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ABSTRACT

This study investigates the thermal conductivity and fire resistance behaviour of
cement concrete modified with wollastonite microfibre (WF) and granite waste (GW) as
partial substitutes for binder and natural fine aggregate, respectively. A sustainable
approach was adopted by replacing 10% of binder with WF (by weight) and 0-50% of
fine aggregate with GW (at 10% intervals) in concrete mixes prepared at different water
cement ratios of 0.35, 0.45, and 0.55. Thermal conductivity, fire resistance, and FT-IR
spectroscopy were evaluated to assess the performance of these materials under
elevated temperatures. The incorporation of WF and GW initially reduced the permeable
void volume, enhancing resistance to fire attack as compared to the control mix, also
validated by FT-IR measurements. Results indicate that at lower substitution levels (up
to 30%) superior fire resistance was observed relative to the control mix. Conversely,
higher substitution levels led to a significant decrease in fire resistance. These findings
demonstrate that optimised combinations of wollastonite microfibre and granite waste
can effectively improve the thermal and fire performance of concrete, offering enhanced
durability under high-temperature exposure.

1. INTRODUCTION

Concrete remains the most widely consumed manufactured material on the planet,
forming the backbone of modern infrastructure development. Yet this ubiquity comes at a
considerable environmental cost. The massive production of cement, the primary binder
in concrete consumes substantial energy and releases harmful greenhouse gases into
the atmosphere Mandrawalia and Gaur (2021). Simultaneously, the relentless extraction
of natural aggregates to meet global construction demand places immense pressure on
finite natural resources (Hajek et al., 2010). With rapid urbanization accelerating
construction activities worldwide, the cumulative solid waste inventory has reached
alarming proportions. China alone currently faces an estimated 60 billion tons of
accumulated solid waste, with nearly 3 billion tons added annually. Among these waste
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streams, granite processing waste is particularly significant, accounting for approximately
30-35% of the total mass of granite utilized in the industry, with annual production
exceeding 10 million tons in major processing countries (Jain et.al., 2019).

In response to these pressing environmental challenges, researchers have increasingly
turned their attention to sustainable construction materials. Industrial by-products and
waste materials are being explored as viable substitutes for conventional concrete
constituents, offering the dual benefit of reducing environmental burden while conserving
natural resources. Two such materials that have garnered considerable research interest
are wollastonite and granite waste.

Wollastonite, a naturally occurring calcium metasilicate mineral (CaSiOs) possesses a

unique set of properties that make it particularly attractive for concrete modification. It
exhibits favourable biocompatibility, low thermal expansion, low thermal conductivity, and
high thermal stability. These inherent characteristics have led to its widespread
application across diverse fields including ceramics, plastics, coatings, metallurgy, and
increasingly, concrete technology. The fibrous morphology of wollastonite, with natural
aspect ratios ranging from 3:1 to 20:1, enables it to function as a micro-reinforcing agent
within the cementitious matrix. Studies have demonstrated that wollastonite can serve as
a partial replacement for cement, improving mechanical properties and durability while
reducing the carbon footprint of concrete production (Ransinchung et al., 2009). More
significantly for high-temperature applications, wollastonite thermal stability and fire-
resistant properties have been well documented—it is routinely used in fire protection
boards, thermal and electrical insulation materials, and friction linings. Recent
investigations have further confirmed that the integration of wollastonite enhances thermal
resistance, making it a promising component for durable, high-performance composites
intended for extreme conditions.

Granite waste, on the other hand, represents a substantial by-product stream from the
stone processing industry. The primary chemical constituents of granite are silicon dioxide

(SiO;) and aluminium oxide (Al,Os), with SiO, comprising approximately 65-70% of the

total content. This high silica content can enhance the strength of cementitious systems.
Granite also exhibits excellent durability and thermal stability, suggesting significant
potential as a substitute for both cement and natural aggregates. Research has shown
that replacement of natural fine aggregate with granite waste can positively influence the
water absorption and permeability of concrete at replacement ratios of 20—-40% (Sing et
al., 2016). Furthermore, granite aggregate concrete has demonstrated superior volume
stability under elevated temperatures, exhibiting lower thermal strain and expansion
coefficients than conventional concrete at temperatures up to 800 °C. However, as noted
by recent studies, the fire performance of cement-based composites containing granite
waste has not been thoroughly investigated, representing a significant gap in the current
knowledge base.

