groups and chemical stability. The analysis, performed with a 
Prestige21 Shimadzu system over a 400–4000 cm⁻¹ range, using a DTGS KBr detector 
at 2 cm⁻¹ resolution with 45 scans per sample. KBr disks were prepared by mixing 

1 Use MLR as the baseline
• Use MLR as the baseline to understand the basic relationships among variables and to obtain an initial estimate of 

prediction accuracy.

2 Use ANN for Non-Linear Relationships
• Apply ANN for data with complex non-linear relationships, ensure a large dataset, and use regularization techniques to 

prevent overfitting.

3 Use XGB for Efficiency and Accuracy
• Use XGB for high efficiency and accuracy, especially if the data contains outliers or is imbalanced, by carefully tuning 

the parameters.

4 Validation and Testing
• Perform cross-validation and consider ensemble methods to combine the strengths of various models.

5 Monitoring and Update
• Regularly perform model updates and retraining with the latest data to ensure the model remains accurate and relevant 

to changes in conditions or incoming new data

6 Interpretation and Implementation
• Ensure that prediction results can be interpreted effectively to support decision-making.

Figure 14.5 Design approach of the employed machine learning method.
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Start

Data Collec!on

Data Preprocessing
> Data Normalization (for ANN & XGB)
> Handling Missing Values
> Splitting Data (Training & Testing Sets)

Select Modeling Techniques
> Multiple Linear Regression (MLR)
> Artificial Neural Network (ANN)
> Extreme Gradient Boosting (XGB)

Model Development

MLR: 
- Define 

regression Eq(3)
- Estimate 

coefficients (β0, 
β1,..., βp)
- Apply Least 

Squares Method:
Minimize 
∑(yi - ŷi)²

ANN: 
- Define MLP structure 
(input, hidden, output 
layers)
- Initialize weights (wij) 
and biases (bj) Eq(4)
- Compute activation Aj 
for hidden neurons : Eq(5)
- Apply Sigmoid 
Activation Function: Eq(6)
- Compute final output 
Eq(7)
- Train network using 

backpropagation

XGB:
- Define base learners (fk as 
decision trees)
- Set hyperparameters 
(learning rate α, max depth, 
etc.)  
- Model Eq(8) 
- Define objective function 
Eq(9)
- Define regularization term 
Eq (10)
- Train using gradient 
boosting

Model Training & Tuning 
- Cross-Validation (k-fold)
- Hyperparameter Tuning (for ANN & XGB)

A

Figure 14.6 Flowchart for modeling prediction compressive strength of ultra-high-strength 
lightweight geopolymer concrete (continued next).
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A

Model Evaluation 
> Calculate Performance Metrics: 
- Mean Squared Error (MSE) 
MSE = (1/n) * ∑(yi - ŷi)² 
- Coefficient of Determination (R²) 
R² = 1 - (∑(yi - ŷi)² / ∑(yi - ȳ)²) 

> Residual Analysis (for MLR) 
> Check for Overfitting (for ANN & XGB)

Model Selection 
Select the most accurate model based on evaluation metrics

Predict Compressive Strength 
Use the selected model to predict compressive strength based on new input data

End

Figure 14.7 Flowchart for modeling prediction compressive strength of ultrahigh-strength 
lightweight geopolymer concrete.

Figure 14.8 Heatmap data for the prediction model used.



2 mg of sample with 200 mg of KBr. The spectra were analyzed with IRsolution and 
Origin 9 software, focused on the 750–1300 cm⁻¹ range for deconvolution using 
Gaussian peaks. Figs. 14.10 and 14.11 show FTIR images of materials in the USLGPC 
matrix, illustrating key chemical features and phases. FTIR analysis of FA reveals –OH 
groups at 3619.04 and 3438.62 cm⁻¹, high silicate content (1000–1100 cm⁻¹), and 
possible carbonates (1400–1600 cm⁻¹). These features suggest strong pozzolanic 
reactivity, beneficial for concrete strength. Further XRD analysis could confirm the 
mineral composition. The FTIR spectrum of sand shows high silica content with Si–O 
peaks at 1016 and 794 cm⁻¹, –OH groups and water around 3600–3200 and 1641 cm⁻¹, 
and minor carbonates at 1400 cm⁻¹. For SF, strong Si–O–Si peaks at 1100 and 800 cm⁻¹ 
confirm its high silica content, with –OH groups and water indicated by peaks around 
3400–3600 and 1641 cm⁻¹. Slag analysis reveals hydroxyl groups at 3435 cm⁻¹, 
Si–O–Si stretching between 1000 and 1100 cm⁻¹, carbonates around 
1422–1448 cm⁻¹, and Si–O bending near 670–700 cm⁻¹, indicating a silicate-rich 
composition with possible carbonates.

