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Abstract: The increased need in sustainable and high strength concrete has aggravated the interest in the
application of basalt fibers along with the additional cementitious materials (SCM). However, there is experiment
research that has directly examined the combined effect of rice husk ash (RHA) and Alccofine in basalt fiber-
reinforced concrete (BFRC). This review is a critical review of published literature on mechanical performance,
durability, and micro-structure of BFRC and other cementitious systems that use these SCMs. RHA is a reactive,
amorphous silica enhanced to increase the long-term pozzolanic potential, and Alccofine is a calcium-rich ultrafine
slag, which increases early age hydration and densifies the matrix. In independent research, such materials
combined generally increase the strength by 15-25% and decrease significantly permeability, chloride intrusion and
sulfate-based corrosion. These enhancements are deduced by individual studies of RHA modified, Alccofine modified
and fiber reinforced concretes, due to absence of direct comparative data to the ternary RHA—Alccofine-BFRC. SEM
and XRD micro-structural evidence continue to provide evidence of pore refinement, increased formation of C—-S—H
gel, and increased fiber-matrix bonding in the face of mechanical, chemical and thermal exposure. Even with these
promising results, there are still gaps in conventional SCM processing, field validation over long-term and quantitative
connections between micro-structure and performance. In general, this review summarizes the available literature to
explain the theoretical and mechanistic capability of RHA and Alccofine synergy in BFRC, and emphasize the
importance of systematic experimental verification to verify its feasibility as a long-lasting, low-carbon, high-
performance material in current building.

Keywords: Basalt Fiber Reinforced Concrete, Rice Husk Ash, Alccofine, Supplementary Cementitious Materials,
Microstructure

be used in this research on sustainable concrete. The
diagram itself is connected to the environmental
constraints of the conventional concrete, targeting the
interventions, which are the addition of SCMs and basalt
fibers. The primary effect of SCMs is the reduction of

1. Introduction

Concrete is the most popular building material in
the world as it is compressively strong, may be modified
to numerous purposes, and is economical [1, 2].

Nonetheless, this popularity is at a high environmental
price. The primary binder is ordinary Portland cement
(OPC), and the manufacturing of this material produces
nearly 8% of the annual CO, burden around the planet
[3]. Traditional OPC concrete has other mechanical and
durability disadvantages: low tensile strength, brittle
cracking, and progressive degradation under chlorides,
chemical and freeze thaw conditions, as demonstrated
in recent durability research [4—6]. All these problems
have increased the study on sustainable concrete that
incorporates additional cementitious materials (SCMs)
with fiber reinforcement to improve the strength and
durability [7-9]. Figure 1 presents the conceptual map to

waste and the increase of C—S—H formation that makes
the matrix denser and decreases porosity. Basalt fibers,
in their turn, enhance crack-bridging and retardation of
crack propagation. The main synthesis route in the
diagram focuses on the synergistic effect of SCMs and
basalt fibers, which is the experimental basis of the
mechanical and sustainability results obtained here.

Fiber reinforced concrete (FRC) has been
researched extensively as a method of enhancing
ductility, crack resistance and energy absorption of
cementitious composites [10, 11].
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Figure 1. Sustainable concrete development conceptual framework, which shows how supplementary cementitious
materials (SCMs) and basalt fibers interact to refine the pores, regulate cracks, and improve the overall mechanical
performance.

Of the most frequently employed fibers,
including steel, polypropylene, glass, and carbon, basalt
fiber (BF) has been receiving more and more attention.
BF provides a compromise between mechanical
performance, durability, and environmental friendliness
[12, 13]. It is made with natural volcanic rock, tensile
strength of 2.5-4.8 GPa, great chemical stability, and
corrosiveness and production does not add toxic
additives or emissions [14, 15]. The contribution of short
BF, when evenly distributed across the cement matrix, is
that it creates a network of crack-bridging and increases

stress transfer, crack growth, and interfacial transition
zone (ITZ), leading to the improvement of post-cracking
behaviour [16, 12]. It has always been tested that BF
content of approximately 0.15-0.4% by volume
enhances flexural and tensile strength and obtains slight
improvements in compressive strength (usually up to
10-25% based on the mix). It also significantly
decreases shrinkage-induced cracking as well as
enhances post-cracking toughness as recent studies
indicate [17, 18].
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Table 1. Overview of the major functions and processes of basalt fibers and additive cementitious materials

(SCMs) in concrete

Component Primary Function | Mechanism Key Benefits References
Basalt Fibers Crack control, | Crack bridging, stress | Increase in tensile strength [12-18]
ductility redistribution and decrease in shrinkage
Rice Husk Ash . . SiO, + Ca(OH), — C— | Long-term  strength and
(RHA) Pozzolanic reaction S H lower permeability [24, 25]
Alccofine Ultrafine hydraulic | Accelerates hydration, | Early strength gain and [9, 20]
filler densifies matrix packing density '
Combiped (RHA + | complementary Silica-rich + Calcium- | Balanced early & late | [9, 20, 24,
Alccofine) reactivity rich reaction strength and refined 1TZ 25]
Along  with  fiber  reinforcement, the  accelerating the early hydration and improving packing

supplementary  cementitious  materials  (SCMSs)
application is an important approach to reduce the
consumption of clinker and optimize concrete
microstructure [19-21]. Other C—S—H contributing SCMs
include fly ash, silica fume, ground granulated blast
furnace slag (GGBS), metakaolin, rice husk ash (RHA)
and Alccofine, which is also pozzolanic or latent
hydraulic reactions that narrow pores and reduce
permeability [21-23]. RHA is particularly appealing
among them due to its high content of amorphous silica
and high sustainability ratings [24, 25]. In addition to
cement systems, recent studies indicate that RHA can
be a hybrid biodiesel production catalyst [26] and a
grain-based carbon source of energy storage [27].
These results highlight the chemical reactivity, resource
efficiency, and environmental value of RHA, which
makes it suitable in the use of a low-carbon SCM in
concrete [21, 22, 25, 24].

Of special importance is the interaction of basalt
fibers and SCMs. Fibers manage macro and meso scale
cracking, and the SCMs condense the matrix and the ITZ
on the micro scale and thus enhance long term durability
[28, 29]. Table 1 contains the key functions and
mechanisms of basalt fibers, RHA, and Alccofine and
indicates how each one of them plays a role in
cementitious composites, individually and jointly, in
terms of strength, microstructural refinement, and crack
mitigation.

A considerable number of researches have
been conducted on basalt fiber reinforced concrete
(BFRC) using single SCM systems, including BF with fly
ash [30] or BF with silica fume [31]. But there is no direct
experiment that investigated OPC based BFRC using a
ternary mix of RHA and Alccofine. Therefore, the
information regarding dual-SCM synergy is primarily
obtained based on similar OPC systems with no fibers
or non-OPC matrices. The RHA—Alccofine pair appears
to be a good option, mechanistically, RHA is abundant
in the amorphous silica, which facilitates long-term
densification and prolonged pozzolanic reactions [32],
whereas Alccofine is a calcium-rich ultrafine slag,

between particles [33]. These two SCMs are expected to
provide complementary early and late-age benefits,
which may be suitable with basalt fiber reinforcement.
However, the literature typically separates SCM effects
versus fiber effects, ignoring interplay of fibers, hydration
products and ITZ in a multi-scale manner when the
conditions remain constant. Similarly, there are no
comparative syntheses that couple mechanical,
durability, and microstructural performance in one
framework in OPC-based BFRC with RHA and
Alccofine. This gap in knowledge creates the motivation
behind the current review.

Therefore, the current review summarizes and
critically analyzes the existing literature on basalt fiber
reinforced concrete which incorporates RHA and
Alccofine and puts the work into a wider context of SCM-
fiber synergy. It gives a summary of the reported trends
in  mechanical, durability, and microstructural
performance, examines the chemical complementarity
and interaction mechanisms of RHA and Alccofine, and
identifies the current limitations and future research
requirements of high-performance, sustainable hybrid
concrete systems.

It is necessary to mention that, as of December
2025, there is no systematic experimental research done
on the ternary mixture of rice husk ash, Alccofine, and
basalt fibers in OPC concrete. Thus, the ternary mix
performance data are not validated in this review.
Rather, it uses a synthesis based on mechanisms that
combines evidence of BFRC systems, binary SCM
concretes, etc. to draw inferences about probable
interactions, performance trends, and limits of research.
The primary value of this work is that it has defined
mechanistic  complementarities, the limits  of
extrapolation, and also critical gaps that need to be filled
in future experimental studies.

