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Influence of high temperatures on the mechanical and microstructural
properties of hybrid steel-basalt fibers based ultra-high-performance concrete
(UHPC)

Abstract: One of the major problem in ultra-high-performance concrete (UHPC) after exposure
to high-temperatures is explosive spalling. Adding a single type of fibers alone is insufficient for
suppressing such spalling, and therefore, hybridization of fibers has been adopted, particularly
steel with organic fibers. However, the degradation of organic fibers at ambient and elevated
temperatures is a significant challenge in the long term and needs to be addressed. Recently,
inorganic basalt fibers have been considered as an alternative to organic fibers due to their better
mechanical strength and high-temperature resistance characteristics. In this study, hybridizing
steel with basalt fiber is proposed as a potential solution to the aforementioned problem. The
spalling behavior, residual compressive strength, microstructure, porosity, hydration kinetics,
phase decomposition, and quantification of hydration products were evaluated for hybrid steel-
basalt fiber reinforced UHPC after exposure to high-temperatures. The study results indicated that
hybrid steel-basalt fiber reinforced UHPC successfully prevented explosive spalling behavior. The
use of inorganic mineral basalt fibers offers a promising solution for developing UHPC with

superior high-temperature resistance.

Keywords: Ultra-high-performance concrete, basalt fibers, explosive spalling, elevated

temperatures, compressive strength.

1. Introduction
In recent years, Ultra-high-performance concrete (UHPC) has gained popularity as a promising
construction material globally due to its superior mechanical characteristics and excellent

durability [1-4]. UHPC typically exhibits high compressive strength ( = 120 MPa), low



permeability, and a dense microstructure due to its high particle packing density and low water-
to-binder (w/b) ratio [5-7]. However, the low permeability and compact microstructure of UHPC
make it more susceptible to explosive spalling during fire [8-11]. Spalling of UHPC during fire is
caused by vapor pressure and thermal induced stress [12, 13]. At elevated temperatures, the
migration and escape of water vapor inside UHPC are restricted due to its highly packed
microstructure [12, 14]. At the same time, thermal induced stress causes thermal cracking,
ultimately leading to strength degradation of UHPC. Therefore, it is crucial to avoid the problem

of explosive spalling in UHPC to ensure the safety of UHPC structures during fire.

To prevent spalling in UHPC, the commonly used method is to incorporate steel fibers, polymer
fibers, and natural fibers [15-17]. However, steel fiber alone is not effective to avoid the explosive
spalling of UHPC [14, 18, 19]. Thus, the effective way to avoid the explosive spalling of UHPC
is using hybridization of steel fiber with polymer fiber and/or natural fiber as compared to that of
single fiber reinforced UHPC [8, 12, 14, 20-23]. The natural fibers are promising alternative to
polymer fibers in UHPC and gains the significant attention in construction industry considering
the cradle-to-cradle concept on usage of sustainability concept [19, 22]. It was found that hybrid
of steel/polymer fiber together with natural fiber (sisal, jute, and flax) have a great potential to
avoid the spalling of UHPC at elevated temperature [12, 14, 19]. However, these studies focused
on the combined use of steel fiber with organic plant fiber (sisal, jute, and flax) in UHPC at
elevated temperature and these organic plant fibers decomposed at a temperature around 400°C
and do not contribute to the strength. The degradation of natural fibers is still a challenge to solve
especially at elevated temperatures and in long term due to their biodegradable nature. The

information related to high-temperature resistance of inorganic natural mineral fiber in UHPC is



still limited especially the hybridization of steel with inorganic mineral fiber (Basalt fiber having

high-temperature resistance) is rarely investigated.

