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ABSTRACT: The increasing environmental concerns associated with traditional construction materials have forced
the exploration of sustainable alternatives, such as biomaterials in cement-based composites. Despite their potential to
significantly reduce carbon footprints and enhance environmental sustainability, comprehensive literature analyzing the
integration, characteristics, and behavior of biomaterials within cement matrices remains sparse. This gap underscores
a crucial need for a review to consolidate existing knowledge and identify future research trajectories. This study aims
to conduct a review of the characteristics and behavior of cement-based composites with biomaterials. It also aims to
establish a clear understanding of how biomaterials affect the physical, mechanical, and durability properties of cement-
based composites. To maintain a clearly defined objective, this review is guided by three questions: (i) which biomaterial
families have been investigated in cement-based composites and how they are integrated at binder, aggregate, fiber,
and biologically mediated levels; (ii) what mechanisms most consistently explain reported changes in fresh properties,
mechanical performance, and transport-related behavior; and (iii) which testing and monitoring approaches are used
to quantify long-term performance, durability, and serviceability implications. The focus extends to evaluating the
environmental impact through lifecycle analyses and the potential reduction in carbon emissions. The importance of
this research lies in its ability to provide a robust foundation for future innovations in construction material technology.
By highlighting current trends and gaps, it serves as a critical resource for researchers and industry practitioners
aiming to develop more sustainable building solutions. Moreover, this review is poised to inform policy-making by
presenting empirically supported data on the benefits and challenges associated with biomaterials in construction,
thereby promoting more informed decisions towards sustainable urban development.

KEYWORDS: Cement-based composites; biomaterials; sustainability; mechanical properties; durability; monitoring

1 Introduction
Global construction remains heavily dependent on Portland cement and concrete, which consume

substantial quantities of materials and fuels and emit significant amounts of carbon dioxide [1–3]. Historical
and technical reviews indicate that cement technology has progressed through incremental improvements
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in clinker chemistry, process control, and admixture use, despite ongoing environmental pressure [4–6].
Comprehensive reviews of cement-based composites indicate that high-performance mixes, which combine
mechanical capacity with extended service life, are still being developed [7–9].

Growing concerns about resource depletion and climate policy have encouraged interest in low-
carbon binders, alternative aggregates, and bio-derived constituents that reduce embodied emissions in
concrete [2,10,11]. Studies from the fields of cement chemistry and sustainability demonstrate that the
introduction of new constituents must preserve the mechanical reliability and durability standards that codes
and clients expect [3,6,12]. Reviews on biomaterials in construction describe feedstocks such as agricultural
residues, lignocellulosic fibers, biochar, seashells, and microbial products, which shift research attention
beyond conventional mineral admixtures [13,14]. Policy-oriented and technological surveys highlight how
building sector regulations, climate targets, and bioeconomy strategies support a wider study of bio-based
inputs for structural and non-structural elements [11,15,16]. Within this broader shift, biomaterial-modified
cement-based composites form a distinct group of materials in which organic, bio-derived, or biologically
mediated components interact with hydration products and the pore structure [17–19].

Existing research remains fragmented across material types, scale of testing, and performance
indicators, which makes comparison and generalization difficult. Many studies concentrate on specific
biomaterials, individual durability mechanisms, or isolated structural functions, while broader patterns
across cement-based composites with biomaterials are rarely assembled in a single analysis. Information on
the combined effects on fresh properties, mechanical behavior, transport characteristics, and environmental
performance, together with mapping of publication trends, remains scattered across the literature. The
present study addresses this gap through a review of the characteristics and behavior of cement-based
composites with biomaterials. The review is structured around three guiding questions: (i) which biomaterial
families have been investigated in cement-based composites and how they are integrated at binder, aggregate,
fiber, and biologically mediated levels; (ii) what mechanisms most consistently explain reported changes
in fresh properties, mechanical performance, and transport-related durability indicators; and (iii) which
testing and monitoring approaches are used to quantify long-term performance in laboratory studies and
in service conditions. To maintain a clearly defined objective, the review focuses on cement-based and
blended-cement matrices and biomaterials used as additions, partial replacements, aggregates, fibers, or
microbial/enzyme-based mineralization agents; other low-carbon binder families are discussed only when
they are directly compared against cement-based systems in the cited literature. The primary objective is to
establish a comprehensive understanding of how biomaterials impact the physical, mechanical, durability,
and environmental performance of cement-based composites, while also identifying research directions that
can inform the future development of sustainable construction materials.