The exposure of concrete structures to elevated temperatures—whether from fire
incidents or other high-temperature environments—poses a critical threat to both
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structural integrity and human safety. When concrete is subjected to fire, a series of
physicochemical reactions occur within the matrix: calcium hydroxide (portlandite)
decomposes at approximately 400 °C, while calcium silicate hydrate (C-S-H) gel—the
primary binding phase in Portland cement concrete—breaks down between 500 °C and
900 °C. These reactions, combined with pore pressure build-up and differential thermal
expansion, lead to progressive deterioration of concrete performance, including strength
loss, spalling, and eventual structural failure. The thermal conductivity of concrete
critically influences its fire performance, as it governs the rate at which heat penetrates
the structure. Materials with lower thermal conductivity provide better insulation, delaying
the temperature rise within the concrete section and thereby enhancing fire resistance.

In this context, the synergistic combination of wollastonite microfibre and granite waste
presents a compelling research opportunity. While individual studies have examined
wollastonite as a cement replacement and granite waste as an aggregate substitute in
separate contexts, relatively limited attention has been paid to their combined effects—
particularly on thermal conductivity and fire resistance behaviour. A previous study by
(Mandrawalia and Gaur 2021) investigated the mechanical properties of sustainable
concrete admixing wollastonite microfibre and granite block cutting waste, and another
investigation examined the compressive and sorptivity characteristics of concrete
modified with these materials Mandrawalia and Gaur (2021). However, the thermal
performance and fire resistance of such modified concrete systems remain underexplored.
Given wollastonite's known thermal stability and low thermal conductivity, alongside
granite's favourable high-temperature dimensional stability, their combined incorporation
may yield concrete with enhanced fire resistance—a hypothesis that warrants systematic
investigation.

The present study, therefore, aims to address this knowledge gap by investigating the
thermal conductivity and fire resistance behaviour of cement concrete modified with
wollastonite microfibre (WF) as a partial substitute for binder and granite waste (GW) as
a partial replacement for natural fine aggregate. Concrete mixes were prepared at varying
water-cement ratios (0.35, 0.45, and 0.55), with binder replacement fixed at 10% WF and
fine aggregate replacement varying from 0% to 50% GW at 10% intervals. Thermal
conductivity, fire resistance, and FT-IR spectroscopy were employed to evaluate material
performance under elevated temperatures. The findings of this research are expected to
contribute to the development of sustainable concrete formulations with enhanced fire
performance, offering practical solutions for fire-resistant construction while
simultaneously addressing the environmental challenges posed by cement production
and granite waste disposal.

2. MATERIAL AND METHODS

2.1 Raw Material
Ordinary Portland cement (OPC) of specific gravity 3.14 conforming to 43 grade
of “Ultratech” brand was utilized in the preparation of concrete mixtures in this study, as
per Indian Standards (1S:8112, 2013). Naturally occurring Calcium Inosilicate (CaSiO3),
commonly called wollastonite mineral, was grounded finely and partially replaced cement
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in this study. Wollastonite fibre in powder form locally procured from Wolka mines located
in Beawar city in Ajmer district of Rajasthan. As a fine aggregate, locally available natural
river sand (Banas River) confirming to Zone Il as per Indian standards (1S:383, 2016)
was used. For this study river sand was procured. Granite waste generated in the stone
processing industry was locally procured from the dumping zones of Shahpura industrial
area in the Jaipur district of Rajasthan. As coarse aggregates crushed natural aggregate
with a nominal size of 20 mm and 10 mm confirming to (1S:383, 2016) was used. The
physical and mechanical properties of raw materials is presented in Table 1.