2. Methodology and Selection Criteria

First, the database searches were used to find
approximately 400 publications. Duplicates were

Int. Res. ]J. Multidiscip. Technovation, 8(2) (2026) 38-74 | 40



Vol 8 Iss 2 Year 2026

Sahil Samanta & N. Lingeshwaran /2026

eliminated, and titles and abstracts examined after which
those studies that did not fit into the category of
unrelated studies were excluded. After which, we
examined the entire papers and eliminated articles in
which no clear mix designs, testing protocols or
reproducible  results were reported. Recent
experimentally validated studies which involved
durability or microstructural analysis were accorded a
greater weight in the synthesis. There was no
experimental study on the ternary mixture of RHA,
Alccofine, and basalt fibers in the OPC based concrete
by December 2025. The review, therefore, makes
conclusions based on mechanistic understanding of
single and dual-SCM BFRC studies, which leads to the
conclusion of 106 papers that will be discussed in more
detail.

3. Basalt Fiber
Background Role

Reinforced Concrete:

Basalt fiber is finding application in cementitious
composites due to its tensile strength, elastic modulus,
thermal stability and good chemical compatibility with
cementitious environment [12,13]. Basalt fibers are
formed through the extrusion and melting of natural

volcanic basalt rock and have a constant oxide
composition and are resistant to attack by alkali, which
are why they find application in long-term concrete
applications [16, 34-36]. To be more precise, Table 2
displays the main physical, mechanical, and chemical
characteristics of the basalt fibers that are typically
employed in concrete.

3.1 Mechanical Performance and Fiber Effects

The key advantage of basalt fiber is that it has
the capacity to distribute the stress along microcracks,
which significantly enhances the performance after
cracking. Compressive strength is increased by 8-20%
with the best dosages of 0.075-0.6% by volume based
on matrix composition and age of curing [37, 38]. The
flexural and split tensile strengths also become stronger
and usually increased by 20-35% due to the effect of
crack-arresting basalt fibers. But above 0.5%, the
content of fiber decreases the workability and the fibers
may clump, restricting strength increases [39, 40]. Thus,
it is critical to obtain an ideal dose of fiber and even
distribution of dispersed fiber to attain mechanical
performance. Figure 2 shows the relationship between
compressive strength and the various fiber volumes of
chopped basalt fiber-reinforced concrete (CBFRC).

Table 2. Physical, mechanical and Chemical properties of basalt fiber used in concrete [12, 13, 16], [34-36],
Property Typical value
Density (g/cm?3) 2.60-2.80
Tensile strength (MPa) 3000-4800
Elastic modulus (GPa) 85-95
Elongation at break (%) 2.6-6
Filament diameter (um) 10-21

Typical fiber length (mm) 6, 12, 18, 24
Melting point (°C) 1450

SiO, (%) 45-56

Al,O; (%) 14-19

CaO (%) 8-16

MgO (%) 1-6

Fe;03 (%) 4-14

Alkali oxides (Na,O + K,0) (%) <7

TiO, 1.23

MnO 0.28

H,O 0.46

P,Os 0.26
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Figure 2. A plot of compressive strengths of chopped basalt fiber-reinforced concrete (CBFRC) versus different
fiber volume fractions [36, 38—42].

3.1.1 Influence of Fiber Length

The length of the fiber is an important factor in
workability, bridging cracks, and transfer of loads
[37,43]. Small cracks are mainly controlled by short
fibers (6 mm), which increase compressive strength and
reduce shrinkage [44]. The medium fibers (12 mm) are
a good balance between strength, ductility, and
workability providing the most favorable compressive,
tensile, and flexural performance [45]. Long fibers (24
mm) increase the energy absorption and toughness but
reduce workability and can form lumps, which can
require the addition of additional superplasticizer [45,
46]. Figure 3 takes a summary of the fiber lengths that
would provide the optimal mechanical performance.

3.1.2 Workability Considerations

The longer the fiber length or content, the lower
the workability. Slump is high, and the fiber content is
low (0.2%) to ensure that the flow is low, but longer fibers
(6—30 mm) decrease it since they can tangle early. The
effect is aggravated at medium (1%) and high (2%) fiber
contents. There are hybrid mixes of 12 mm and 30 mm
fibers with better slump, which exhibit enhanced
flowability [46, 47]. The relationship between slump and
fiber length and volume is shown as in figure 4.

3.1.3 Mechanical Performance Summary

High compression and flexural strengths are
made due to the high aspect ratio of the fibers and their
high bonding with the matrix [14]. Table 3 is a summary
of the effect of different fiber volume in mechanical
performance [15, 17, 48, 49]. Figure 5 schematically
indicates that basalt fibers retard the growth of a
microcrack, by bridging the growing cracks, which
reallocates the stress and increases post-cracking
ductility, increasing flexural and split tensile strengths.

3.1.4 Load-Deflection Behavior

Basalt fibers alter the load-deflection
characteristics of brittle to ductile. They seal cracks and
absorb energy thus delaying post-peak failure. Load-
deflection curves show that BFRC does not lose a
significant portion of its strength following cracking, and
will maintain a slower load curve than plain concrete [17,
38, 41]. PVA and BF hybrid systems are characterized
by good control of cracks and strain capacity [50]. The
common load-deflection curves are shown in Figure 6.

3.1.5 Impact and Fatigue Resistance

The basalt fibers increase impact and fatigue
resistance through an increase in energy absorption and
reduction in crack propagation [18, 51].
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Figure 3. Basalt fiber length effect on compressive, flexural and split tensile strengths of fiber-reinforced concrete
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Table 3. Synthesis of Mechanical Performance in BFRC.

Fiber Volume | Change in | Change in | Optimum | Key Finding Reference

(%) Compressive | Flexural Range
Strength Strength

0.1 Increase up to | Increase up | Low Improved crack control | [17]
6—-10% to 12-18% with no workability loss

0.25 Increase up to | Increase up | Optimum Balance between strength | [48]
10-20% to 25-35% and ductility

0.5 Increase or | Increase or | High Fiber balling, reduced flow | [15, 49]
decrease up to | decrease up
0-5% to 5-10%
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Figure 5. Diagram of the crack-bridging mechanism of basalt fibers when loaded and its influence on post-cracking
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Figure 6. Load-deflection curves of BFRC and control concrete [38].
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Figure 7. Impact energy absorption trend of chopped basalt fiber-reinforced concrete (CBFRC) with different fiber

contents [18].
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Figure 8. Effect of basalt fiber volume fraction on normalized impact energy and fatigue life [18, 51].

Table 4. Summary of reported effects of basalt fiber volume fraction and fiber length on the mechanical
performance of concrete

Fiber Fiber Compressive Flexural / Tensile | Key  Observation /
Volume Length Strength Change Strength Change Mechanism Reference
(%) (mm)
0.075— . Low dosage imp_roves
01 6-12 +6-10% increase +12-18% crack  control  without [17]
' affecting workability
Optimum balance
0.25 12 +10-20% increase +25-35% between strength, [48]
ductility, and workability
High fiber content may
0.5 12-24 0-5% 5-10% cause clumping and | [15, 49]
increase/decrease increase/decrease
reduced flow
Enhances fatigue and
0.075—- . Increased fracture | impact resistance; fibers
0.31 12-24 2.5% Increase energy / ductility bridge cracks and [18]
distribute stress
High  fiber  improves
1-2 19-24 1% increase -Significant ductility energy absorption and [51]
improvement stability under repeated
loading

Optimal results will normally be attained at a
fiber content of less than 1%; any higher volumes might
reduce energy absorption due to fiber clustering. Trends
in impact energy absorption and normalized fatigue
performance are represented in figures 7 and 8. Table 4
summarizes the reported results, showing that low to
moderate fiber contents, about 0.075-0.25%. Give the
most optimum combination of enhancing strength and
workability, in terms of bridging cracks and redistributing
stress. Conversely, when the fiber volumes are elevated,
the ductility is enhanced primarily, with little or no
strength enhancements.

3.2 Durability Performance

3.2.1 Permeability, Water Absorption, Chloride, and
Sulfate Resistance

BFRC also demonstrates better resistance to
adverse conditions, whereby, in comparison to other
designs, it minimizes microcracks and optimizes pore
structure [43, 52-55]. The compressive strength is still
better in combined chloride-sulfate attack with the best
fiber dosage of about 0.5% [53]. Low fiber contents
(0.3%) have decreased water absorption and this is
attributed to smaller pores and fewer connections [56,
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57]. The rubberized and hybrid fiber concretes are less
permeable owing to crack bridging [58]. The figures 9—
11 represent the strength maintenance during the
chemical assault, the patterns of water absorption, and
the enhancement of compressive strength.