2 Review Methodology
This study employed a structured literature review methodology to systematically identify, screen,

and synthesize research on cement-based composites incorporating biomaterials. Firstly, a comprehensive
keyword search was conducted using Scopus and Google Scholar. Search terms combined descriptors
related to cement systems (e.g., cement-based, concrete, mortar, blended cement) with biomaterial-related
terms (e.g., bio-based materials, agricultural waste, fibers, biochar, ash, and rubber). Reference lists of key
publications were also examined to capture additional relevant studies.

Studies were included if they investigated cement-based or blended-cement matrices incorporating
biomaterials as binders, aggregates, fibers, or biologically mediated agents, and reported outcomes related to
fresh properties, mechanical behavior, transport performance, durability, testing methods, or environmental
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aspects. Studies focusing solely on non-cement binders, lacking performance-related data, or unrelated to
construction materials were excluded. Only English-language publications were considered.

After removing duplicates, titles and abstracts were screened, followed by assessment. Finally, data were
extracted on biomaterial type, integration method, mixture details, curing conditions, testing approaches,
and reported effects, and then synthesized by biomaterial category and performance indicators.

3 Overview of Biomaterials
Biomaterials within cement-based composites form a wide group of plant-derived, microbially driven,

and bio-related industrial constituents that are introduced into cementitious systems for mechanical, durabil-
ity, hygrothermal, and environmental purposes [1,7,17]. Reviews focusing on biomaterials and construction
demonstrate that bio-based inputs are now considered within a structured research area that connects
materials science, structural engineering, and environmental assessment [11,18].

Plant and agricultural biomaterials represent one of the most visible families in this context, since they
draw directly on renewable biological resources and agricultural residues. Hemp-based concretes and hemp–
lime systems demonstrate how plant aggregates can be combined with mineral binders for envelope and wall
applications, with a focus on moisture buffering, hysteretic behavior, and hygrothermal response [20–22].
Structural use of hemp fibers within concrete has been presented as an example of bio-based reinforcement
for resilient and sustainable applications in building and infrastructure [23–25]. Wood fibers have been
considered as additives in mortars, serving as a sustainable reinforcement option and extending the range of
lignocellulosic materials used in cement-based composites [19,26,27]. Work on bamboo members and their
strengthening technology further illustrates how plant-based materials are examined for structural functions
in parallel with more traditional steel or synthetic fiber systems [19,25,27].

Agricultural residues and bio-derived ashes have been studied as cementitious components or supple-
mentary materials that can partially replace conventional binders. Rice husk ash has been developed and
assessed as a cement substitute for environmental conservation and green infrastructures, which places it
within the broader family of biomass ashes used in construction [8,28,29]. A comprehensive study of building
materials and bricks for residential construction reveals that bio-based materials are considered alongside
conventional masonry units and binders, reinforcing their relevance in everyday building practice [2,10,12].
Reviews on magnesium phosphate cement and related binders highlight alternative cement systems that
can interact with different types of aggregates and additives, including bio-derived components [6,7,30].
Microstructural studies on reinforcement mechanisms and nanoparticles suggest that fine bio-based pow-
ders, such as biochar, cellulose, or lignin, are considered in a context where control of pore structure,
hydration products, and transport properties is central [31–33]. Reviews on biomaterials-based concrete
composites that focus on biochar, cellulose, and lignin summarize this direction and connect it with carbon
capture objectives and material performance in a general way [18,34].

Industrial by-products with a biological link form another important category within biomaterials used
in cement-based composites. Oil palm clinker has been treated as a lightweight aggregate in structural
concrete, with studies that consider flexural behavior, crack response, compressive strength, tensile strength,
and modulus of elasticity in reinforced and plain concretes [25,35,36]. A review of palm oil and its by-
products in bio-asphalt and bio-concrete mixtures shows how residues from the palm oil industry can be
incorporated in both pavement and concrete materials [13,37,38]. Rubber/crete systems provide another
example, as tire-derived rubber from end-of-life tires is studied for its mechanical properties and reuse within
concrete [7,39]. Studies that involve biomaterials in conjunction with glass waste, or where cement and sand
are partially replaced with biomaterial and glass waste, demonstrate combined recycling approaches that
integrate bio-based and non-bio-based residues into a single composite [40,41]. Work on green flowable sand
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concrete with seashell-based cementitious material and granite industrial waste further extends this picture
of bio-related and industrial by-products within cementitious matrices [8,29,42].