Basalt fiber (BF) is a type of high-temperature resistance inorganic natural mineral fiber with
excellent mechanical strength [24-28]. It is also environmentally safe, non-toxic, and cost-effective,
obtained by melting basalt rocks at 1400°C [29, 30]. Compared to other fibers such as carbon,
basalt fiber is cheaper, and has lower embodied energy and manufacturing costs. Furthermore, its
fabrication process does not involve any additives that harm the environment [31-34]. The use of
inorganic mineral basalt fibers has become increasingly important in the manufacturing of UHPC
at ambient temperature [35-37] as it shows great potential as an alternative to other organic (jute,
flax, and sisal) fibers due to its excellent mechanical strength, high-temperature resistance,
environmental safety, and cost-effectiveness. Therefore, it is worth exploring the behavior of basalt
fibers and steel fibers in UHPC to prevent spalling and ensure the safety of UHPC structures during

fire.

The specific objectives of this research are: (1) to identify the role of hybrid steel-basalt fiber in
preventing spalling behavior of UHPC after exposure to high-temperatures, (2) to evaluate the
residual compressive strength of hybrid steel-basalt fiber reinforced UHPC after exposure to high-
temperatures, (3) to examine the microstructure of hybrid steel-basalt fiber reinforced UHPC after
exposure to high-temperatures, (4) to analyze the effect of high-temperature on the porosity of
hybrid steel-basalt fiber reinforced UHPC and (5) to examine the hydration Kinetics, phase
decomposition, and quantification of hydration products for basalt fiber-UHPC based system after
exposure to high-temperatures. Various techniques were used, including isothermal calorimetry,
thermo-gravimetric analysis, Fourier transform infrared analysis, compressive strength tests,

microstructure observations, and micro-focus X-ray computed tomography analysis. The



knowledge obtained from the current study will serve as the foundation for developing an efficient
hybrid fiber reinforced UHPC that can withstand elevated temperatures and resist explosive
spalling. This will ultimately ensure the safety of UHPC structures that are exposed to extreme fire

events.

2. Experimental Details

2.1.Raw materials
The raw materials used for preparation of UHPC include OPC, silica fume, fly ash, sand,
superplasticizer, steel fiber and basalt fiber. OPC (Type | 52.5 N) was supplied by Green Island
Cement Company Limited (Hong Kong). Silica fume was acquired from Shandong Boken Silicon
Materials Company Limited (China). Class F fly ash as per the ASTM C618-19 [38] was provided
by CLP Power HK Ltd. Table 1 shows the chemical composition of OPC, silica fume and fly ash
obtained by XRF spectroscopy. The main elements in OPC were SiO2 (18.6%) and CaO (66.7%).
The fly ash was mostly comprised of Al.O3 (26%) and SiO2 (47.7%), and silica fume mostly
contained SiOz (96.1%). The particle size distribution curves obtained by the Laser diffraction
technique for OPC, silica fume, fly ash, and silica sand are shown in Fig 1. The maximum particle
sizes of OPC, silica fume, fly ash were less than 100 um, whereas the mean particle size of silica
sand was less than 300 um. The XRD patterns of the raw materials are shown in Fig 2. The primary
phases in OPC were alite, and belite, while the silica fume mainly consisted of amorphous phases
(as shown by a visible broad hump from 15-35° 20) along with quartz. The primary phases of fly
ash were crystalline quartz, mullite and amorphous phases (hump around 15-35° 26). In addition,
the polycarboxylate ether based superplasticizer (SP) was used as the water reducer. Furthermore,

steel fiber and basalt fiber were used as the reinforcement in UHPC. The steel fibers with a length



of 13 mm and diameter of 200 um were used as shown in Fig 3(a), whereas the basalt fibers with

a length of 12 mm and diameter of 20 um were used as shown in Fig 3(b).