3.2.2 Acid, Alkali, and Thermal
Resistance
BFRC has a high stability to acid and alkali

conditions because basalt fibers are chemical stable [12,

Freeze-Thaw,

35, 59]. Relative to the glass fiber and plain concrete,
compressive strength and surface quality exhibit better
performance in a chemical attack and performance of
control and CBFRC specimens with alkali environment
depicted in Figures 12 and 13.

Pure and hybrid BFRC systems have an
increased freeze-thaw and heat resistance. The best
frost resistance is at 0.15% fiber content, and the
compressive strength is 30.9% greater when it is
subjected to seawater freeze-thaw conditions [60, 61].
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Figure 9. Compressive strength of BFRC under sulfate and chloride attack conditions over time [28, 52, 55]
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Figure 10. Comparison of water absorption (%) for control and basalt fiber concrete [56, 57].
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Figure 11. Improvement in compressive strength with basalt fiber incorporation compared to control [56, 57].
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Figure 12. Expansion behavior of control and CBFRC specimens under alkali exposure [12, 35, 59].
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Figure 13. Residual compressive strength of control and CBFRC specimens after alkali exposure [12, 35, 59].
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Figure 14. Relative dynamic modulus and retained compressive strength of control and basalt fiber—reinforced

concrete (BFRC) mixes after 300 freeze—thaw cycles [61, 62].
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Figure 15. Schematic illustration of the durability improvement process connecting the control of microcracks
with the lowering of the pore connectivity and the better resistance to the aggressive environmental activities.

Table 5. Summary of Durability Enhancements in BFRC

Exposure Improvement in BFRC Mechanism Optimum Fiber | References
Type Dosage
Fibers reduce
Combined . : ettringite and gypsum
chloride— g;roi)ngth Is retained by 20— growth and stabilize Up to 0.5% BF [53]
sulfate attack C-S-H and Friedel's
salt
Fibers bridge
Sulfate dry- Strength is retained by 30% mlgrocracks qnd 0.2% BF [55]
wet cycles resist expansion
caused by ettringite
Fibers protect the
Sulfate . . matrix and make the
resistance Strength is retained by 15— interface between 0.25% [62]
20% .
fiber and cement
denser
Freeze—thaw | Compressive strength is Fibers connect
durability 30.9% higher than plain microcracks and stop 0.15% [61]
concrete them from spreading

Under sulfate-freeze-thaw cycles, hybrid fiber
systems improve in strength by up to 47.5% [62]. The

retention of mechanical properties at high temperatures
is confirmed to be up to 650-800 °C [63—65]. In Figures

Int. Res. J. Multidiscip. Technovation, 8(2) (2026) 38-74 | 48



Vol 8 Iss 2 Year 2026

Sahil Samanta & N. Lingeshwaran /2026

14, freeze thaw behavior of basalt fiber reinforced
concrete is displayed. The minimization of microcracks
as shown in Figure 15 restrains the connectivity of the
pores and thus reduces the movement of water and
other ions, leading to better sulfate attack, chloride
ingress, and freeze-thaw resistance. An in-depth
summary of the enhancement in durability in BFRC is
presented in Table 5.

3.3 Microstructural Behavior

Mechanical, impact, and fatigue improvements
are based on microstructural changes. Basalt fibers
decrease the pore connectivity, stabilize the ITZ, and
manage the crack propagation [18, 51, 66, 67]. Hybrid
basalt-steel UHPC also has a better continuity of the

matrix and fatigue resistance [68]. SEM research
indicates that fibers penetrate pores, seal empty spaces
and increase bonding of the ITZ particularly in
lightweight concrete [43]. Figure 16 shows the
distribution of fibers, densification of 1TZ, and
compression bridging of cracks. The tests of acid and
alkaline exposures show the stabilization of hydration
products and micro-defects [67]. SEM, EDS, XRD and
TGA analyses evidences of improved microstructure,
decreased portlandite, greater amorphous C-S-H,
diminished CH breakdown and thermal stability at up to
1100 °C [29, 69-73]. Figures 17-19 present the
SEM/EDS outcomes in different circumstances. Table 6
summarizes the important microstructural observations
and processes of BFRC.

(d)

(a) Scale 2mm

b4
e | 2000kV | 60mm

HV wD
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Figure 17. SEM images shows densely hydrated cement matrix near the fiber surface [30].
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Figure 18. SEM and EDS images of 28 days which showing hydrated products of aluminosilicates and formed
crystals of portlandite [72].
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Figure 19. SEM images and EDS compositional analysis of the concrete core exposed different acid and bases
[67].
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Table 6. Synthesis of Microstructural Findings in BFRC.

Analytical Observation Interpretation Reference
Method
SEM + MIP The critical pore diameter decreased from 116 | Basalt fibers refine the pore
nm to 60 nm when 0.2% basalt fiber was | structure, limit water penetration [66]
added and enhance freeze—thaw durability
SEM + XRD Basalt fibers and steel fibers helped protect | Fibers help stabilize the interfacial
the hydration products even when the | transition zone (ITZ) and reduce
- ) . [67]
concrete was exposed to acidic and alkaline | micro-defects
conditions
SEM Fibers help connect and redirect cracks when | Redistribution of stress improves [18, 51]
the concrete is exposed to repeated loading both fracture energy and ductility '
SEM + Micro- | Fracture energy increased by about 99%, | Continuous bonding between fibers [18]
CT + DIC ductility improved by about 110%, and the | and the matrix increases energy
cracks became finer and more controlled absorption
SEM Dense microstructure and basalt helps the | The combined action of basalt and
matrix stay more continuous and well-packed. | steel fibers improves fatigue [68]
resistance
TGA/DTG Lower material loss, slower CH breakdown, | Thermal stability is improved and
. [72, 73]
more bound water. gel phases are better retained
SEM + TGA | Withstands 700-1100°C cycles and control | Basalt fibers enhance thermal
fails at 500°C resistance and help prevent [72]
spalling
XRD Lower Ca(OH), peaks and stronger | Silica from fibers helps form extra [72]
amorphous C-S—H rise calcium silicate hydrate (C—S—H)
SEM-EDS More chloride in control mixes vs BFRC and | The bridging effect of basalt fibers
BF slows chloride entry limits chloride penetration and [71]
surface erosion
SEM + EDX The smooth basalt fiber strands, ranging from | A strong fiber—-matrix interface
5-200 pm, are surrounded by Ca-Si—Al | increases the overall strength [69]
hydration products.

4. Role of Supplementary Cementitious
Materials (SCMs) in Basalt Fiber-Reinforced
Concrete

Adding supplementary cementitious materials
(SCMs) to concrete is key for sustainable design the
inclusion of supplementary cementitious materials
(SCMs) to concrete is critical to sustainable design that
is offering environmental and performance advantages.
Fly ash, silica fume, GGBS, metakaolin, RHA and
Alccofine are SCMs that partially substitute Portland
cement by reducing the amount of carbon dioxide
emissions and enhancing long-term strength through the
effects of pozzolans and filler. The integrated effect of
basalt fibers and SCMs further enhances the
microstructure, enhances transferring loads and
minimizes the brittle characteristic of the traditional
concrete [33, 74-78].

4.1 Chemical and Physical Characteristics of
SCMs

The various SCMs possess diverse varieties of
properties such as fineness, mineral compositions, and
pozzolanic reactivity, which influences the speed of
hydration and densification of the matrices. Table 7
indicates the typical oxide content of SCMs. Other
materials such as RHA and silica fume have large
concentrations of silica and alumina that contribute to
the creation of secondary hydration products. Unlike the
calcium-rich structure of Alccofine enhances calcium
silicate hydrate (C—S—H) to grow in the early stages.

Their disparity in oxide contents indicates the
ability of RHA and Alccofine to collaborate. High
amorphous silica is supplied in RHA and more aluminum
and alumina is offered in Alccofine. They are combined
to aid the hydration in various stages; Alccofine
enhances initial strength and RHA enhances long-term
densification.
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Table 7. Typical SCM oxide components of typical basalt fiber-reinforced concrete [33, 74-78].

SCM Type SiO, Al,O3 CaO Fineness Key Function
(%) (%) (%) (m?/kg)
Fly Ash 50-60 | 20-25 5-10 300-400 It has pozzolanic properties and also improves
workability
Silica Fume | 85-95 | 1-2 <1 15,000-25,000 | It acts as a filler and provides high strength
GGBS 30-35 | 10-15 35-40 | 400-500 It has latent hydraulic properties and enhances
durability
Rice  Husk | 85-92 1-3 1-2 15,000-25,000 | It contains reactive silica which helps refine the
Ash pores
Alccofine 35-40 | 12-15 45-55 | 4000-5000 Its ultrafine particles contribute to early strength
development
4.2 Effect of SCMs on Hydration and 5.1 Role of Rice Husk Ash (RHA) in Fiber-
Microstructure Reinforced Concrete
SCMs influence hydration through the Rice husk ash (RHA) is a very reactive

localization of C-S-H formation and alteration of
chemical composition of pores structure. The BFRC with
the addition of SCMs forms a dense C—S—H network
reinforcing the interfacial transition zone (ITZ) between
basalt fibers and cement matrix. Figure 20 shows SEM
images of basalt fiber samples that are not subjected to
high temperatures. Where in figure 20(a—b) samples that
were not basalt had microcracks. On the contrary, basalt
samples in Figure 20(c—d) had fewer cracks and a tighter
structure because the fibers became bridges, slowing
down the formation of the fractures. According to the
SEM images, N-A-S-H gel and unreacted fly ash
particles can be observed as well [36, 79-81].