Microbial and bacteria-based biomaterials introduce biological activity more directly into cement-based
systems. Reviews on biomaterials synthesized through microbial-induced calcium carbonate precipitation
describe a group of techniques where microbial processes are utilized in construction-related applica-
tions [14,43,44]. A mini review of enzyme-induced calcite precipitation presents a related technique for
eco-friendly biocement production, highlighting enzyme-based pathways for calcium carbonate formation
in construction materials [14,45,46]. Studies on biogrouting consider the applicability of microbial processes
in sandy ground and foundation conditions, which connect microbially induced cementation with geotech-
nical practice [43,47,48]. Reviews of advanced bacteria-based biomaterials for environmental applications
indicate that similar systems can be applied in water treatment, environmental control, and construction-
related contexts [44,49]. Work on factors that affect microbial metabolic processes of biomaterials used for
leak repairs offers an example where biological agents are associated with local sealing and maintenance
functions within civil engineering systems [2,6,46].

4 Integration of Biomaterials in Cement-Based Composites
The integration of biomaterials, Table 1, into cement-based composites has evolved within the broader

context of sustainable and high-performance concrete, where mixture design, microstructure, and durability
are studied in conjunction with environmental pressures on conventional clinker systems [1,7,10]. Reviews on
the cement industry and sustainable construction highlight that bio-derived constituents are being consid-
ered alongside other alternative materials to reduce emissions while maintaining engineering performance
in general [2,17,30].
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Integration at the binder level commonly relies on partial replacement of Portland cement with
bio-derived or bio-related powders. The development of rice husk ash as a cement substitute for environ-
mental conservation demonstrates how biomass ash can be blended with cement for green infrastructure
applications in a general manner [8,28,29]. Research progress on magnesium phosphate cement presents
an alternative binder family that stands beside Portland-based systems in discussions of sustainable
cements [6,7,30]. Studies on the microscopic reinforcement and nano-modification of cement-based mate-
rials explain how fine particles influence the hydrate structure and pore features, which form the basis
for considering biochar, cellulose, and lignin as binder-related additions [31–33]. Reviews focused on
biomaterials-based concrete composites summarize how biochar, cellulose, and lignin are introduced into
cementitious systems with attention to mechanical and environmental aspects at a general level [18,34].

The fresh concrete behavior has encouraged further integration of biomaterials in self-compacting and
internally cured mixes. Studies on self-compacting concrete with biomaterial-based cement substituents
consider rheology, mechanical response, and microstructure when part of the binder is replaced with bio-
derived materials [7,34,50]. Research on fly ash-based concrete prepared with bio-admixtures as internal
curing agents examines the combinations of mineral additions and bio-derived admixtures in mixes where
internal water supply is crucial [8,51,52]. Partial replacement of cement and sand with biomaterial and glass
waste provides another route, in which bio-based and glass recyclates appear together in both paste and
fine aggregate fractions [40,41]. Experimental work on self-curing concrete using biomaterials as admixtures
places organic agents within the paste, where they influence internal moisture conditions during hydration
in a general sense [9,51,53].

Aggregate-level integration covers bio-aggregates and bio-related industrial by-products. Studies on
stone and several biomaterials as coarse aggregate discuss concrete where part of the natural aggregate
is substituted with bio-related materials, which changes the aggregate skeleton and interface environ-
ment [6,10,29]. A work that combines seashells as a cementitious biomaterial with granite industrial waste
as fine aggregate presents a mix design for green flowable sand concrete, which integrates bio-derived and
industrial residues [8,29,42]. The bond behavior of a bio-aggregate embedded in a cement-based matrix
is examined to understand how organic particles interact with the surrounding paste along the interface
zone [24,25,31]. Oil palm clinker has been introduced as a lightweight aggregate in reinforced concrete beams
and other elements, illustrating the use of an agricultural by-product in structural concrete [35–37].

Further aggregate-related systems involve rubber particles, palm oil by-products, and functional aggre-
gates. Reviews on rubber/crete describe concrete with tire-derived rubber as a partial aggregate replacement,
with attention to its mechanical behavior and the reuse of rubber scrap [7,39]. The work on palm oil and its
by-products in bio-asphalt and bio-concrete mixtures discusses the integration of oil-industry residues into
bituminous and cementitious matrices [13,37,38]. Studies on phosphorus removal from aqueous solutions
using adsorptive concrete aggregates demonstrate that these aggregates provide both load-carrying and
environmental functions in water treatment contexts [18,44].