14.3.8 Incorporating industrial by-products

Geopolymer concrete has successfully incorporated industrial by-products, such as 
FA and slag, to enhance sustainability and reduce costs. By utilizing these materials, 

Figure 14.9 SEM images of raw materials (A) fine sand, (B) SF, (C) SiMn slag, and (D) FA.
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geopolymer concrete not only minimizes waste but also reduces reliance on energy- 
intensive raw materials like Portland cement. Similarly, biocomposites can leverage 
agricultural waste products, such as rice husk, coconut coir, and bagasse, to improve 
their environmental footprint. These by-products are abundant, renewable, and often 
discarded as waste, making them cost-effective alternatives to traditional fibers. For 
example, rice husk ash, rich in silica, can be combined with natural fibers to enhance 
the mechanical properties of biocomposites. Incorporating these by-products also 
supports circular economy principles by repurposing waste materials into valuable 
resources for sustainable manufacturing.

The performance of MLR, ANN, and XGB models was assessed using the R² 
measure. MLR achieved an R² of 0.85, while ANN and XGB showed superior 
performance with R² values of 0.911 and 0.938, respectively. The XGB model 
outperforms MLR and ANN based on performance metrics. It has the lowest MSE of 
139.41, compared to ANN’s 200.12 and MLR’s 337.28, indicating superior prediction 
accuracy. XGB also leads with an R² of 0.938, surpassing ANN’s 0.911 and MLR’s 
0.85, demonstrating the best variance explanation. Figs. 14.12 and 14.13 demonstrate 

Figure 14.10 FTIR of raw materials: (A) FA, (B) fine sand, (C) Silica fume, and (D) Slag.
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Figure 14.11 Comparison of actual and predicted concrete compressive strength.
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Figure 14.12 Comparison of predicted compressive strength and corresponding original 
values.
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that although all models can predict USLGPC compressive strength, XGB and ANN 
significantly outperform MLR.

Fig. 14.14 compares predicted and experimental compressive strengths of 
USLGPC on days 7, 14, and 28. Mixtures 1–3 vary waterglass and water, mixtures 
4–5 adjust fine sand, and mixtures 6–10 increase slag. Predicted strengths are 
18%–22% higher than experimental values, within acceptable limits per Lewis’s 
criteria (Van Dao et al., 2019). For mixtures 1–3, lower waterglass and water reduced 
strengths due to decreased binder effectiveness. Mixtures 4–5 showed that slight 
reductions in fine sand improved strengths, while mixtures 6–10 benefited from 
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Figure 14.13 Plot of the residuals versus compressive strength for (A) MLR, (B) ANN, and 
(C) XGB models.
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Figure 14.14 Comparison of the prediction and experimentally obtained compressive 
strength.
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increased slag content, supporting (Ahmad, Kontoleon, et al., 2022; Ahmad, Pu, 
et al., 2022) findings on GGBS's advantages over FA. Predictions were about 
5%–10% lower than experimental results on day 7, increasing to 8%–12% by day 14, 
and widening to 12%–20% by day 28, with mixtures 4, 5, and 10 showing the largest 
discrepancies. Mixtures 1 and 6 had the smallest differences, within 5%. Overall, the 
models consistently underestimate strength by 5%–20%, indicating a need for 
refinement to improve long-term predictions.