Finely dispersed Alccofine particles facilitate C—
S—H formation and RHA is added subsequently by
reacting with calcium hydroxide [32, 82]. It is a two step
process that minimizes the presence of free calcium
hydroxide and enhances fiber-matrix bond that facilitates
the transferring of stress. The SEM pictures of past
literature reveal that BFRC modified by SCM contain
less microcracks and have tight pores that translate to
improved impermeability and strength even under
extreme conditions [83, 84].

5. Mechanical Enhancement through RHA-
Alccofine-Fiber Synergy

It is demonstrated that the synergistic effect of
supplementary cementitious materials (SCMs) and fiber
on the mechanical performance of concrete is due to
microstructural refinement and greater fiber-matrix
contact [10, 11, 85]. This section in the current review
will only concentrate on the complementary effect of
Rice Husk Ash (RHA) and Alccofine (AF) in basalt fiber
reinforced concrete (BFRC), as indicated by the scope
of the study.

pozzolanic component when having a high amorphous
silica content and it reacts with calcium hydroxide
emitted during the hydration of Portland cement to
produce more calcium silicate hydrate (C—S-H) gel. This
response facilitates matrix thickening, pore shrinkage
and decreases the amount of free Ca(OH),, which
improves the mechanical and structural properties and
performance of RHA-modified concrete [32, 76]. The
positive outcomes of RHA such as decrease in porosity
and enhanced durability are adequately reported in
literature [86, 87]. It has been consistently reported in
experimental research that a moderate dose of RHA (a
level of about 5-10%) used to partially replace cement
enhances compressive strength, and the best
performance is normally achieved with a level of about
10% replacement as a result of pozzolanic and filler
effects being additive. The maximum percentage of RHA
used in blended cement systems is normally more
effective in producing higher compressive strength
compared to that of control mixes, but when used in
excess, it decreases the strength, owing to dilution of
cement [87, 88]. Certain studies have indicated strength
increase at 10-15% [89, 91] replacement levels. The
same tendencies exist in the case of flexural strength,
with moderate levels of RHA integration (around 5-
7.5%) increasing matrix continuity in terms of better
particle packing and further C—S—H formation, whereas
higher replacement levels (>10%), have negative impact
on performance owing to lack of adequate binder
content [92-93]. These results validate the use of RHA
as an effective additive cementitious material in the
optimal proportion, which has benefits of mechanical
and durability and helps in the sustainability of cement
substitution plans [94, 95]. Figure 21 indicates average
values of strength improvement of RHA replacement
percentages.
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Figure 20. SEM images of SCM-fiber—matrix interactions showing densified ITZ [80].
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Figure 21. Mean strength changes values of RHA replacement percentage [93-95].

RHA is used in fiber-reinforced cementitious high performance fiber-reinforced concrete with RHA
systems to develop a more dense interfacial transition  indicates enhanced tensile strength, and ductility
zone (ITZ), which improves the anchorage of fibers and  following better bonding between fibers and the matrix
the crack-bridging capabilities [93, 94]. Research on  and slower crack propagation [94-96].
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Figure 22. Strength characteristics of the best RHA-fiber reinforced concrete composites [97-100].

RHA is also better in enhancing durability
through refinement of pore structure, decreasing
permeability, and increasing resistance to chloride
ingress. It has been experimentally demonstrated that
RHA with steel fibers enhance the strength of 10%
replacement with enhanced fiber- matrix covalency [94].
Carefully alkali resistant glass fiber has been reported to
exhibit low synergy, with a small compressive gain and
tensile reduction since it is not chemically compatible
with the RHA modified matrix [99]. The polypropylene
fibers have been found to perform better with
compressive and flexural gains at low dosage (0.25—
0.4%) attributed to interaction of fiber hydrophobicity
with RHA water-demand characteristics [100] at lower
dosages as demonstrated in Figure 22. RHA-induced
refinement in the matrix of basalt fiber-reinforced
concrete (BFRC) increases fiber-matrix interaction,
interlock, and toughness and post-cracking behavior
[101, 102] further. Moreover, the use of RHA gives some
benefits in the environment through the valorization of
farm waste, decreasing the use of cement, and
decreasing the carbon footprint of concrete [103, 104].
5.2 Role of Alccofine in Fiber-Reinforced
Concrete

Alccofine is a fine slag-based supplementary
cementitious material (SCM) with a high content of glass
and a very fine particle size that contributes to the
improvement of hydration kinetics and high early-age
reactivity because of a large surface area to react [82,
105]. Post-compared to traditional slag materials,
Alccofine can greatly enhance the rapid development of
the early strength with strong nucleation and filler effects
and result in the creation of dense calcium—silicate—

hydrate (C—S—H) network and refined microstructure at
young ages [105, 106].

In spite of the fact that there has been limited
direct experimental research on the incorporation of
Alccofine in basalt fiber-reinforced concrete (BFRC) yet
available data on the use of Alccofine in cementitious
systems and fiber-reinforced concrete (FRC) show that
incorporation of this substance in concrete improves
compressive and split tensile strength mainly by
increasing density of the matrix, refining the pore
structure, and enhancing the interfacial transition zone
(ITZ) [107, 108]. Due to its small particle size and large
content of glassy phase, Alccofine enhances early
hydration through filler and nucleation schemes to form
a compact C—S—H network that enhances stress transfer
across the fiber-matrix interface in fiber-reinforced
systems [33, 109, 110]. Experiments of FRC and high-
performance concrete with the use of ultrafine SCMs
further indicate that moderate levels of Alccofine
replacement (usually £10%) increase early-age strength
without degrading later-age mechanical performance as
the material helps the fibers to achieve continuity and
anchoring of fibers [107, 109, 111]. According to these
developed mechanisms, Alccofine will be promising to
interact well with basalt fiber reinforcement but a
systematic experimental validation of OPC based BFRC
is an open research gap. Figure 23 shows the
compression strength of Alccofine with various volumes
of fibers.

5.3 Synergistic Effects of RHA and Alccofine in
BFRC

The synergy in the effect between rice husk ash
(RHA) and Alccofine is because both exhibit opposite
reactivity patterns.
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Figure 23. Compression strength for alccofine with basalt fiber [112].

Table 8. The trends of reported strengths and predominant processes in the basalt fiber-reinforced concrete with
various types of supplementary cementitious material (SCM) systems

SCM system Fiber Strength trend Dominant mechanism References
content
RHA-modified | Basalt fiber Increase |_n . Pozzolanic reaction of amprphous silica, [24, 37, 113-
o compressive, tensile, | secondary C—S—H formation, pore
concrete (£1.0%) . . . 116]
and flexural strength | refinement, improved crack resistance
Alccc_)flne— Basalt fiber Significant early-age UItraflr_1e filler effect, accelerated [49, 56, 82,
modified (<1.5%) strength hydration, dense C—S—H network, 117]
concrete s enhancement strengthened ITZ
RHA + Expected Complgmentary early hydration _
. . . . (Alccofine) and long-term pozzolanic
Alccofine Basalt fiber | improvement in early S :
. . activity (RHA), refined pore structure, [83, 118]

(binary SCM (inferred) and long-term i .

denser ITZ, enhanced fiber—matrix
system) strength )

bonding

RHA adds long term pozzolanic action in form of
gradual interaction of amorphous silica with calcium
hydroxide liberated during cement hydration and
resulting in sustained development of secondary C-S—
H, and progressive pore refinement at later ages [113—
115]. Conversely, Alccofine is a better early-age
hydrator due to its ultrafine particle size, high level of
glass and strong nucleation and filler effects, which
hastens the cement hydration process and leads to early
densification of the matrix [82, 115].