Plant-based aggregates and fibers enter cement-based composites at several scales. Hemp concrete
and hemp–lime systems involve hemp shiv combined with mineral binders for wall and envelope applica-
tions, with hygrothermal and moisture-related performance analyzed through experiments and modeling
tools [20–22]. Hemp-fiber concrete for structural applications places hemp fibers within cementitious
matrices as reinforcement in structural work [19,23,25]. Wood fibers used as additives in mortars are
presented as a sustainable reinforcement option that broadens the range of lignocellulosic components
in cement-based mixes [19,26]. Studies on the strengthening of bamboo flexural members examine the
interaction between bamboo members and cementitious materials in structural systems [1,7,27]. Agricultural
waste reinforcement in green composites and wider surveys of residential building materials indicate that
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such bio-based components are being considered alongside conventional bricks and concretes in residential
contexts [12,13].

Microbial and bacteria-based biomaterials are integrated through biogenic mineralization and bio-
cementation processes. Reviews on biomaterials synthesized through microbial-induced calcium carbonate
precipitation describe systems where bacteria, nutrients, and calcium sources are arranged to form cemented
products for construction-related uses in a general sense [14,43,44]. A mini-review on enzyme-induced
calcite precipitation presents enzyme-based methods for eco-friendly biocement production that can be
associated with soil or material stabilization [14,45]. Assessment of biogrouting in sandy ground discusses
the applicability of these microbial processes for ground improvement tasks [6,43,47]. Studies on the factors
that affect microbial metabolic processes of biomaterials used for leak repair show how microbial agents
can be incorporated into repair systems for civil infrastructure [2,6,46]. Reviews of advanced bacteria-
based biomaterials for environmental applications position these materials for use in various applications,
including construction and environmental uses such as water-related treatments [44].

Self-healing and internal curing concretes form another major route for biomaterial integration.
Reviews of encapsulation methods for biomaterials in self-healing concrete summarize different carrier
systems for storing and releasing healing agents inside cementitious matrices [53–55]. Studies on biomaterial-
assisted self-healing for high-performance centrifugal concrete piles focus on integrating biomaterials into
structural piles, with a primary aim of reducing cracks [7,56]. A framework for biomaterial-assisted self-
healing in lightweight concrete with porous aggregate micro-reservoirs shows how aggregates can act as hosts
for healing agents in self-healing systems [24,29]. Work on predicting the optimal biomaterial dosage and
curing duration for self-healing concrete utilizes designed experiments and decision tree algorithms to relate
mix composition and curing conditions [34,51,57]. Internal curing with biomaterial-based admixtures is also
observed in studies on fly ash-based concretes and self-curing concretes, where bio-derived admixtures are
mixed into the paste as agents that influence internal moisture behavior [41,52,53].

Functional and environmental roles add further directions for integration. Numerical studies on
building envelope performance with dynamic phase change material integration in biomaterial concrete
walls describe composite walls in which phase change materials and biomaterial concretes work together
to achieve thermal and energy-related objectives [21,22,58]. Life cycle studies of hybrid structures with
advanced bio- and conventional materialization in dense urban contexts quantify emissions when bio-
based materials form part of structural systems [2,11,15]. Reviews on biomaterials technology and policies
in the building sector connect technical integration of biomaterials with policy frameworks and sectoral
targets [11,17]. Discussions on natural building materials in architectural pedagogy and innovative façade
strategies for the seismic design of tall buildings reveal that material choices, including bio-based composites,
are closely linked to teaching, energy performance, and seismic behavior in design practice [1,16,59].

Finally, it is useful to position biomaterial-modified cement-based composites within the wider land-
scape of decarbonization strategies for cement and concrete. Conventional routes such as supplementary
cementitious material replacement, optimized particle packing, and recycled aggregate incorporation often
offer more mature standardization pathways, yet they still face durability constraints that depend on trans-
port behavior and exposure class. Biomaterial-based routes can overlap with supplementary cementitious
material strategies (e.g., bio-derived ashes) while also introducing distinct challenges such as moisture
sensitivity of plant-based phases, biological activation requirements in microbial/enzyme-based systems, and
higher variability in feedstock properties. For this reason, durability verification and monitoring become
central differentiators: biomaterial systems frequently require stronger coupling between mechanical metrics
and transport indicators, and, in some applications, in-situ monitoring (moisture and chloride exposure
proxies) to demonstrate long-term reliability under real service conditions.
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5 Physical and Mechanical Properties
Physical and mechanical properties, Table 2, serve as a central reference for evaluating the performance