Flexural strength test results show a clear increase from mixtures 1 to10, as 
illustrated in Fig. 14.15. By day 28, mixture 10, with the highest slag content, 
achieves 22.2 MPa, a 71% improvement over mixture 1. This strength increase is 
primarily due to the incorporation of STF and enhanced chemical bonding within the 
geopolymer matrix. STF improves ductility and crack resistance by bridging 
microcracks (Murali et al., 2024), allowing the concrete to absorb more energy. 
Additionally, the high slag content reacts with alkaline activators to create a robust 
matrix, strengthening over time. Mixtures 3–9 exhibit moderate flexural strengths 
(12–18 MPa), showing reliable designs but highlighting the need for optimized 
compositions. Overall, the results indicate that the strategic use of additives like slag 
and STF can significantly enhance flexural resistance, making these mixtures suitable 
for demanding applications.

Figs. 14.16 and 14.17 show SEM images of STF-reinforced geopolymer concrete 
after compression testing. The geopolymer remains strongly bonded to the STF, even 
when the fibers fracture. Fig. 14.18 shows SEM images of mixtures 1–3 with varying 

Figure 14.15 Flexural strength results.
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waterglass and water reductions. Mixture 1, with a 12.5% reduction, has noticeable 
gaps and porosity from unreacted materials. As stated by Siddika et al. (2021), 
unreacted materials optimally tend to form porosity, which can reduce density. 
Mixture 2, using predicted amounts, showed fewer gaps and better material reaction. 

Steel Fiber 

C-S-H

N-A-S-HVoid

Steel Fiber

Figure 14.16 Geopolymer bonding on steel fiber.

(A) (B) (C)

N-A-S-H

N-A-S-H

N-A-S-H

C-S-H

C-S-H

C-S-H

Figure 14.17 SEM images of STF-reinforced geopolymer concrete after compression test.

(A) (B)

N-A-S-H

N-A-S-H

C-S-H

C-S-H

Figure 14.18 SEM images for (A) mixture 1, (B) mixture 2, and (C) mixture 3.
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Mixture 3, with a 25% reduction, has more gaps due to insufficient alkali activator 
and incomplete material reaction.

Fig. 14.19 shows SEM images of mixtures 4 and 5 with 8% and 16% reductions in 
fine sand from the predicted amounts. Less fine sand leads to more geopolymer bonds 
as the binder focuses on other materials, making the concrete stickier. According to 
Amran et al. (2021), less fine sand allows for better binding and fewer gaps, thus 
enhancing compressive strength. Fig. 14.20 shows SEM images of mixtures 6 to 10 
with increasing slag amounts: 8%, 16%, 23%, 38%, and 54%. More slag enhances 
geopolymer bond formation due to higher alumina content, which binds more 
effectively with silica from the alkali activator, closing gaps and improving 
compressive strength. STF further reinforces the matrix. EDS analysis identifies 
calcium (Ca), silicon (Si), sodium (Na), aluminum (Al), and oxygen (O), indicating 
the presence of both C–S–H and N–A–S–H gels Qaidi, Najm, et al. (2022), though 
distinguishing between them morphologically is challenging.

The FTIR spectrum is used to identify the chemical compounds formed in 
geopolymer concrete and to evaluate the chemical stability of the composite. 
Fig. 14.21 presents the FTIR spectra for geopolymer concrete with varying Si/Al 
ratios. The main peaks identified include Si–O–Si, Si–O–Al, and OH bonds. At the 
optimal Si/Al ratio, the spectrum shows strong peaks between 950–1100 cm⁻¹, 
indicating the efficient formation of the geopolymer network. According to Delgado- 
Plana et al. (2021), observed that the Si–O–T (T:Si or Al) stretching vibration, 
centered on the precursor at 1035 cm−1, shifted to lower frequencies in the 
geopolymers (1004–994 cm−1).