Direct experimental research on RHA-Alccofine
mixed concrete is still scarce in the existing literature, but
the synergy between them is one that can be assumed
through the use of research on RHA mixed concrete
systems and Alccofine-modified cementitious
composites. The past research results reveal that multi-

SCM systems with complementation by early- and late-
sensitive reactivity enhance particle packing, optimize
pore structure, and result in a denser interfacial transition
zone (ITZ) when compared to single-SCM systems [10,
28]. This type of microstructural refinement is especially
beneficial in fiber-reinforced concretes, in which
densification of the matrices promotes the anchorage of
the fibers and the effectiveness of stress transfer [12,
31]. In turn, the polished cement scaffolding generated
by the RHA-Alccofine systems is likely to enhance fiber-
matrix bondage in BFRC, which promotes crack-bridging
proficiency, and after-cracking in a variety of curing
ages. Table 8 cites the prevailing mechanisms which
dominate the development of strength of basalt fiber-
reinforced concrete by incorporating other SCM
systems, where ultrafine SCM systems promote early-
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age of performance through speeding up hydration,
whereas silica-rich SCM systems promote long-term
strength through pozzolanic C-S—-H formation and
enhanced fiber-matrix interactivity.

These trends indicate that compensation levels
of SCM replacement and fiber dosage must be optimized
such that the highest mechanical benefits are attained
without affecting the workability.

5.4 Sustainability and Performance
Implications of RHA—Alccofine Systems

In addition to the mechanical improvement, by
using rice husk ash (RHA) and Alccofine jointly, the
cementitious systems can achieve considerable
sustainability improvements through the lessening of
clinker consumption and the repurposing of industrial
and agricultural wastes. RHA is a by-product of rice
milling waste, whereas the Alccofine is an ultra-fine slag-
based material, which is recovered as a by-product of
metallurgical byproducts, so both materials are
resource-friendly due to the utilization of wastes and a
higher level of resource efficiency [20, 24, 28]. It has
been reported that with blended cement and high-
performance cement systems, a mix of silica-rich and
calcium-rich SCM that replaces OPC by a percentage of
about 30-40% can lead to significant OPC content
reduction in the mix, leading to considerable embodied
CO,, reduction and energy demand, depending on mix
design and replacement level [7, 21, 28]. Additionally,

enhancements in  durabilty and  mechanical
performance, including decreased permeability,
enhanced microstructural stability and increased crack
resistance, increase service life and reduce lifecycle
maintenance needs, therefore, making the overall
sustainability better despite incremental material costs of
fibers and SCMs [20, 23, 24].

55 Comparative Assessment and

Sustainability Implications

The RHA-Alccofine blend has a more balanced
hydration process than a typical binary SCM system
does. The combination of Alccofine-RHA is both early
and long-term beneficial as it allows to achieve a higher
microstructural refinement even at lower replacement
rates of binder, 10-20% [107, 119]. The RHA + Alccofine
blend has been found to be more overall strength and
durable than the common binary mixes like fly ash +
silica fume, GGBS + silica fume, RHA + silica fume, and
RHA + GGBS [120]. RHA also adds long-term
pozzolanic reactivity to improve the strength of later ages
because of the amorphous silica content [121], and
Alccofine enhances the strength development at early
age because of its ultrafine particle size and high
reactivity [38, 122]. This hybrid combination has been
experimentally demonstrated to enhance compressive
strength and durability, as shown in Figure 24 and is
appropriate in high-performance concrete, which needs
early demolding and fast construction.

18
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RHA Ash+GBBS

Figure 24. Comparison of binary SCM systems on compressive strength improvement [120, 123-126].
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Table 9. Trends of Mechanical Strength Enhancement through Interaction of SCMs and Fibers

SCM Type Fiber Compressive Strength Reference Trend
Volume (%) Improvement (%)
Silica Fume | 1.0-1.5% BF 28-65% increased SF produces secondary C—S—H gel which densifies
(SF) ITZ and strengthens fiber—matrix bond [31, 129].
Fly Ash (FA) 1.0% BF Strength enhancement FA improves dispersion and refines pores which
at 20-30% FA enhances long-term strength. High FA lowers early-
age strength [17, 130].
Rice Husk 0.25% PP, 10-25% increased RHA forms additional C—S—H gel which densifies
Ash (RHA) 0.5-2% GF microstructure and enhances crack control [83, 97,
113].
Alccofine 1.0-1.5% SF 47% increased AF increases early-age reactivity which densifies ITZ
(AF) and strengthens fiber anchorage [131].
GGBS 0.5-1.5% BF | Improvement with 30— Hydraulic C—S—H formation and pore refinement
40% GGBS enhance strength [132, 133]
Metakaolin | 0.5-1.0% BF 25-30% increased MK forms C—S—H and C—-A-S—H, producing a dense
(MK) ITZ and improved bond [134, 135].

These findings prove that the Alccofine—RHA
mixture strengthens and improves the wear and tear of
BFRC, besides decreasing the environmental impact by
decreasing the clinker usage. The hybrid system works
at various water-cement ratios and under varying curing
conditions and thus it fits in high performance and
sustainable infrastructure. In addition to mechanical
gains, SCMs have been found to greatly minimize the
environmental impact of concrete production. RHA, an
agricultural waste product in form of the byproduct of rice
milling and Alccofine, which is produced out of slag, use
agricultural and industrial wastes, which corresponds to
the concept of a circular economy. OPC can be reduced
by up to 40% by incorporation of these SCMs in BFRC,
therefore, reducing CO, emissions and embodied
energy [76, 127, 128]. Other SCM advantages include
the high long-term sustainability due to long duration,
low maintenance requirement, long service life and the
overall offset of the initial cost of the fibers and SCM
processing [36]. Table 9 reveals that the alccofine
containing fiber enhances the strength better than the
other SCMs and the alccofine enhances the early
strength. Then, the best alternative is to enhance the
long-term strength RHA as it is also an agricultural
waste.

6. Combined Effect of Rice Husk Ash (RHA)
and Alccofine in Basalt Fiber Reinforced
Concrete (BFRC)

Combining rice husk ash (RHA) with Alccofine in
the basalt fiber-reinforced concrete (BFRC) increases its
strength, durability and environmental performance.
Even though all the materials used are pozzolanic or
hydraulic in nature, the complementary chemistry and
particle properties get between them to create a greater

synergistic effect. Amorphous silica (which is present in
large amounts in RHA) reacts slowly with calcium
hydroxide to produce more C-S—H gel, crystallizing the
pore structure and increasing long-term strength [136,
137]. Alccofine is a calcium and alumina-based ultrafine
slag, which is capable of reacting very quickly and
facilitating the quick development of C—S—H and calcium
aluminate hydrates (C—A-H) in the hydration process
[138]. Alccofine is also used to accelerate early
hydration to form a dense matrix that maximizes the
reactivity of RHA by trapping silica in a fined pore
structure and maximizing the second hydration
efficiency. Such action of synergy enhances the
interfacial transition zone (ITZ) and greatly enhances the
performance of BFRC. The mechanism of the interaction
can be described in the following way:

1. Cement + Alccofine — primary C-S—-H + C-A—
H (gives early strength)

2. C-H + RHA (SiO;) — secondary C—S—H (helps
densify the mix over time)

The two reactions form a hybrid long-lasting
microstructure which is dense. Figure 25 demonstrates
the pore refinement, ITZ densification, and enhanced
basalt fiber-matrix bonding through C-S—H and C-A-H
formation coupled with slower secondary formation pore
refinement, which is contributed by rice husk ash. It is
represented through mechanistic knowledge found in
the literature of single and dual-SCM systems, instead of
being experimentally determined of the ternary RHA-
Alccofine-BFRC system. In this conceptual framework,
Alccofine facilitates early hydration, to produce primary
C-S-H and C-A-H, and at later ages, RHA facilitates
secondary C-S-H to form, which in combination
stimulates the densification and optimization of the
interfacial transition zone (ITZ).
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Figure 25. Schematic representation of the complementary hydration and pozzolanic mechanism of the rice husk
ash and Alccofine in basalt fiber-reinforced concrete.

The number is schematic and obtained through
mechanistic observations observed with the similar
systems because there are no such experimental
measurements of the SEM/XRD of the ternary OPC-
BFRC system.

The quality of fiber-matrix bond is a very critical
performance of the fiber-reinforced composites. At
BFRC, RHA and Alccofine have a strong influence on
fiber-matrix interactions. Ultrafine Alccofine particles
occupy micro-voids, which are between basalt fibers,
and RHA provides extra C—S—H gel that sticks to the
fiber surfaces. The combination of these results in a thick
and high bonding interfacial transition zone (ITZ), which
lessens the microcracking and fiber pull-out [96, 109]. In
the recent studies, SEM observations have shown that
transitions between fibers and matrices were smoother,
and less interfacial voids are observed with the
employment of both SCMs. This reinforced ITZ
increases the transfer of stress between fibers and
matrix, thus increasing the post-cracking load capacity,
and toughness in general, of BFRC [66].