of cement-based composites with biomaterials, as they govern strength, stiffness, deformation capacity,
and transport behavior, which in turn control service conditions in most applications [1,4,7]. Conventional
cement systems and sustainable cementitious materials provide benchmarks for density, hydration products,
and phase composition, which are used when bio-based constituents are introduced [3,5,10]. Reviews on
biomaterials in concrete and sustainable construction indicate that experimental programs usually report
compressive and flexural strength, modulus of elasticity, and permeability for bio-modified mixtures [11,17].
General work on high-performance composites and microscopic reinforcement concepts establishes a
framework in which any biomaterial is discussed in relation to its microstructure, cracking patterns, and
fracture response [1,8,31].
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Background studies on nanoparticles, supplementary cementitious materials, and polymers clarify
how changes in composition affect the mechanical and physical properties of cement-based materi-
als [9,32,33]. Reviews on early-age properties and viscosity-modifying admixtures describe how fineness,
rheology, and segregation resistance relate to cracking risk and dimensional stability in fresh and hardening
concrete [33,50,51]. Work on transport in unsaturated materials and performance in aggressive aqueous
environments enhances the description of durability-related behavior by incorporating permeability, diffu-
sion, and sorption characteristics [6,23,60]. Modelling studies in cementitious materials and computational
materials science support the interpretation of test data through microstructure-based descriptions of
stiffness and transport [23,61].

Plant-based biomaterials influence both physical and mechanical properties through porosity, moisture
affinity, and reinforcement action. Hemp concrete studies have presented hysteretic moisture buffering,
sorption, and desorption cycles, as well as their associated effects on temperature and moisture fields in
wall elements [20–22]. Numerical tools for hemp–lime envelopes and biomaterial concrete walls analyse
hygrothermal behavior and relate density and moisture capacity to indoor conditions [15,22,58]. Studies
on hemp-fiber concrete for structural applications consider mechanical resistance and deformation under
loading, placing hemp within discussions on resilient bio-based reinforcement [1,7,23]. Work on wood
fibers in mortars and the reinforcement of agricultural waste in green composites reports changes in tensile
response and crack patterns when lignocellulosic fibers are added to the matrix [19,26]. Research on bamboo
flexural members documents strengthening strategies and bending performance, giving examples of hybrid
systems that combine plant-based components and cementitious materials [7,25,27].

Aggregate-related biomaterials alter the unit weight, porosity, and interface properties of hardened
composites. Studies that use stone and several biomaterials as coarse aggregate report density, compressive
strength, and workability for different replacement levels [10,12,29]. Green flowable sand concrete, incor-
porating seashell-based cementitious material and granite waste as fine aggregate, is evaluated in terms of
compressive strength and durability indicators [8,29,42]. Oil palm clinker used as a lightweight aggregate
in reinforced beams and other members is examined through flexural, cracking, and strength tests, which
describe the behavior of palm-based lightweight concrete [35–37]. Reviews on palm oil by-products in bio-
concrete mixtures link these mechanical observations with mixtures that include oils, ashes, or clinkers from
the palm industry [13,37,38].

Recycled biomaterials and bio-related wastes used as aggregates bring questions about deformability,
toughness, and long-term response. Rubber/crete reviews present compressive strength, modulus, and
impact-related indicators for mixtures with tire-derived rubber aggregate [7,39]. Studies on concretes
incorporating biomaterial and glass waste, along with partial replacement of cement and sand by these
additions, have reported compressive and flexural strengths, density, and workability [40,41]. Research on
adsorptive concrete aggregates for phosphorus removal examines the sorption capacity and mechanical
performance of aggregates that serve both environmental and structural functions [18,44].

Binder-related biomaterials influence mechanical behavior through changes in hardened paste
microstructure and hydration products. The development of rice husk ash as a cement substitute for envi-
ronmental conservation involves assessing the compressive strength and performance of blended binders
in green infrastructure [10,28,29]. Research on magnesium phosphate cement summarizes the strength
development, stiffness, and setting characteristics of this alternative binder family [6,7,30]. Microscopic
reinforcement and nanoparticle reviews describe the relationships between refined hydrates and mechanical
response, which provide a context for biochar, cellulose, and lignin-based additions discussed in biomaterial
concrete reviews [18,31–33]. Papers on self-compacting systems with biomaterial substituents report com-
pressive strength, stiffness, and microstructural observations when part of the binder is replaced [8,34,52].
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Rheological properties and early-age behavior form another part of the physical and mechanical
description. Self-compacting concrete with biomaterial-based cement substituents is evaluated through
slump flow, viscosity, segregation resistance, and compressive strength [7,34,50]. Fly ash-based concretes
with bio-admixtures as internal curing agents are examined in terms of shrinkage, early-age cracking, and
strength development as internal water is redistributed [51,52,60]. Self-curing concrete with biomaterials
as admixtures and mixes with extracts of biomaterials for internal curing has been examined in terms of
time-dependent deformation and residual tensile capacity in conjunction with internal moisture measure-
ments [9,41,53]. These studies sit within broader work that relates fineness, hydration rate, and rheology to
cracking risk in cement-based materials [3,33,51].