The change in geopolymer structure indicates successful geopolymerization, 
forming N–A–S–H gel. A lower Si/Al ratio introduces new peaks at 1009.63 cm⁻¹, 
linked to Si–O vibrations and the formation of amorphous aluminosilicate and zeolite 

(A) (B) (C) 

(D) (E) (F) 

N-A-S-H

N-A-S-H

N-A-S-H

N-A-S-H N-A-S-H

N-A-S-H

C-S-H C-S-H
C-S-H

C-S-H

C-S-H

C-S-H

Figure 14.19 SEM images for (A) mixture 4 and (B) mixture 5.
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Figure 14.20 SEM images for (A) mixture 6, (B) mixture 6, (C) mixture 7, (D) mixture 8, (E) 
mixture 9, and (F) mixture 10.
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Figure 14.21 FTIR spectra for geopolymer concrete with varying mixtures.
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phases. Higher Si/Al ratios show more amorphous phases, which may reduce stability 
(Cui et al., 2023). In mixtures 1–3, weak Si–O–Si and Si–O–Al peaks correlate with 
lower compressive strength. In contrast, mixtures 4–5 exhibit improved peak 
intensity, reflecting enhanced geopolymer network formation and increased strength. 
Furthermore, mixtures 6–10 demonstrate that increased slag boosts Si–O peaks, 
indicating a strong and stable network with low moisture content, thereby supporting 
optimal compressive strength.

14.3.9 Influence of the silica-alumina ratio on concrete strength

Table 14.3 presents the mix compositions, while Table 14.4 highlights the relation
ship between the Si/Al ratio, demolding density, and compressive strength in ten 
geopolymer mixtures.

Fig. 14.22 relationship between Si/Al ratio, experimental compressive strength 
(MPa), and demoulding density (g/cm3).

Lower Si/Al ratios correlate with increased compressive strength and denser 
microstructures. Mixtures 1–3 (Si/Al ratios of 5.57–5.63) achieve compressive 
strengths of 122.9–132.3 MPa but are closer to lightweight concrete properties 
(1.573–1.618 g/cm³). Mixtures 4 and 5 (Si/Al ratios of 5.5 and 5.39) show improved 
strengths (133.2–134.6 MPa) with higher densities (1.622–1.674 g/cm³). Mixtures 6–10, 
with Si/Al ratios of 5.59–5.44, reach a peak strength of 168.8 MPa at a density of 
1.704 g/cm³, but are further from lightweight goals. Overall, optimizing Si/Al ratios 
below 5.5 enhances strength while increasing density, indicating a trade-off for 
lightweight applications. Higher density mixtures, like mixture 10, show better strength 
due to reduced porosity. Conventional concrete has strengths of 20–60 MPa and densities 
of 2200–2600 kg/m³. Lightweight concrete uses lower specific gravity materials to 
reduce density while maintaining strength, but it often has lower mechanical properties 

Table 14.3 Mix composition for ultrahigh-strength lightweight geopolymer concrete experi
mental. 

Mix 
proportion 
by weight

Mixture no.

1 2 3 4 5 6 7 8 9 10

Na2SiO3 

(anhydrous)
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Fly ash 2.50 2.50 2.50 2.50 2.50 2.50 2.50 2.50 2.50 2.50
SiMn Slag 7.00 7.00 7.00 7.00 7.00 7.25 7.50 7.75 8.00 8.20
Silica fume 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50
Waterglass 1.75 2.00 1.50 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Water 1.21 1.21 0.90 1.21 1.21 1.24 1.21 1.21 1.20 1.22
Fine sand 6.05 6.05 6.05 5.50 5.06 6.02 6.04 6.05 6.00 6.04
Steel fiber 1.57 1.57 1.57 1.57 1.57 1.57 1.57 1.57 1.57 1.57
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Table 14.4 Total SiO2 and Al2O3 forming the Si/Al ratio. 

Mixture Total 
mass 
SiO2

Total 
mass 
Al2O3

Mass 
of Si

Mass 
of Al

Si/Al 
ratio

Demoulding 
density 
(gr/cm3)

Compressive 
strength 
(Mpa)

Remarks

1 1078.12 170.002 503.99 89.97 5.60 1.573 125.4 High Si/Al ratios in mixtures 1–3 reduce compressive 
strength, indicating that ratios above 5.5 are 
suboptimal. Lower densities weaken the geopolymer 
network, suggesting that reducing the Si/Al ratio and 
increasing density could improve performance.