Table 1. Chemical composition of OPC, silica fume and fly ash (%)

Materials CaO SiO2 SO3 Al203 K20 MgO Fe203 Others

OPC 66.70  18.60 3.98 5.61 0.71 0.69 3.16 0.55

SilicaFume  0.86 96.10 0.16 0.24 0.79 1.41 0.08 0.38

Fly Ash 6.38 47.70 1.41 26.00 2.10 2.64 11.20 2.57
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Fig 1. Particle size distribution curve of OPC, silica fume, fly ash and sand
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Fig 3. Macro and micro images of fibers: (a) Steel fibers; and (b) basalt fibers



2.2.Specimen preparation
The mix proportions of designed UHPC mixes with fibers contents are shown in Table 2. The mix
proportions of all the UHPC mixes are same with fixed raw materials ratio having water (including
superplasticizer) to binder ratio of 0.206. It is well known that steel fibers alone are not effective
in avoiding the explosive spalling of UHPC even with 2% fiber content [14, 18, 19]. Therefore,
hybridization of steel and basalt fiber are considered in this study with total fiber content of 2% to
identify the effectiveness of hybrid fibers in UHPC for providing the spalling resistance after
exposure to high-temperatures. Fig 4 shows the mixing procedure of UHPC with hybrid fibers and
adopted steps are as follows. Firstly, all the raw materials (OPC, sand, silica fume and fly ash) are
dry mixed for three minutes followed by addition of basalt fibers with continuous stirring for one
more minute. Afterwards, water and superplasticizer were added and further mixed for six minutes.
Then, steel fibers were added and continuously mixed for further three minutes. Lastly, the fresh
mix was obtained and cast into the moulds. The moulds were covered with a plastic sheet and
stored at the ambient air condition. After 24 h, the samples were demoulded and kept for 28 days

curing at room temperature (20-25°C).

Table 2. Mix ratio of all UHPC mixes

Steel Basalt Total
fiber fiber fiber
(vol. %) (vol. %) (vol. %)

Silica Fly Silica Water*/

Matrix OPC fume ash Sand binder ratio

U 1 025 025 11 0.206 - - -
U-2ST 1 025 025 11 0.206 2 - 2
U- 2
1 025 025 11 0.206 1.5 0.5
1.5ST+0.5BF
U-1ST+1BF 1 025 025 11 0.206 1.0 1.0 2

Whereas U denotes UHPC; ST denotes steel fiber; and BF denotes basalt fiber. Water* = Water +
Superplasticizer
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Fig 4. Mixing procedure for hybrid steel-basalt fiber reinforced UHPC

2.3.Heating method
A drying treatment was performed on the UHPC samples before heating as reported in previous
studies [39, 40]. The UHPC samples were dried into the oven at 80 °C for 24 hours. After drying
treatment, the samples were kept inside a steel cage in an electric furnace (NWTX-13F model
supplied by Luoyang Naweite Furnace Co. Ltd, China) with a maximum temperature limit of
1300°C. The severity of spalling is influenced by the heating rate. However, it was reported that
when spalling occurs, it consistently happens within a certain range of temperatures, irrespective
of the rate at which heating is applied [41]. Some studies [42, 43] used a constant heating rate of
4°C/min according to the standards ASTM E831 [35] to make the heating procedure simple.
Whereas a constant heating rate of 2°C/min was reported in other studies [8, 39, 44]. However, the
range for heating samples for UHPC was found to be between 2-4°C/min in the literature. In some
studies [45-47], the heating rate of UHPC was deliberately set at a low value of 3 °C/min at target
temperatures (250 °C, 500 °C, 750 °C and 1000 °C), to minimize the temperature gradient inside
and outside of the specimen and ensure complete evaporation of internal water during the initial
heating phase. Thus, all the samples were continuously heated at a rate of 3°C/min up to the target

temperatures (i.e., 250°C, 500°C, 750°C and 1000 °C). The samples were further kept in furnace



at target temperature for 2 hours to ensure uniform distribution of temperature and then cooled

down to normal temperature in furnace.