Across the reviewed studies, reported mechanical and physical outcomes are strongly conditioned
by differences in experimental design and reporting quality. Many investigations remain limited to short
curing ages, laboratory-scale specimens, and a narrow set of response variables, which restricts comparison
across biomaterial families and makes it difficult to infer service-level performance. Divergence in findings
is also frequently linked to incomplete disclosure of biomaterial pre-treatment (washing, calcination tem-
perature for ashes, fiber surface modification, particle grading, and moisture conditioning), even though
such steps directly control interfacial bonding, internal curing behavior, and pore-structure evolution. A
further inconsistency arises because some studies emphasize strength metrics while omitting transport
indicators that govern durability, whereas others report permeability-related measures without connecting
them to the mechanical reliability requirements expected in design practice. These limitations indicate that
stronger standardization of reporting (complete mix design, bio-feedstock provenance, pre-treatment steps,
and consistent durability indicators reported alongside strength) is necessary before robust cross-study
generalizations can be made for code-oriented adoption.

6 Durability and Performance
The durability and overall performance of cement-based composites, Table 3, with biomaterials are

typically discussed in relation to their microstructure, transport properties, and long-term mechanical
response under environmental and mechanical actions [1,4,7]. Classic work on sustainable cementitious
materials, clinker chemistry, and challenges in the cement industry provides a reference for the behavior
of hydration products, pore structures, and exposure resistance in conventional systems [2,3,5,10]. Studies
on aggressive aqueous environments, unsaturated transport, and computational materials science describe
how permeability, sorption, cracking, and pore connectivity control durability limits, and these same aspects
frame the evaluation of bio-modified concretes [6,60–62]. Reviews on nanoparticles and supplementary
cementitious materials relate pore refinement and matrix densification to durability indicators, which offer
a technical baseline for newer bio-based additions [8,32,33].
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Hygrothermal response and water transport are particularly important in composites that contain plant-
based aggregates or porous bio-phases. Hemp concrete studies report hysteretic moisture buffering and
transient hygrothermal behavior, which links pore structure and sorption capacity with humidity regulation
in building envelopes [20,21,60]. Numerical tools for hemp–lime walls and biomaterial concrete envelopes
simulate coupled heat and moisture transfer, and provide data on temperature and humidity profiles through
the thickness over time [15,22,58]. Studies on adsorptive concrete aggregates demonstrate that modified
aggregates can interact with aqueous contaminants while still meeting structural requirements, thereby
linking environmental performance with long-term contact with water [18,44,49]. Reviews on nanoparticles
and fine-scale modifiers again stress the relation between refined pores, reduced permeability, and improved
resistance against harmful agents [8,32,33].

Durability in plant-based fiber and aggregate systems is often interpreted through bond behavior,
moisture sensitivity, and structural performance under service actions. Structural hemp-fiber concrete is
discussed as a resilient material where mechanical resistance and deformation capacity are evaluated under
load, including considerations for long-term use [1,7,23]. Hemp–lime wall systems and related mixes have
been studied in terms of moisture storage, temperature response, and potential effects on cracking or
shrinkage during service [20–22]. Research on wood fibers in mortars and green composites with agri-
cultural waste focuses on reinforcement efficiency, crack control, and overall performance under repeated
or sustained actions [19,26]. Studies on the bond behavior of bio-aggregates embedded in cement-based
matrices analyse interface conditions and stress transfer, which influence durability through crack initiation
and propagation [24,31,61]. Research on bamboo flexural members focuses on strengthening techniques and
serviceability limits in hybrid systems that combine bamboo and cementitious components [7,25,27].

The durability of composites that utilize bio-related coarse or fine aggregates is evaluated through
mechanical tests, absorption measurements, and exposure conditions. Concrete with stone and several
biomaterials as coarse aggregate is assessed for strength, density, and water uptake, which indicates the
suitability of these aggregates in structural applications [10,12,29]. Green flowable sand concrete, containing
seashell-based cementitious material and granite waste as fine aggregate, is studied for its mechanical and
durability properties to characterize the performance of such hybrid mixtures [8,29,42]. The use of oil palm
clinker in lightweight concrete and reinforced beams is examined in relation to flexural cracking, stiffness,
and long-term response, with tests reported for compressive strength, tensile strength, and modulus of
elasticity [35–37]. Reviews on palm oil and its by-products in bio-concrete and bio-asphalt mixtures discuss
long-term behavior of these constituents in binders and aggregates [13,37,38]. Rubber/crete reviews examine
mixtures with tire-derived rubber from the perspective of strength loss, improved deformability, impact
response, and fatigue-type behavior over time [7,39].