Table1. Physical and mechanical properties of raw materials

Property Standard Results
Consistency OPC (%) (1S:4031, 1988) 27
Setting Time of OPC 43 Grade Initial time (1S4031:Part5, 130
Cement [minutes] Final Time 1988) 250

Cement 3.14

. (1IS4031:Part11,

Wollastonlte 1988) 316

fibre

Specific Gravity Fine 265
aggregate (1S2386:Part3, |
Granite 1963) 2 59
waste
Coarse 05
aggregate

. Fine (1S2386:Part3
(o) )

Water absorption [%] aggregate 1063) 1
Granite 43
waste
gggrtgate 20mm, 10mm
Fine (15:383,2016) Less than

Size aggregate 4.75mm
Wollastonite Mastersizer Less than
fibre 2000 0.150 mm
Granite . Less than
waste (15:383, 2016) 4.75mm

. Coarse (1IS2386:Part4
o )
Crushing Value [%] aggregate 1963) 24.85

The different concrete mixes prepared with wollastonite fibre and granite waste
as partial cement and fine aggregate replacement, respectively, is used to determine
their impact on the performance of cement concrete. WF partially replaced 10% cement
content (by weight), and GW partially substituted 0 to 50% fine aggregate (by weight) at
an interval of 10% in different concrete mixes prepared with three water-cement ratios,
i.e., 0.35, 0.45 and 0.55. Table 2 shows the details of concrete mix proportions modified
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with WF and GW combinations. All eighteen concrete mixes were cast and cured as per

the specifications of (1S:10262, 2009).

Table 2. Details of mix proportions (kg/m3) as per (1S:10262, 2009)

Wollastonite Fine Granite Coarse Coarse SP*

ID w/c Cement fibre Aggregate waste Aggregates Aggregates Water Dosage
(10 mm) (20 mm) (%)

A0 0.35 425 - 628 - 649 649 148.75 1
A1 0.35 382.5 425 565.2 62.8 649 649 148.75 1.2
A2 0.35 382.5 425 502.4 125.6 649 649 148.75 1.4
A3 0.35 382.5 425 439.6 188.4 649 649 148.75 1.65
A4 0.35 382.5 425 376.8 251.2 649 649 148.75 1.8
A5 0.35 382.5 425 314 314 649 649 148.75 2
BO 045 425 - 628 - 649 649 190.25 0.5
B1 045 382.5 425 565.2 62.8 649 649 190.25 0.8
B2 045 382.5 425 502.4 125.6 649 649 190.25 1
B3 0.45 382.5 425 439.6 188.4 649 649 190.25 1.1
B4 0.45 382.5 425 376.8 251.2 649 649 190.25 1.1
B5 0.45 382.5 425 314 314 649 649 190.25 1.25
CO0 0.55 425 - 628 - 649 649 233.75 0
C1 0.55 382.5 425 565.2 62.8 649 649 233.75 0
C2 0.55 382.5 425 502.4 125.6 649 649 233.75 0.05
C3 0.55 382.5 425 439.6 188.4 649 649 233.75 0.1
C4 0.55 382.5 425 376.8 251.2 649 649 233.75 0.3
C5 0.55 382.5 425 314 314 649 649 233.75 0.5

As per (ISO:834-1, 1999) fire resistance test was performed on 28-days water
cured 100 mm sized concrete cube specimens. The adverse effect of direct fire on
concrete was evaluated by exposing concrete cubes of size 100 mm to elevated
temperatures of 200-800°C at an increment of 200°C in a gas-heated furnace, as shown
in. The difference in compressive strength and weight of concrete specimens exposed to
elevated temperatures compared to the initial compressive strength and weight of
concrete specimen observed at room temperature to analyze the fire resistance ability of

different concrete mixes.

Fig. 1 Fire attack on concrete specimen at 800°C
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The thermal conductivity was measured using thermal constant analyzer (Hot Disk,
Sweden). This device is based on the transient plane heat source-TPS method (Fig 2.),
following ASTM D7984-16. FT-IR spectrum was carried out using spectrometer by
PerkinElmer analyzer at Material research center (MRC) MNIT, Jaipur to identify the
different molecular groups in cement concrete mixes. KBr pellet method was used to
prepare a sheet containing concrete powder transparent in the IR region. The scan range
was 4000 to 400 cm .