2.4. Testing procedures

2.4.1. Isothermal calorimetry test
The hydration kinetics was assessed through isothermal calorimetry tests, which were performed
with the Calmetrix® I-Cal 4000 instrument. To conduct the tests, around 60 grams of fresh mixture
was placed in a plastic vial and monitored for hydration heat over a period of 72 hours. The
resulting data was normalized using the weight of the binder. The test measurements were
performed three times on each mixture of UHPC containing basalt fiber (0.5% vol.) to ensure

accuracy.

2.4.2. Thermogravimetric (TG) analysis
To identify the phase decomposition, thermogravimetric analysis was conducted using the Rigaku
Thermo Plus EVO2 equipment. Samples, weighing approximately 10 mg, were heated at a rate of
5°C/min in an argon gas environment from 30°C to 1000°C. The size of samples varies depending
on different instruments and the size of the aluminum crucible used. The recommended sample
size for analysis is typically around 6-10 mg [48], and most studies in the literature [49, 50] have

used UHPC samples of approximately 10 mg for TG analysis.

2.4.3. Fourier-transform infrared analysis
To quantify the hydration products, Fourier-transform infrared analysis was performed using the
PerkinElmer UATR-two instrument. The analysis was conducted in transmittance mode at a

resolution of 2 cm™ over a wavenumber range of 400-4000 cm™,



2.4.4. Mechanical properties tests
To assess mechanical properties after exposure to high-temperatures, the compressive strength
test was conducted on UHPC samples in compliance with ATSM standard C109/C109M-16

[51]. An average of three specimens were taken for each mix.

2.4.5. Microstructure observations
The microstructure examination was performed within the high vacuum condition using an SEM
(Tescan Vega 3 XMU) with a working distance of 18 mm at an accelerating voltage of 20 kV. For
evaluating change in appearance of fibers, the steel and basalt fibers were kept into an electric
furnace up to the target temperatures of 250°C, 500°C, 750°C and 1000 °C and continuously
heated for 2 hours. Later, the surface of fibers was studied using SEM analysis after exposure to
high-temperatures. Additionally, the microstructure of plain and hybrid steel-basalt fiber
reinforced UHPC samples after exposure to high-temperatures were also studied. After heating,
the UHPC specimens were submerged in absolute ethanol for a duration of 7 days to stop the
hydration process. Subsequently, the samples were dried in a vacuum oven at a temperature of

40°C for 24 hours.

2.4.6. Porosity test
Finally, the porosity of UHPC samples after exposure to high-temperatures was assessed using the
micro-focus X-ray CT system by scanning the specimens with an X-ray tube voltage of 140.0 kV

and an X-ray tube current of 40 pA.



3. Results and Discussions

3.1.Influence of elevated temperature on spalling behavior of UHPC
The spalling performance of plain UHPC and hybrid steel-basalt fiber reinforced UHPC after
exposure to elevated temperatures is shown in Fig. 5. Spalling of plain UHPC was observed at
temperatures of 500°C, 750°C, and 1000°C, resulting in broken specimens in small pieces.
Similarly, the spalling of U-2ST was found at temperatures of 500°C, 750°C, and 1000°C,
indicating that single fiber incorporation is not effective for avoiding the spalling of UHPC.
Moreover, it has been also reported in the literature that steel fiber alone, even with a volume
content of 2-3%, was found to be ineffective in preventing the explosive spalling of UHPC [14,
18, 19]. In comparison, no spalling was observed in the hybrid steel-basalt fiber reinforced UHPC
from 500°C to 1000°C, demonstrating superior spalling resistance compared to plain UHPC,
which is associated with the increased in porosity (will be discussed in section 3.4), facilitated by
the addition of fiber due to release of vapor pressure. Therefore, in this study, the hybridization of
steel fiber with basalt fiber in UHPC (for a total content of 2%) was found to be effective in