6.1 Durability and Long-Term Performance
Insights

The BFRC performance of RHA Alccofine type
is under control of matrix densification, chemical
stability, and crack control. Repeated pozzolanic
reaction of RHA leads to the formation of C—S—H which
fills microcracks and further diminishes permeability
[121]. To increase sulfate and acid resistance, Alccofine
reacts with Ca(OH), and produces stable hydration
products [33]. Basalt fibers also slow down crack
propagation and reduce thermal and drying cycle
induced stresses [36].

A combination of RHA and Alccofine is
anticipated to greatly elevate longevity, and it is
electronic that trends will show that water ingestion
levels will decline by about (20-30%), chloride
internalization will decline by about (40-60%) and
sulfate-associated harm will decline by comparison to
single-SCM systems [122, 139]. These enhancements
are due to the pore refinement and Alccofine to ultra fine
particle packing and accelerated hydration that also
improves the resistance to carbonation and high
strength in the long term [121, 122].

In addition to performance, this hybrid system
encourages sustainability by utilizing agricultural and
industrial wastes hence lowering the cement demand
and the resultant CO, emission. Environmental
compatibility is further enhanced by the fact that the
basalt fiber production does not need much energy
(which is relatively low) [77, 140]. Workability is also
increased with better particle packing, and less
superplasticizer is required as well as uniformity in fiber
dispersion. Therefore, BFRC made by Alccofine-RHA
demonstrates active perspectives of long-term high-
strength usage in marine constructions, bridges, and
high-rise buildings [94, 109]. Table 10 shows that hybrid
SCM basalt fiber systems are always superior to single-
component modifications because densification of the
matrix created by pozzolanic or hydraulic SCMs
supplement crack regulation caused by fibers, hence,
the results are compared by enhancements in strength
and durability simultaneously.
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Table 10. Strength and durability performance of concrete that contain supplementary cementitious materials
and basalt fibers reported

System SCM/ Durabilit
ySte Fiber Strength Change (%) . y Key Observations | Reference
Studied Indicator
Content
. . Decreases . .
0,
OPC + RHA 10— +10 to +2.5/0 increase in Permeability, water quzolamc reaction
compressive strength . refines pore structure | [141, 142]
RHA 15% absorption (15—
and flexural strength and ITZ
30%)
Decreases Filler + latent
0, -
OPC + Alccofine ;l?ntc:e?;?vs :t? gz ?ﬁe Chloride hydraulic effects 33, 142]
Alccofine 8-12% ainp g penetration (30— enhance early '
9 50%) densification
+5 to +15% mainly .
OPC + flexural strength Crack.W|dth Fibers bridge cracks
BF 0.1— . . reduction,
Basalt improvement, little . and delay [16, 143]
. 0.5% vol. . : increases energy .
Fiber change in compressive . propagation
absorption
strength
+15 to +30% significant Decreasg; Combined pozzolanic
OPC + Permealbility, e
RHA + BF | flexural strength . densification and [144]
RHA + BF . improved crack
improvement . crack control
resistance
OPC + Alccofine + +15 to +35% both flexural | Decreases Synergy between
Alccofine + and compressive Chloride ingress, fine SCM and fiber [115]
BF . )
BF strength improved sulfate damage reinforcement
6.1.1 Sulfate, Carbonation, and Alkali-Silica  pozzolanic intake of alkalis by RHA which decreases the
Reactions concentration of free alkalis in the pore solution [151].

Pozzolanic reactions of RHA lead to lessening
the amount of free calcium hydroxide in the cement
matrix, which forms more C—S—H gel. Theoretically, this
consumption of CH can inhibit the development of
expansive ettringite in the presence of sulfate-rich
conditions to enhance sulfate resistance [145, 146]. The
early hydration of the cement and the fine particle
packing can also accelerate the densification of the
matrix by Alccofine which might further decrease the
ingress of sulfates ions [147, 148]. Nevertheless, the
direct experimental indication of the sulfate resistance of
ternary OPC—-RHA—-AIccofine BFRC is not available as
yet, which is a crucial gap to be filled in the future
research.

Carbonation is the diffusion of CO, into concrete
and combining it with calcium hydroxide to form calcium
carbonate, which may reduce the PH, thereby
weakening the bond between the fiber and the matrix.
Pozzolanic activity of RHA lowers CH content, which
could affect kinetics of carbonation [149]. Although the
densified matrix generated by using the combination of
RHA and Alccofine should decrease the rate at which
CO, enters the system, no explicit values of the
carbonation depth of the ternary BFRC systems are
found to support the point [150].

The amorphous silica of RHA can react with
alkalis contained in cement, which in theory can form
expansive gels when reactive aggregates are available
[151]. Nevertheless, this risk can be minimized by the

Alccofine is low in alkalis and does not add to ASR [152].
Although this is theoretical knowledge, experimental
research assessing ASR in ternary RHA-Alccofine
BFRC has never been conducted and this indicates the
necessity of conducting specific tests, particularly in
aggressive conditions or in cases where reactive
aggregates are involved. As shown in Table 11, it can be
seen that Alccofine mainly dominates early-age
performance due to accelerated hydration, while rice
husk ash dominates long-term strength and durability
due to long-term pozzolanic reactions with basalt fibers
playing a supplementary role in controlling cracks at later
ages.

Overall, although mechanical reasoning
indicates that it is possible to enhance the sulfate
resistance, carbonation, and mitigation of ASR
improvements in ternary OPC-BFRC systems, they are
still qualitative phenomena and experimental validation
of these phenomena in the future is needed to measure
the effects of all these durability phenomena.

6.2 Microstructural Characteristics and
consideration of RHA-Alccofine Blended BFRC.

Rice husk ash (RHA) is a very reactive
pozzolanic substance that contains large amounts of
amorphous silica that reacts with the calcium hydroxide
that is produced when the cement is hydrating to
produce secondary calcium silicate hydrate (C—S—H)

gel.
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Table 11. Age-related contributions of additional cementitious materials and basalt fibers of the influence on the
formation of strength and durability

Curing | SCM S Observed/Expected Effect Mechanism supporting
Age Contribution References
Earl compressive/flexural Accelerates hydration — faster
7 days Alccofine y mp formation of primary C—-S—H and [33]
strength gain
C-A-H
7 days RHA Minimal effect Slow poz;qlamc reaction; - low [97]
early reactivity
' . . Alccofine densifies matrix; RHA
28 days Alccofine * | Moderate increase in strength starts contributing secondary C— [33, 97]
Y | RHA and durability ot g y !
C Fibers start controlling
28 days | Fiber (BF) :jmugtri?ivtyed crack bridging and microcracks; stress transfer [48]
improves
Sianificant increase in_ long- Continuous pozzolanic reaction;
90 days | RHA 9 . 9 pore refinement; ITZ [139]
term strength and durability o
densification
S . . Early hydrates maintain matrix
. Stabilization of matrix; minor oo
90 days | Alccofine additional contribution gggsny, less effect than at early [33]
90+ RHA + | Optimized combined Matrl?( densmgatlpn + strong I.TZ
. + fiber bridging — high [33, 36, 139]
days Alccofine + BF | performance I
toughness, reduced permeability

= R
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Wo= 9dmm uog= 800KX

EHT = 500kV
wo= 9.4mm

Signaf A= SE2
Mag= 800KX

Signal A= SE2
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Figure 26. SEM micrographs of RHA blended concrete [154].

This pozzolanic activity results in a refined
microstructure of RHA-blended cementitious system and
contains lower porosity and a denser cement matrix.
RHA is also an efficient micro-filler at optimum levels of
the replacement level (around 10%), which enhances
the particle packing, as well as interfacial transition zone
(ITZ). Nevertheless, an increase in the RHA contents
can lead to unfinished pozzolanic reactions and
microstructural heterogeneity at the local level [153].
SEM and XRD analyses reveal that incorporation of RHA
lowers plate-like crystals of Ca(OH), and favors the
formation of plate-like crystal C—S—H gel, which forms a
tighter and smaller microstructure. Adding effects of
these make it strong and durable at the optimum
replacement levels [154]. Figure 26 & 27 presents the
SEM and XRD images of RHA blended concrete which
displays the porous structure and reaction with concrete.

Alccofine is a slag-based ultrafine cementitious
material, which has a dominant effect on the formation
of the microstructure at an early age. Its very fine particle
size and a high level of glass content allow strong filler
and nucleation which accelerates the hydration as well
as fast C—S—H formation. In microstructural analyses of
Alccofine-modified concrete, it is possible to state that a
dense paste has less connectivity among pores and a
fine interfacial transition zone (ITZ), especially at the
relatively young age of curing [155]. The figure 28
shows, the SEM and XRD image of Alccofine blended
concrete which is a pointer of C—-S—H gel, dense C-S—
H, and voids.