2 1084.37 170.002 506.91 89.97 5.63 1.618 132.3
3 1071.87 170.002 501.07 89.97 5.57 1.585 122.9

4 1039.65 166.845 486.00 88.30 5.50 1.622 133.2 Mixtures 4 and 5 indicate that reducing the Si/Al ratio 
below 5.5 improves compressive strength. Mixture 5, 
with a ratio of 5.39 and a density of 1.674 g/cm³, 
shows enhanced strength, suggesting that further 
lowering the Si/Al ratio and increasing density could 
yield even better results.

5 1003.86 164.319 469.27 86.97 5.39 1.674 134.6

6 1091.13 172.532 510.07 91.31 5.59 1.689 138.1 Mixtures 6 and 7 demonstrate improved compressive 
strength, with Mixture 7 reaching 143.2 MPa at a Si/Al 
ratio of 5.55. The increased demoulding density 
enhances the geopolymer network, suggesting that 
optimizing the Si/Al ratio and density boosts 
performance, making these mixtures suitable for high- 
strength applications.

7 1101.95 175.349 515.13 92.80 5.55 1.690 143.2

8 1111.96 178.109 519.80 94.27 5.51 1.696 149.7 Mixtures 8–10 show increased compressive strength as 
Si/Al ratios fall below 5.5. Mixture 10, with a ratio of 
5.44 and density of 1.704 g/cm³, achieves the highest 
strength of 168.8 MPa, highlighting the benefit of 
lowering the Si/Al ratio and maximizing density for 
optimal performance.

9 1117.09 180.525 522.20 95.54 5.47 1.698 158.3
10 1127.69 182.917 527.16 96.81 5.44 1.704 168.8



and increased brittleness. Optimizing the Si/Al ratio and density is essential to balance 
strength and lightweight requirements for specific applications.

Fig. 14.23 shows a strong negative Pearson correlation coefficient of -0.897 
between the Si/Al ratio and compressive strength, with a P value of .0004. This 
indicates that lower Si/Al ratios significantly increase compressive strength, and the 
correlation is statistically significant. However, further research with a broader range 
of Si/Al ratios is needed to determine accurate lower and upper limits, enhancing our 
understanding of their impact on concrete strength.

14.3.10 Production cost analysis

The cost evaluation reveals that optimizing the Si/Al ratio enhances concrete strength 
while significantly reducing production costs. The use of scheduled wastes, a lower- 
cost industrial by-product, is key to this cost reduction. Mixtures with a moderate Si/Al 
ratio strike the best balance between cost and strength, as they require less sodium 
silicate and more waterglass, directly lowering costs. While adding STF improves 
flexural strength, it also increases costs. Tables 14.5 and 14.6 provide a detailed cost 
analysis of producing 1 m³ of concrete, comparing various types with similar 28-day 
compressive strengths from prior studies and experiments in this research, using 
Malaysian currency.

Fig. 14.24 shows a trade-off between compressive strength and cost across mixtures. 
Mixture 10 achieves the highest strength (168.8 MPa) but at a cost of RM 72,134.2/m3, 

Figure 14.22 Correlation between Si/Al ratio, demoulding density, and compressive strength.
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making it suitable for projects prioritizing performance over budget. Compared to 
Saleem et al. (2024), whose UHPC mix reached 162 MPa using a high amount of 
cement, mixture 10 offers similar strength without cement, highlighting its sustain
ability. However, mixture 10 is 293.3% more expensive than Saleem’s UHPC. SH- 
UHPGC mixtures also show rising costs with strength, with SH-UHPGC 2 (186 MPa) 
at RM 67,129.99 and SH-UHPGC 3 (179 MPa) at RM 72,739.99. Despite some SH- 
UHPGC mixes achieving higher strengths, the experimental mixtures (RM 
71,608.7–RM 72,134.7) show a consistent cost-to-performance ratio, making them a 
cost-effective alternative, especially considering material availability.