Binder-level biomaterials and alternative chemistries influence durability through modifications of
hydrates, pore systems, and chemical stability. The development of rice husk ash as a cement substitute
in green infrastructure involves assessing the strength and durability performance of ash-blended binders,
which informs the application ranges [10,28,29]. Research on magnesium phosphate cement summarizes
its setting, strength development, and service behavior in different environments, placing this binder
in discussions of repair and specialized applications [6,7,30]. Reviews of microscopic reinforcement and
nanoparticles show how refined hydrates and dense microstructures can reduce permeability and change
resistance to aggressive solutions [31–33]. Reviews on biochar, cellulose, and lignin in concrete composites
present these materials as potential cement substituents or modifiers, and refer to their influence on
mechanical and durability parameters in a broad sense [18,34].

Durability is also discussed in the context of self-compacting and internally cured biomaterial concretes.
Self-compacting concrete produced with biomaterial-based cement substitutes is evaluated in terms of



Struct Durab Health Monit. 2026;20(4):3 27

rheology, microstructure, mechanical behavior, and indicators related to durability, such as porosity and
water absorption [7,34,50]. Fly ash-based concretes prepared with bio-admixtures as internal curing agents
have been studied for their effects on shrinkage control, cracking, and strength evolution, which directly
influence service performance [51,52,60]. Self-curing concrete with biomaterials as admixtures and concretes
containing extracts of biomaterials for internal curing are examined in terms of moisture redistribution
and time-dependent deformation under drying, which relate to durability through shrinkage and crack
formation [9,41,53]. Bioconcrete with nano-silica is studied with an emphasis on its durability properties,
connecting nano-scale modification with resistance to various degradation mechanisms [31,33,55].

Self-healing systems with biomaterials treat durability through crack management, sealing, and per-
formance recovery. Reviews on encapsulation methods describe various methods for storing biomaterials
within concrete, allowing them to be activated upon cracking, and summarize testing on healed speci-
mens [53–55]. Studies on biomaterial-assisted self-healing for high-performance centrifugal concrete piles
examine crack reduction and associated structural response under loading cycles [7,56]. Proposed frame-
works for lightweight concrete with porous aggregate micro-reservoirs present aggregates as carriers of
healing agents, where the porous phase participates in storing both water and agents [24,29]. Decision tree-
based work on predicting the optimal biomaterial content and curing duration relates mix design and curing
time to self-healing performance measures, such as strength recovery and crack closure [34,52,57].

Biocementation techniques, based on microbial or enzyme-induced calcium carbonate precipitation,
address durability in soils and cemented layers formed through biological processes. Reviews on biomaterials
synthesized via microbial-induced calcium carbonate precipitation describe the treated media in terms
of stiffness and strength development, which are directly linked to performance under mechanical and
hydraulic actions [14,43]. Mini reviews on enzyme-induced calcite precipitation report eco-friendly routes
for biocement production and discuss general features of the stabilized material [2,14,45]. Assessment of
biogrouting in sandy ground examines its applicability for ground improvement in terms of strength and
deformation behavior [6,43,47]. Studies on microbial metabolic processes in biomaterials used for leak
repairs have identified environmental and material factors that affect the sealing performance and stability
of the repair in contact with water [6,44,46].

7 Future Trends and Research Directions
Future research on cement-based composites incorporating biomaterials is expected to remain at the

intersection of materials science, environmental objectives, and structural performance, with continued
pressure to reduce clinker content and align new systems with established reliability expectations in civil
engineering. Previous studies indicate that work on biomaterials in concrete is expanding in volume and
thematic diversity, while still requiring stronger connections between materials development, structural
behavior, and environmental assessment. Within this context, multifunctional composites that combine
structural capacity, moisture control, and environmental functions are emerging as a prominent direction,
as shown in studies on hemp concretes, hemp–lime walls, biomaterial concrete walls with phase change
materials, adsorptive aggregates, and biochar-based binders, where comfort, energy performance, and
structural behavior are considered together.