Fig 2. Thermal conductivity experiment (TPS) for concrete specimen
3. RESULTS AND DISCUSSION

3.1 Fire Resistance
3.1.1  Weight Loss

Fig 3. presents the change in weight with elevated temperature in the concrete
specimens of different mixes (A, B and C Series) prepared with or without wollastonite
fibre and granite waste when exposed to the elevated temperature of 200°C, 400°C,
600°C and 800°C, respectively. It can be seen from Fig 3. that all concrete mixes in the
A, B, and C series, when subjected to elevated temperature (from 200°C to 800°C),
showed a similar change in weight. This reduction in weight might be due to the liberation
of chemically bound water in the cement matrix, which further disintegrated the hydration
compounds.



The 2026 World Congress on
The 2026 Structures Congress (Structures26)
23-25, August, 2026, Convensia, Incheon, Korea

1 'A' Series 0.35 w/c

5 ]
-10 4

'B' Series 0.45 w/c

Change in weight (%)  Change in weight (%)
1 1 1
<
|

'C' Series 0.55 w/c

Change in weight (%)

T v T v T v T
200 400 600 800

Exposure Temperature (°C)

Fig 3. Change in weight (%) of concrete samples of A, B and C series
3.1.2 Change in Compressive Strength

Fig 4. presents the change in compressive strength with elevated temperature in
the concrete specimens of different mixes (A, B and C Series) prepared with or without
wollastonite fibre and granite waste when exposed to the elevated temperature of 200°C,
400°C, 600°C and 800°C, respectively. It can be seen from Fig 4. that all concrete mixes
in the A, B, and C series, when subjected to elevated temperature (from 200°C to 800°C),
showed a similar change in compressive strength. Initially, there was a rise in
compressive strength in all mixes at an elevated temperature of 200°C. This gain in
compressive strength might be due to the release of capillary water, which further
compacted the cement matrix and improved the compressive strength of concrete mixes.
Above 200°C temperature, all concrete mixes in the A, B, and C series showed a
continuous decline in compressive strength. This reduction in weight might be due to the
liberation of chemically bound water in cement matrix at an elevated temperature of
400°C and more, which further disintegrated the hydration compounds and weakened
the microstructure of concrete mixes.
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Fig 4. Change in compressive strength of concrete samples of A, B and C series

The FT-IR analysis was performed to understand the effect of elevated
temperature on different concrete mixes (A series) prepared with or without wollastonite
fibore and granite waste combinations. Fig 5. shows the FT-IR spectrum of different
concrete mixes (AO to A5) subjected at an elevated temperature of 800°C and normal
(27°C) temperature. From Fig 5., it is noted that the shifting of portlandite, CSH and
calcium carbonate (CaCOs) bond band to lower wave number is common for all concrete
mixes when subjected to 800°C. The CSH bond band for A0, A1, A2, A3, A4 and A5
exposed to fire attack at 800°C was shifted to 990 cm ', 990 cm ', 998 cm -, 980 cm -,
970 cm ' and 970 cm " wave numbers respectively. The portlandite bond band for A0,
A1, A2, A3, A4 and A5 exposed to fire attack at 800°C was shifted to 3636 cm ', 3636
cm !, 3638 cm -1, 3628 cm !, 3622 cm ' and 3616 cm ' wave numbers respectively.
Similarly, CaCOs bond band for A0, A1, A2, A3, A4 and A5 exposed to fire attack at
800°C was shifted to 874 cm ', 874 cm ', 876 cm ', 874 cm-', 876 cm " and 874 cm "
wave numbers respectively. Therefore, the loss in compressive strength is due to the
decomposition of portlandite, CSH and propagation of thermal stress cracks generated
by the loss of water from the voids.
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Fig 5. FT-IR curve of normal and fire exposed concrete mixes
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3.2 Thermal Conductivity