A multi-scale densification occurring between
RHA and Alccofine is deductible when the two are
applied jointly.
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Figure 28. SEM and XRD image of Alccofine [156].

Alccofine helps in packing of early-age matrix
and makes it grow faster in hydration, whereas RHA
increases the secondary C—S—H formation and refining
of the pores in later ages. Such a balancing action is
predicted to yield a more homogeneous and compact
cementitious matrix than that of systems using either of
the two independently [111, 123, 125].

The fiber performance in basalt fiber reinforced
concrete is highly dependent on the quality of the
surrounding matrix and the fiber-matrix ITZ. Literature on
basalt fiber reinforced concrete suggests that a higher
density of the cementitious matrix leads to an even
thinner and more powerful ITZ, a higher mechanical
interlock, and greater stress transfer between the fibers

and cementitious matrix. The optimized microstructure
that is generated by the incorporation of RHA and
Alccofine will, therefore, be beneficial in the fiber
anchorage and crack-bridging efficiency of BFRC [16,
125, 153-156].

6.2.1 Interfacial Transition Zone (ITZ) Refinement of
RHA and Alccofine

The fine and reactive particles of RHA and
Alccofine are very fine, which enhances the interfacial
transition zone (ITZ) amongst the paste, aggregates,
and fibers enormously. The amorphous silica and the
high-surface-area particles of RHA are concentrated
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within cement-aggregate interfaces, which refines the
microstructure and decreases the ITZ thickness by
means of a combined pozzolanic and packing effect [91,
157]. Equally, the ultrafine slag-based particles at
Alccofine serve as micro-filler and nucleation sites,
which enhances the formation of dense hydrate at
interfaces. A near-identical ITZ with uninterrupted C-S—
H coverage is observed in the systems with ultrafine
SCMs like silica fume and Alccofine [107, 158]. RHA is
used in ternary RHA-Alccofine mixture, with RHA
providing more silicate gel and Alccofine providing
silicate- aluminate hydrates in combining to form a
smoother and denser ITZ. This polished interface
enhances connections with aggregates and fibers and
eliminates weak areas that are likely to develop cracks
[91, 159].

6.2.2 C-S—-H Gel Densification of RHA and Alccofine

Both RHA and Alccofine hastens and prolongs
cement hydration by consuming portlandite and
developing more C—S—H gel. The presence of high SiO,
in RHA reacts with Ca(OH), to form secondary silicate
gel hence densifying the microstructure of concrete by
filling the pores [91, 157]. On the same note, the reactive
calcium-silicate composition by Alccofine encourages
fast hydrate polymerization. The study of pozzolan-
enhanced systems by SEM demonstrates that the
systems have compact, interlocking C-S—H networks
and with a minimum number of voids [107, 159]. As an
illustration, concrete with 10% Alccofine plus another
SCM has a well pressed C-S—H complex that fills the
pre-existing capillary pores [91, 159]. The same process
occurs in RHA-Alccofine blends: the two SCMs provide
reactive silica (Alccofine also provides CaO and Al,O53)
and result in an increase in both portlandite utilization
and in the quantity of secondary hydrates. As a result,
the ternary system forms a very polymerized and dense
C-S-H structure, which is always related to fine pore
structure and enhanced strength in relation to OPC
systems [159].

6.2.3 Crack Control and Reduction in Porosity of
RHA and Alccofine

RHA and Alccofine largely decrease pore
connectivity and total porosity through the process of
packing and filling of effects. Their ultrafine particles
work on various scales: nano-scale C-S-H that is
produced in the reaction of pozzolans closes
micropores, whereas unreacted RHA and Alccofine
grains prevent capillary channels. The experimental
studies cite less sorptivity and chloride permeability in
concretes that contain these SCMs, which confirm that it
has a less permeable matrix [91, 159]. Microscopic
examination also demonstrates a significant reduction in
the number of cavities in SCM-altered pastes as
opposed to the simple cement. As an example, SEM
images of matrices which are based on Alccofine show
a high density with few microcracks [107]. Equally, it is
reported that ultrafine RHA can decrease the average
pore size and refine the pore structure especially around
interfacial regions [91, 159]. This gives rise to a
homogeneous low-porosity matrix that is less prone to
shrinkage cracking. Together with basalt fibers, this
dense matrix inhibits the early formation of microcracks
and strains extending cracks to take winding routes
through densely C—-S-H, and thus it dissipates energy
through smaller cracks apertures.

6.2.4 Fiber—Matrix Bonding and Crack Bridging of
Basalt fibers

Basalt fibers need a high level of bonding with
cementitious matrix to be effective in improving
toughness. The microstructure of RHA and Alccofine is
refined and enhances adhesion between the fibers and
the matrix as SEM images reveal the tight bonds
between basalt fibers and no observable interfacial gaps
and this is a sign of successful wetting and transfer of
stress [158]. This firm bond enhances crack-bridging
and regulated fiber pull-out allowing the fibers to take in
fracture energy and retard crack propagation.

RHA & Alccofine
Supplementary C-S-H -
formation @

4 e

ITZ densification
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Figure 29. Figure showing the schematic diagram of synergistic interaction between RHA, Alccofine and basalt
fibers resulting in densification of the ITZ, enhanced fiber anchorage and slowing of crack propagation.
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Table 12. Summary of combined hydration, microstructural, mechanical, durability, and sustainability
mechanisms in RHA—-Alccofine—basalt fiber—reinforced concrete.

additional silicate gel

Aspect Key Observation Mechanism / Explanation Supporting
References
. Alccofine reacts quickly to
Early-age hydration Rapid strength form primary C-S-H and C- [107]
development . .
A-H, accelerating hydration
RHA provides slow
i . . . pozzolanic reaction,
Long-term hydration | Continuous strength gain consuming Ca(OH), and [136]
forming secondary C-S—H
. . Early Alccofine hydration
Hybrid . hydration | Balanced early and long- densifies matrix, enhancing [107, 136]
mechanism term performance L
RHA reactivity at later ages
Combined filler effect and
Matrix densification Re.duced porosity and | secondary C-S—H formation [107, 160]
refined pore structure produce compact
microstructure
Ultrafine Alccofine fills micro
ITZ refinement Thinner and stronger ITZ voids and RHA supplies [107, 161]

basalt fibers

Dense 1TZ and C-S-H
Fiber—matrix Improved fiber anchorage | coverage enhance [43, 107, 136]
bonding and reduced pull-out mechanical interlock around ' '

Dense matrix + strong fiber

shrinkage stability

Improved crack resistance

barriers; SCMs stabilize

hydration products

Crack control Delayed crapk Initiation bonding enhances crack- [153, 156]
and propagation . -
bridging efficiency
. . Pore refinement and
Durability T |Lkely =~ lower  water| . tinuous C-S-H filing |  [108, 160]
permeability absorption -
reduce connectivity
Durability — chloride Dense microstructure and
. y Likely reduced penetration | fiber crack control limit ion [108, 162]
resistance
transport
Durability - .
: Improved resistance and | Reduced Ca(OH), and
sulfate/acid . [146, 147]
. reduced damage formation of stable hydrates
resistance
Thermal and Basalt fibers act as stress

[146, 147, 163]

Improved particle packing

fibers

Workability and fiber | More uniform fiber :
. . o reduces clustering and [56]
dispersion distribution -
superplasticizer demand

Reduced cement | Use of agricultural (RHA) and
Sustainability impact | consumption and CO, | industrial  (Alccofine) by- [86, 159]

emissions products

. o Synergistic  interaction  of

Overall BFRC | High stre_ngth,_ durability, RHA, Alccofine, and basalt [56, 107, 136]
performance and sustainability

The fibers are trapped within the thickened
RHA-Alccofine-modified matrix by the maximum
possible pull-out resistance and inhibiting early
debonding. The synergistic effect of matrix densification
and the increased fiber bonding, therefore, increases
crack resistance and post-cracking behaviour of BFRC
[158]. The multiscale mechanisms that have been in

effect governing hybrid RHA-Alccofine—basalt fiber
systems are synthesized in Table 12, showing how
complementary  early-age  hydration, long-term
pozzolanic activity, ITZ refinement, and enhanced fiber-
matrix bonding has a combined effect on strength,
durability, and sustainability.
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As a combination of the supplementary C—-S—-H
formation of RHA and Alccofine is depicted in Figure 29,
the densification of the ITZ, fiber anchorage, and
retardation of fiber pull-out increase the load transfer and
effective crack-bridging action.

Altogether, despite the fact that there are no
direct experimental microstructural investigations of
RHA-Alccofine-based BFRC, the combined data of
closely related systems strongly imply that the
combination of RHA and Alccofine leads to the
densification of the matrix, refinement of the pores, and
ITZ strengthening, which, in turn, enhances the
mechanical performance and durability of basalt fiber
reinforced concrete.