providing better spalling resistance with enhanced integrity.
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Fig. 6 displays a closer examination of the cracks formed on the surfaces of the plain UHPC and
hybrid steel-basalt fiber reinforced UHPC after exposure to high-temperatures. The crack width
and number of cracks gradually increased with a rise in temperature from 250°C-1000°C for both
plain UHPC and hybrid steel-basalt fiber reinforced UHPC However, the U-1.5ST+0.5BF and U-
1ST+1BF specimens showed better spalling prevention behavior with a lesser crack width and a
reduced number of cracks than that of plain and single fiber reinforced UHPC. In contrast, the
crack healing and bridging effect of steel and basalt fibers were clearly observed on the surface of

the U-1.5ST+0.5BF specimens after exposure to high-temperatures than that of plain UHPC.
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Fig 6. Surface cracking of plain and hybrid steel-basalt fiber reinforced UHPC after exposure to high-temperatures

3.2. Influence of elevated temperature on compressive strength of UHPC
Fig. 7(a) displays the compressive strength, along with the standard deviation, of both plain UHPC
and hybrid steel-basalt fiber reinforced UHPC specimens exposed to high temperatures. The
standard deviation bars in Fig. 7(a) represent the extent of data dispersion, which remained below
7% for all UHPC specimens at every temperature level. The maximum standard deviation
observed for plain UHPC, U-2ST, U-1.5ST+0.5BF, and U-1ST+1BF, across all temperatures,
reached values of up to £1.5 MPa, £2.1 MPa, +5.4 MPa, and +4.1 MPa, respectively. At AT, the
compressive strength of plain UHPC, U-2ST, U-1.5ST+0.5BF, and U-1ST+1BF was 126.8 MPa,
147.6 MPa, 135.7 MPa, and 113.4 MPa, respectively. Compared to plain UHPC, the compressive
strength of U-1.5ST+0.5BF was increased by 7%, while the compressive strength of U-1ST+1BF
was reduced by 10.5%. The addition of 1.5% steel and 0.5% basalt fibers in UHPC resulted in an
increased compressive strength due to fiber bridging phenomenon, which provided a positive
synergistic effect. However, an increase in basalt fiber content from 0.5% to 1% in UHPC at AT

had an inverse effect on compressive strength, causing a noticeable strength reduction. The



increased dosage of basalt fibers from 0.5% to 1.0% results in an increased porosity of UHPC. The
incorporation of a higher amount of basalt fibers creates voids that affect the overall density and
compactness of UHPC, ultimately leading to a decrease in compressive strength. At 250°C, the
compressive strength of plain UHPC, U-2ST, U-1.5ST+0.5BF, and U-1ST+1BF was 140.2 MPa,
159.4 MPa, 145.5 MPa, and 118.3 MPa, respectively. The secondary hydration of the unhydrated
clinkers under a high-temperature steam environment in the inner part of the UHPC matrix resulted
in increased compressive strength [52-54]. From 500°C to 1000°C, the compressive strength of
plain UHPC and U-2ST, could not be determined due to its spalling. However, the compressive
strength of U-1.5ST+0.5BF at 500°C, 750°C, and 1000°C was 105.1 MPa, 55.8 MPa, and 35.8
MPa, respectively. No spalling was observed in the steel-basalt fiber reinforced UHPC after

exposure to high-temperatures, which indicated a positive synergistic effect by hybrid fibers.

Fig 7(b) demonstrates the normalized compressive strength with respect to AT under elevated
temperatures. At 250°C, the compressive strength of U-2ST, U-1.5ST+0.5BF and U-1ST+1BF
was increased by 8%, 7% and 4%, respectively. At 500°C, 750°C, and 1000°C, the U-
1.5ST+0.5BF could retain 77%, 41% and 26% respectively, of their actual strength at AT. Also,
the compressive strength of U-1ST+1BF at 500°C, 750°C, and 1000°C was decreased to 64%, 38%
and 21%, respectively, compared to that of AT. Results show that U-1.5ST+0.5BF presented better
residual compressive strength than that of U-1ST+1BF, U-2ST, and plain UHPC after exposure to
high-temperatures. Thus, the hybrid mix of 1.5% steel and 0.5% basalt fiber content in UHPC was

suggested as a better mix for residual compressive strength.
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Fig 7. Residual compressive strength of plain and hybrid steel-basalt fiber reinforced UHPC