SH-UHPGC and USLGPC are the most cost-effective options, offering high 
strength at lower costs than conventional high-strength concrete. Despite the use of 
expensive materials like sodium silicate and STF, the use of industrial waste and 
optimized Si/Al ratios significantly reduces costs. For example, sodium silicate in 
Mixture 6 accounts for RM 55,550 of the total RM 72,134.7, with STF adding RM 
15,000. Reducing costs can be achieved by replacing these with cheaper alternatives, 
such as synthetic or natural fibers and affordable alkaline activators. This could make 
USLGPC a more competitive, sustainable alternative to traditional concrete.

14.3.11 Environmental sustainability

Geopolymer concrete, when optimized for a high Si/Al ratio, significantly reduces the 
environmental impact of construction compared to traditional Portland cement, which 
is a major source of CO₂ emissions. By using GGBS, FA, or other waste materials, 

Figure 14.23 Correlation between Si/Al ratio and compressive strength.
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Table 14.5 Cost analysis for concrete 1 m3 production based on previous studies. 

Materials Cost 

(RM/ 

kg)

Lao et al. (2023) Lao et al (2022)

UHPC- 

SCBA

Cost UHPC Cost SH- 

UHPGC 1

Cost SH- 

UHPGC 2

Cost SH- 

UHPGC 3

Cost UHPGC 1 Cost UHPGC 2 Cost UHPGC 3 Cost

Cement 0.46 1212.9 558.904 800 368.64 – – – – – – – – – – – –

Fine sand 0.0485 – – 430 20.834 – – – – – – 691.5 33.503 699.0 33.867 706.8 34.244

Silica sand 2.0 – – 430 855.7 675 1343.25 675 1343.25 675 1343.25 – – – – – –

SF 0.01 282.8 2.828 233 2.33 80 0.80 80 0.80 80 0.80 81.9 0.819 82.8 0.828 83.7 0.837

Quartz sand 0.3 615.1 172.0 – – – – – – – – – – – – – –

Quartz powder 1.1 72.8 81.9 210 236.25 – – – – – – – – – – – –

Superplasticizer 40.0 37.4 1496 42.5 1700 – – – – – – – – – – – –

Steel fibers 100.0 – – 150 15000 156 15600 156 15600 156 15600 237.2 23720 237.3 23730 237.3 23730

Water 0.76 254.7 193.58 207 157.32 186 141.36 186 141.36 186 141.36 103.4 78.584 104.6 79.496 105.7 80.332

FA 0.01 – – – – 192 1.92 192 1.92 192 1.92 589.1 5.891 397.0 3.970 200.7 2.007

Sodium silicate 550.0 – – – – – – 49.3 27115 98.5 54175 101.0 55550 102.1 56155 103.2 56760

Slag 0.01 – – – – 766 7.66 766 7.66 766 7.66 392.7 3.927 595.6 5.956 802.9 8.029

Waterglass 10.0 – – – – 147 1470 147 1470 147 1470 150.4 1504 152.1 1521 153.8 1538

Borax 200.0 – – – – – – – – – – 50.5 10100 51.0 10200 51.6 10320

Sodium 

carbonate

500.0 – – – – 85.6 42800 42.9 21450 – – – – – – – –

SCBA 0.514 109.2 56.129 – – – – – – – – – – – – – –

Total cost for 1 m3 (RM) 2561.341 18,341.074 61,364.990 67,129.99 72,739.990 90996.724 91730.117 92473.449

Compressive strength at 28 

days (Mpa)

133 162 135.8 186 179 163 191 210

SCBA, Sugarcane bagasse ash.



Table 14.6 Cost analysis for concrete 1 m3 production in this study. 

Materials Cost 

(RM/ 

kg)

Experiment

Mixture 1 Cost Mixture 2 Cost Mixture 3 Cost Mixture 4 Cost Mixture 5 Cost Mixture 6 Cost Mixture 7 Cost Mixture 8 Cost Mixture 9 Cost Mixture 10 Cost

Cement 0.46 – – – – – – – – – – – – – – – – – – – –

Fine sand 0.0485 605 29.31 605 29.312 605 29.31 550 26.647 506 24.515 602 29.16 604 29.26 605 29.31 600 29.07 604 29.26