6.3 Practical Implications on Workability and
Constructability

In addition to providing improved mechanical
performance and durability, RHA-Alccofine-based
BFRC may have its practical workability negatively
influenced by the synergistic effect of SCMs and fibers.

The total surface area of Ultrafine Alccofine is
high and therefore more water is demanded or more
energy is required to mix to gain uniform dispersion [20,
122]. Equally, porous high-surface-area particles of RHA
absorb mix water and may have decreased slump and
flowability [24, 121]. The basalt fibers add mechanical
interlocking and entanglement to these and further limit
the flow and make the consistent distribution of the fibers
in the matrix difficult [12, 16]. All these parameters could
raise the mixing energy demands, cause higher

segregation or fiber balling, and adversely affect the
simple placement, especially of high-fiber or low-slump
mixtures. The water-binder ratio, the use of appropriate
superplasticizers, proper management of mixing
sequence and time is thus a very critical factor to ensure
that the workability is high without reducing
performance. Table 13 shows that Alccofine dominates
the performance in young ages with accelerated
hydration and rice husk ash controls the performance in
old ages with long-term strength and durability with
sustained pozzolanic reactions and that basalt fibers are
the ones that offer complementary crack control at
advanced ages.

7. Limitations of Current Literature and
Research Gaps

Although a significant number of research works
has been done on the implementation of RHA and
Alccofine in fiber-reinforced concrete, there are actually
several irregularities that must remain:

= The lack of the ternary OPC-BFRC studies:
most of the studies focus on single SCM
systems or binary ones; no systematically
arranged tests on the OPC-with-RHA, Alccofine
and basalt fiber are carried out.

= In RHA quality variability: The burning
temperature, particle size and amorphous silica
composition will exhibit a very significant level of
variability that effects the pozzolanic reactivity in
a material and causes mechanism and durability
variation.

Table 13. Evolution of mechanical and durability performance of hybrid RHA—Alccofine concrete with curing age

Later Age (28 days and | Dominant SCM
Performance Aspect Early Age (1-7 days) beyond) Contribution
Rapid strength gain due to | Continued strength ] .
. . Early:  Alccofine
Compressive strength accelerated hydration and | development from secondary Late: RHA
nucleation of C—S—H C-S—H formation '
Tensile/flexural Improved fiber stress transfer | Enhanced crack-bridging :
. ) . Combined
response due to denser early paste efficiency from refined matrix
Permeability / water | Initial pore filling and reduced | Progressive pore refinement | Early:  Alccofine
absorption capillary connectivity and sealing of microcracks Late: RHA
. . : Long-term diffusion resistance
Chllorlde penetration | Reduced early ingress from due to densified C—S—H | Combined
resistance compact paste structure
network
Sulfate/chemical Lower availabilty of free | Formation of stable hydrates .
) . RHA-dominant
resistance Ca(OH), and reduced reactive phases
ITZ development | Thinner ITZ from ultrafine | Stronger ITZ from continuous | Early:  Alccofine
(aggregate—paste—fiber) | particle packing secondary hydration Late: RHA
Fiber—matrix bonding !mproved early mechanical | Enhanced cher_mcal bonding Combined
interlock and pull-out resistance
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= Sensitivity of Alccofine performance:
Sensitivity of very young hydration behaviour
and strength gain is highly conditioned by
fineness of the particles and curing behaviour
conditions which are often reported and
standardized inadequately.

= Scale-up and field implementation risks: the
findings of laboratory scale are not likely to be
applied directly in practice due to the workability,
fiber scattering, and long-lasting contact with the
environment issues.

= Low-quantitative validation: the gains in
strength and permeability and durability are
often required to be extrapolated of analogous
systems and not directly determined in ternary
OPC-BFRC mixtures.

Implications: These disadvantages are an argument of
the need to perform experiments in a systematic
manner, standardized characterization of SCMs, and a
multi-scale  performance measurement prior to
performing it on a large scale. Analysis of these gaps has
presented an articulate exposition of the direction the
research will take in future as it is explained in the next
section.

8. Future Research Directions

The following generation of a study should be in
a position to carefully look into the practical application
of the RHA-Alccofine based BFRC implementation
through a combination of material development,
durability tests as well as sustainability tests. Specific
research directions which are testable are as follows:

8.1 Material Standardization and

Characterization

= To find out the influence of RHA burning
temperatures (650, 675, 700 °C) and particle
sizes (<45 pym, <75 pm) and amorphous silica
content (80—-95%) to compressive strength and
flexural strength at 7, 28, 90 days.

= Test variability Alccofine by testing the variability
of the grades and particle sizes to ascertain their
effects on the early age hydration dynamics and
ITZ densification.

= Experiment Compare basalt fibers of diverse
diameters, tensile strength and surface
modification (e.g. coated, non-coated) to the
efficiency of fiber- matrix bonding and crack-
bridging behaviour.

8.2 Optimized Mix Design

= Test mixtures (ternary) of RHA (10%, 15%,
20%), Alccofine (8%, 10%, 12%) and basalt

fibers (0.1%, 0.25%, 0.5% by volume) so as to
be able to decide the percentages to use in
order to reach strength, durability and
workability.

= Establish the effect of hydration behavior on the
hydration behavior at early age and late age due
to the ratio of water-binders (0.30-0.45).

8.3 Durability and Long- Term Performance

= Conduct a systematic study of the chloride,
water-uptake, sulfate resistance, carbonation
depth and micro-cracks development on the first
ages (7-28 days old) and on the long ages (90—

180 days old).

= Controlled laboratory and simulated field
fatigue, freeze-thaw and self-healing test
behaviour.

8.4 Micro structural and Mechanistic Insights

=  Apply methods of high characterization such as
nano indentation, 3D micro-CT and in situ SEM
as a test of monitor the variation of hydration and
creation of ITZ and contact of the fiber and the
matrix over a period of time.

= Include the outcomes of experimental studies on
microstructure by  integrating  numerical
modeling of the processes at the
micromechanical level to identify mechanical
performance and crack-propagation.

5. Sustainability and Work Practice

= Calculate life-cycle assessment (LCA) and cost-
boundary analysis of decrease in CO,
emissions and embodied energy and general
cost.

= Pilot scale tests in structural elements (e.g.,
bridge decks, marine elements, pavements) that
are going to be subject to test in order to
ascertain the working behaviour at pumping and
placement, early cracking under field testing
conditions.

In cases where the needs of a research are
formulated as measurable experiments, then the subject
matter can graduate to a mechanistic level of knowledge
to established design recommendations. These studies
will help in coming up with standardized, lasting and low
carbon BFRC that can be used in the large scale of
engineering requirements.

9. Conclusions

This is a critical analysis of the recent inventions
with Basalt Fiber reinforced Concrete (BFRC) which
involves using Rice Husk Ash (RHA) and Alccofine as
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secondary cementitious materials (SCMs). The study
was discussed according to mechanical performance,
durability, microstructural properties, and the critical
knowledge gaps and research needs that are required in
the future:

Microstructure and hydration: RHA +
Alccofine also should lead to a high density of
the microstructure in comparison to using each
material separately. The hydration acceleration
(alccofine), and long-term pozzolanic activity
(RHA) are offered in the early age and long-term
respectively.

Mechanical performance: According to the
tendencies of related systems, compressive and
flexural strength can be improved by about 15—
25% in comparison with conventional concrete
at the optimal dosages (RHA 10-15%, Alccofine
8-12% by volume, basalt fibers 0.075-0.6%).
Basalt fibers help in crack bridging, slower crack
propagation and increased post peak ductility.

Durability: RHA is expected to optimize the
pore structure, and Alccofine can help decrease
the level of calcium hydroxide. They might
reduce permeability together and minimize the
ingress of chlorides as well as enhance
resistance to sulfate attack and carbonation.

Microstructural observation: Literary SEM
and XRD studies indicate that there are
increased C-S-H gel formation and enhanced
interfacial transition zone (ITZ). At 90 °C, basalt
fibers are stable to chemical effects, and
therefore, the integrity of interfaces can be
preserved when subjected to heat.

Research gaps: The vast majority of evidence
is based on the short-term laboratory
researches; there is a lack of field validation.
There are no standardized methods of
characterizing RHA and Alccofine, and there are
few comprehensive life-cycle assessments.
There is little development regarding
quantitative correlations between microstructure
development and performance and predictive
models of the ternary system.

When experimental research validates these

mechanistic examples on the RHA-Alccofine—-BFRC
ternary system, the hybrid concrete would potentially be
a business viable, stable and sustainable material on the
next generation infrastructure.
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