The thermal conductivity of the control and wollastonite and granite waste modified
concrete mixes for Series A (0.35 w/c), Series B (0.45 w/c), and Series C (0.55 w/c) is
presented in Fig 6. The measured values ranged from 1.11 to 2.82 W/mK, demonstrating
that both the water-cement (w/c) ratio and mix composition significantly influence the
thermal transport characteristics of concrete. The control mixes exhibited thermal
conductivity values of 2.00 W/mK (A0), 1.80 W/mK (BO0), and 1.42 W/mK (CO0). The
progressive reduction from Series A to Series C confirms that increasing the w/c ratio
increases capillary porosity and decreases bulk density, thereby disrupting continuous
heat-conduction paths. Since air-filled pores possess significantly lower thermal
conductivity than the cementitious matrix and aggregates, an increase in pore volume
results in reduced effective thermal conductivity. Within each series, thermal conductivity
initially increased with modification level and reached a maximum at A2 (2.83 W/mK), B2
(2.59 W/mK), and C2 (2.33 W/mK), followed by a gradual decline at higher replacement
levels. Compared with the respective control mixes, the optimum mixes exhibited
increases of approximately 41%, 44%, and 64% for Series A, B, and C, respectively. This
enhancement is attributed to improved particle packing, pore refinement, and
densification of the hydrated cement matrix, leading to better continuity of the solid phase
and reduced interfacial thermal resistance. Beyond the optimum level, thermal
conductivity decreased to 1.95 W/mK (A5), 1.32 W/mK (B5), and 1.12 W/mK (C5),
indicating that excessive replacement adversely affected the microstructure by
increasing void content, and reducing matrix continuity. Consequently, heat-transfer
pathways became discontinuous, resulting in lower thermal conductivity.
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3.0 1 I B Series (0.45 wic)
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Fig 6. Thermal conductivity of the control and modified concrete mixes
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4. CONCLUSIONS

Based on the experimental investigation on the fire resistance, residual mechanical
performance, FT-IR characterization and thermal conductivity of control and modified
concrete incorporating wollastonite fibre (WF) and granite waste (GW), the following
conclusions are drawn:

1.

All concrete mixes (A, B and C Series) exhibited a similar response under elevated
temperatures, characterized by progressive weight loss and deterioration of
compressive strength with increasing temperature. A slight increase in
compressive strength at 200°C was attributed to moisture removal and continued
hydration, whereas exposure beyond 400°C caused continuous strength
degradation due to dehydration of hydration products, thermal incompatibility
between constituents, and propagation of micro cracks.

. The modified concretes retained higher residual strength after fire exposure than

the control concrete, indicating that wollastonite fibre effectively restrained
thermally induced crack propagation while granite waste contributed to a denser
and more stable microstructure. The synergistic action of both materials enhanced
the structural integrity of concrete under severe thermal loading.

. FT-IR analysis confirmed that the degradation of mechanical properties was

directly associated with microstructural changes occurring during fire exposure.
The systematic shifts of the characteristic C—S—H, portlandite (Ca(OH),), and
CaCOs; absorption bands after exposure to 800°C verified the dehydration and
decomposition of hydration products, explaining the observed reduction in
compressive strength. The comparatively smaller spectral shifts in the optimized
modified concrete indicate improved thermal stability of the cementitious matrix.
The incorporation of wollastonite fibre and granite waste significantly influenced
both the thermal transport and high-temperature performance of concrete. The
modified concretes exhibited optimized thermal conductivity and superior fire
resistance compared to the control mixes, demonstrating the effectiveness of the
combined modification in enhancing thermo-mechanical performance.

Thermal conductivity was strongly governed by the water-cement ratio and
microstructural densification. The conductivity decreased with increasing water-
cement ratio due to higher capillary porosity, while intermediate replacement
levels produced the highest thermal conductivity by improving particle packing,
and matrix continuity. Excessive replacement, however, increased pore
connectivity and reduced heat-transfer efficiency.

Overall, the combined use of wollastonite fibre and granite waste offers a
sustainable approach for developing high-performance concrete with enhanced
thermal conductivity, improved fire resistance, superior residual mechanical
properties, and better microstructural stability. The strong correlation between
macro-scale behaviour (thermal conductivity and residual strength) and
microstructural evidence (FT-IR) demonstrates the potential of these modified
concretes for durable structural and pavement applications subjected to thermal
and fire-induced loading.
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