Silica sand 2.0 – 0 – – – – – – – – – – – – – – – – – –

Silica Fume 0.01 150 1.5 150 1.5 150 1.5 150 1.5 150 1.5 150 1.5 150 1.5 150 1.5 150 1.5 150 1.5

Quartz sand 0.3 – 0 – – – – – – – – – – – – – – – – – –

Quartz powder 1.1 – 0 – – – – – – – – – – – – – – – – – –

Superplasticizer 40.0 – 0 – – – – – – – – – – – – – – – – – –

Steel fibers 100.0 150 15,000 150 15,000 150 15,000 150 15,000 150 15,000 150 15,000 150 15,000 150 15000 150 15000 150 15000

Water 0.76 121 91.96 121 91.96 90 68.4 121 91.96 121 91.96 124 94.24 121 91.96 121 91.96 120 91.2 122 92.72

FA 0.01 250 2.5 250 2.5 250 2.5 250 2.5 250 2.5 250 2.5 250 2.5 250 2.5 250 2.5 250 2.5

Sodium silicate 550.0 100 55,000 100 55,000 100 55,000 100 55,000 100 55,000 100 55,000 100 55,000 100 55000 100 55000 100 55000

Slag 0.01 700 7 700 7 700 7 700 7 700 7 725 7.25 750 7.5 775 7.75 800 8 820 8.2

Waterglass 10.0 175 1750 200 2000 150 1500 200 2000 200 2000 200 2000 200 2000 200 2000 200 2000 200 2000

Borax 200.0 – 0 – – – – – – – – – – – – – – – – – –

Sodium 

carbonate

500.0 – 0 – – – – – – – – – – – – – – – – – –

SCBA 0.514 – 0 – – – – – – – – – – – – – – – – – –

Total cost for 1 m3 (RM) 71,882.27 72,132.3 71,608.7 72,129.6 72,127.5 72,134.7 72,132.7 72,131.6 72132.3 72134.2

Compressive strength at 28 

days (MPa)

125.4 132.3 122.9 133.2 134.6 138.1 143.2 149.7 158.3 168.8

SCBA, Sugarcane bagasse ash.



and with a high Si/Al ratio, the production process can incorporate a larger amount of 
waste materials, reducing reliance on virgin resources and avoiding the carbon- 
intensive calcination process, leading to lower emissions. An optimized Si/Al ratio 
also results in longer-lasting structures that require less maintenance, conserving 
energy and materials over time. Lightweight geopolymer concrete further adds 
sustainability benefits by reducing raw material use and lowering energy consump
tion in buildings. The integration of recycled aggregates enhances its environmental 
profile, making it an eco-friendly option for sustainable construction. In summary, 
with a high Si/Al ratio and large-scale use of waste materials, geopolymer concrete 
combines high performance with economic and environmental advantages, offering a 
sustainable solution for the construction industry.

The study on USLGPC, optimizing the Si/Al ratio with SiMn slag, advanced 
modeling, and cost analysis, revealed key findings. The XGB model performed best, 
with an MSE of 139.41 and R² of 0.938, outperforming ANN (MSE 200.12, R² 0.911) 
and MLR (MSE 337.28, R² 0.85). Predicted compressive strengths were 18%–22% 
higher than experimental results. The highest flexural strength of 22.2 MPa, a 71% 
increase from mixture 1, was due to STF and optimized geopolymer chemistry. SEM 
analysis showed strong adhesion and reduced porosity with higher slag content. FTIR 
confirmed that optimal Si/Al ratios improved geopolymer network strength, while 
lower ratios led to amorphous phases. Compressive strength improved with reduced 
Si/Al ratios and higher SiO₂ and Al₂O₃ masses—a density of 1.704 g/cm³, balanced 
lightweight design, and strength. Costs ranged from RM71,608.7 to RM72,134.7/m3, 
with strengths of 122.9–168.8 MPa. The study highlights the economic and 
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performance benefits of optimized Si/Al ratios and selective STF use in USLGPC for 
sustainable construction.