Plant-based fibers and aggregates are likely to retain a central place, with growing emphasis on
performance optimization and durability, as highlighted in work on natural fiber-reinforced composites,
agricultural waste reinforcement, wood fibers in mortars, bamboo flexural members, and hemp-fiber con-
cretes. Parallel to this, waste-based aggregates and binders incorporating glass, shells, rubber, and industrial
by-products, such as oil palm clinker, align with circular economy goals. Future work is expected to refine mix
design ranges, durability performance, and design guidance for these systems. Self-healing, internal curing,
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and time-dependent behavior form another strong research strand, with biomaterials playing a visible role
in encapsulated systems, biomaterial-assisted self-healing in structural members, porous aggregate micro-
reservoir concepts, decision tree-based optimization of dosage and curing, and internal curing mixes that
address shrinkage and early-age cracking.

Microbial and enzyme-based biomaterials, particularly those associated with microbial-induced and
enzyme-induced calcium carbonate precipitation, are expected to remain crucial for eco-friendly ground
improvement and cemented systems, with research needs focusing on scale, uniformity, environmental
conditions, and performance monitoring. Advanced modelling, multi-scale analysis, and performance
prediction are expected to guide many of these developments, drawing on existing computational frame-
works for cementitious materials and extending them to bio-modified mixtures, impact-loaded systems,
and self-compacting concretes. At building and urban scales, future work is likely to link biomaterial
composites with energy performance, comfort, life cycle assessment, and urban densification strategies, while
policy frameworks, standardization, and education will continue to shape adoption through test methods,
certification, clearer reporting of performance data, and teaching approaches that familiarize designers and
engineers with biomaterials. Overall, future trends suggest the need for integrated efforts in multifunctional
performance, circular resource utilization, biological processes, and advanced modeling, combined with
closer collaboration between materials science, structural engineering, environmental analysis, architecture,
and regulatory bodies.

A recurring implementation barrier across biomaterial categories is that promising laboratory per-
formance does not automatically translate into scalable, code-aligned construction practice. Plant-based
phases introduce higher variability in properties and moisture affinity, which can increase transport and
durability risks if mixture water demand, interface quality, and curing are not carefully controlled. Bio-
derived ashes and fine modifiers can deliver performance gains, but only when processing consistency,
fineness, and dispersion are managed, because otherwise results become dosage-sensitive and difficult to
reproduce. Microbial and enzyme-based routes face additional barriers related to uniformity of treatment,
environmental dependence of activation, and the need for robust verification protocols to confirm crack
sealing and permeability reduction under service actions. Across all categories, limited field datasets and
inconsistent reporting of durability indicators remain major constraints; therefore, long-term monitoring
and harmonized test protocols are critical requirements for practical adoption rather than optional additions.

8 Conclusion
This review aimed to discuss how biomaterials are incorporated into cement-based composites and how

this incorporation affects their physical, mechanical, durability, and environmental performance. It mapped
the main biomaterial categories, synthesized reported behaviors, and outlined implications for sustainable
cement-based construction. The findings indicate that biomaterials enter cement-based systems through
several principal routes, including bio-derived binders and additions, plant-based fibers and aggregates,
microbial and enzyme-based treatments, and waste-derived components such as shells, glass, rubber, and
agricultural residues. Across these families, the literature reveals a strong interest in reducing clinker content,
reusing waste streams, and assigning additional functions such as internal curing, self-healing, or moisture
regulation. Reported physical and mechanical behaviors show that bio-based additions frequently alter
density, stiffness, and strength through changes in porosity and transport properties, with documented
trade-offs between lower density or enhanced energy absorption and reduced compressive strength in
some mixtures, as well as evidence of improved crack control and toughness in fiber- or nano-modified
systems. Durability and service performance emerge as central themes, with extensive work on hygrothermal
response, moisture buffering, sorption, chemical exposure, cracking, and long-term stiffness, alongside
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growing interest in self-healing systems based on encapsulated agents, microbial processes, and internal
curing biomaterials. Environmental and life cycle assessments increasingly frame biomaterials in terms of
embodied emissions, resource efficiency, and their roles in low-carbon envelopes and hybrid structures,
underscoring the importance of linking mix design with whole-building performance. Future work should
emphasize long-term field monitoring of biomaterial-based concretes in real structures, harmonized pro-
tocols for durability and mechanical testing, tighter integration of multi-scale modelling with life cycle
assessment, and targeted case studies that connect material behavior with architectural and structural design
decisions, so that biomaterial-modified cement-based composites can progress from experimental concepts
to consistent, code-ready solutions in sustainable construction.
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