3.3. Microstructural alterations after exposure to high-temperatures

3.3.1. Morphology of steel fibers after exposure to high-temperatures
Fig 8 shows changes in the appearance of steel fibers with SEM images after exposure to high-
temperatures. From ambient temperature (AT) to 250°C, the color of steel fibers was golden, and
the surface of the steel fibers did not show any damage, as evidenced by a single fiber SEM image.
This shows that the copper-coated surface of the steel fibers had not yet oxidized. At 500°C, the
copper coating was oxidized, but the surface of the steel fibers became black. However, the steel
fibers were still in good condition and indicated better mechanical properties, as they could be bent
at any angle manually by hand, and there was no damage on the fiber surface as evidenced by SEM
images. At 750°C, the color of steel fibers became dark black, and oxidation occurred on the
surface of the steel fibers as shown in SEM images. Despite this, the steel fibers could still provide
some resistance and could be bent manually by hand. At 1000°C, the surface of steel fibers was
completely oxidized, and color become silvery grey. At this stage, the steel fibers became brittle

and were easy to break without providing any resistance when bent manually by hand.
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Fig 8. Appearance of steel fibers due to elevated temperature at macroscale (Top) and microscale (bottom

3.3.2. Morphology of basalt fibers after exposure to high-temperatures
Fig 9 shows the changes in appearance of basalt fibers with SEM images after exposure to high-
temperatures. From ambient temperature (AT) to 500°C, the color of basalt fibers remained golden
brown, and no changes were observed in their appearance. Additionally, SEM images showed no
damage on the surface of basalt fibers after exposure to high-temperatures up to 500°C. At 750°C,
the color of basalt fibers turned black, but no damage was observed on their surface. The change
in appearance at 750°C was due to the vaporization of the surface treatment agent [55]. At 1000°C,
the color of basalt fibers turned dark brown due to further oxidation of metallic elements (Fe2+).
At this stage, the basalt fibers were less flexible than at AT but still provided some resistance, and
some minor defects appeared on the surface. It is worth mentioning that color changes in
appearance of fibers and the oxidation of elements can lead to decreased tensile strength of both

steel and basalt fibers after exposure to high-temperatures, as reported in the literature [55].



Fig 9. Appearance of basalt fibers due to elevated temperature at macroscale (Top) and microscale (bottom)

3.3.3. Microstructure of plain UHPC after exposure to high-temperatures
The SEM images of plain UHPC after exposure to high-temperatures are presented in Fig 10. At
ambient temperature (AT), no instances of cracking were observed in plain UHPC. However, at a
temperature of 250°C, cracks were found along the aggregate-matrix interface and in the matrix.
The micro cracks observed along the aggregate-matrix interface were caused by thermal
incompatibility causing stress in the tangential direction of aggregates, while those micro cracks
in the matrix were due to high tensile stress due to water loss-induced shrinkage [56, 57]. Upon
exposure to a temperature of 500°C, crack propagation increased in UHPC-OPC, resulting in the
emergence of multiple cracks in the radial direction. In addition, the cracks can form when silica
sand, specifically quartz (which is a dominant phase of silica aggregate), undergoes a phase
transformation from a to B at 573°C [58]. This transformation results in a significant volume
expansion, reported in previous studies [59, 60], contributing to a substantial decrease in bonding
between the aggregate and the matrix. Furthermore, at a temperature of 1000°C, the cracks became

more apparent, leading to a reduction in bonding between the aggregate and matrix. Thus, it was



found that thermal incompatibility between the aggregate and matrix contributes to cracking in