14.4 Future directions

14.4.1 Innovations in material sourcing

Biocomposite development must prioritize novel natural fibers and innovative resins 
to enhance material performance and sustainability. Algae- and fungi-based fibers, 
for example, offer high growth rates, low environmental impact, and unique 
mechanical properties such as flexibility and durability. These sources are also less 
dependent on arable land, making them a viable alternative to traditional crops. 
Additionally, advanced bio-based resins, such as those derived from lignin or 
cellulose, exhibit improved thermal and mechanical stability, enabling biocomposites 
to compete in high-performance applications. Research into these materials can lead 
to breakthroughs in both cost efficiency and ecological benefits.

14.4.2 Hybrid biocomposites

Combining natural fibers with synthetic or nano-reinforcements presents an oppor
tunity to achieve superior mechanical performance while maintaining sustainability. 
Hybrid composites, such as those integrating carbon nanotubes or graphene with 
natural fibers, offer enhanced tensile strength, elasticity, and thermal conductivity. 
Similarly, hybrid matrices that combine bio-based polymers with conventional resins 
can optimize cost and performance. Investigating the synergistic effects of these 
combinations through experimental studies and computational modeling will be 
critical in advancing hybrid biocomposite technologies.

14.4.3 Advanced processing techniques

Investing in state-of-the-art processing technologies is essential for improving the 
quality and scalability of biocomposites. Additive manufacturing, such as 3D 
printing, allows for precision fabrication and reduced material waste, making it ideal 
for customized applications. Automated fiber placement techniques can enhance 
production efficiency and consistency, particularly for large-scale components. 
Furthermore, eco-friendly pretreatment methods, such as enzymatic treatments or 
supercritical CO2 processing, can improve fiber-matrix adhesion without harmful 
chemicals, supporting both performance and environmental goals.

14.4.4 Economic feasibility

Achieving economic viability for biocomposites requires comprehensive cost-benefit 
analyses to identify the most efficient production pathways. Policymakers can 
incentivize biocomposite adoption through subsidies, tax breaks, and grants for 
sustainable materials. Partnerships with industries, such as the automotive and 
construction sectors, can facilitate the integration of biocomposites into existing 
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supply chains, reducing market entry barriers. Scaling up production with shared 
resources and infrastructure can also significantly lower costs.

14.4.5 Comprehensive life cycle analysis

Performing detailed LCAs is essential to quantify the environmental and economic 
impacts of biocomposites from cradle to grave. These assessments should include metrics 
such as carbon footprint, water usage, and energy consumption to provide a holistic view 
of sustainability. End-of-life strategies, such as biodegradation, composting, or recycling, 
must be developed to enhance circular economy practices. For instance, biocomposites 
designed for disassembly can simplify recycling processes and reduce waste.

14.4.6 Application-specific research

Tailoring biocomposites for specific applications will maximize their utility and 
adoption. For example, lightweight biocomposites with high strength-to-weight ratios 
are ideal for automotive panels and aerospace components. In construction, biocompo
sites can replace conventional materials in nonstructural elements such as cladding and 
insulation. Long-term durability tests under various environmental conditions, including 
temperature extremes, UV exposure, and moisture, are necessary to validate performance 
and inform design improvements for targeted applications.

14.5 Recommendations for future research

Based on the findings, future research should focus on optimizing the Si/Al ratio to 
enhance both ultrahigh-strength and lightweight geopolymer concrete, exploring a 
broader range of materials like FA. Additionally, assessing long-term durability under 
various environmental conditions, such as chemical resistance and freeze-thaw cycles, is 
critical. A comprehensive analysis of the economic and environmental impacts, including 
life cycle costs, should also be conducted, particularly regarding the use of waste 
materials. Finally, application-specific testing, especially for precast elements and 
pavements, will help balance strength, weight, and performance for construction.

Biocomposite materials hold immense promise for a sustainable future, offering a 
pathway to reduce reliance on nonrenewable resources and mitigate environmental 
impact. However, addressing challenges related to raw material consistency, 
mechanical performance, cost, and scalability is essential to their broader adoption. 
By drawing lessons from parallel fields like geopolymer concrete and advancing 
research in material science, processing technologies, and economic modeling, 
biocomposites can become a cornerstone of sustainable development.
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