plain UHPC after exposure to high-temperatures.
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3.3.4. Microstructure of hybrid steel-basalt fiber reinforced UHPC
The SEM images of hybrid steel-basalt fiber reinforced UHPC (U-1.5ST+0.5BF) after exposure
to high-temperatures are presented in Fig 11. At AT, no visible cracks were detected in the hybrid
steel-basalt fiber reinforced UHPC. At a temperature of 250°C, cracks were observed along the

steel fiber-matrix interface and the aggregate matrix interface. The cracks observed along the steel



fiber-matrix and aggregate-matrix interfaces at a temperature of 250°C are typically due to the
thermal incompatibility between the fiber, matrix, and aggregate. However, healed cracks were
found at 250°C. The healing of these cracks was attributed to the formation of additional C-S-H
gel at higher temperatures. This gel can fill the micro-cracks and voids, effectively healing the
cracks. The formation of additional C-S-H gel was evident from the microstructure of the matrix
at 250°C, which was observed to be denser and less porous compared to that of AT, indicating the
contribution of unreacted particles in the pozzolanic reaction in the presence of water vapor after
exposure to high-temperature. This observation suggests that the formation of C-S-H gel was

facilitated at 250°C compared to that of AT.

At a temperature of 500°C, the SEM images showed an increased amount of reacted particles in
UHPC that make it more porous. This increased amount of pores was attributed to the dehydration
of C-S-H gel and the decomposition of Ca(OH)2 [61]. It is notable from the magnified portion of
the SEM image that the crack healing through autogenous healing was more effective around the
interfaces because these regions provided more reactive surfaces for the reaction products to form
and accumulate healing material. These reactions generated new reaction products, such as
calcium silicates and aluminates cementitious gel [62], that could fill the cracks up to 60 um. The
addition of hybrid steel-basalt fibers in UHPC reduced the crack width and prevented further
propagation of the cracks. On the other hand, the center of the cracks had a larger width, and
therefore, the reaction products could not easily accumulate in this region, since it was found that
high-temperatures favor faster self-healing process of cracks especially for smaller cracks (< 100

pm) as compared to that of greater cracks [63].

At a temperature of 750°C, the healing of cracks in UHPC was due to the unhydrated/unreacted

cement and supplementary cementing particles. The complete healing of cracks was observed at



750°C compared to that at 500°C, resulting in more effective crack healing. Fiber reinforced
UHPC had the potential to repair the cracks due to large amount of unhydrated/unreacted cement
and supplementary cementing particles after hardening [64, 65]. Silica fume and fly ash are
important cementitious materials that play a role in improving the autogenous self-healing
behavior of fiber reinforced UHPC [64, 66]. Nonetheless, the partial filling or complete filling of
cracks was still beneficial for retaining the mechanical properties of steel-basalt fiber reinforced
UHPC after exposure to high-temperatures. However, at a temperature of 750°C, the bond between
the steel fibers and the UHPC matrix may weaken due to the oxidation of steel fibers while the

basalt fiber still shows good bonding with the UHPC matrix.

At a temperature of 1000°C, crack healing was observed in UHPC due to the transformation of C-
S-H gel to CaSiOs [67, 68]. This transformation process is known as decalcification, which
involves the loss of calcium ions from the C-S-H gel and the formation of calcium silicate phases.
Decalcification can be accelerated at high-temperatures, leading to the formation of a dense and
impermeable layer of CaSiOsz that can fill and seal cracks [69]. At 1000°C, crack healing was
observed in hybrid steel-basalt fiber reinforced UHPC, while plain UHPC did not show any healing
due to excessive crack propagation as autogenous self-healing process is only observed for smaller
cracks (< 100 um). Overall, the bridging effect of hybrid steel-basalt fiber in UHPC led to better
resistance to cracking after exposure to high-temperatures compared to plain UHPC, and the cracks
that did occur were partially or completely healed, leading to better mechanical properties of
UHPC at high-temperatures. Thus, the addition of basalt fibers creates a network within the UHPC
matrix, distributing stresses and controlling crack propagation. Furthermore, basalt fibers can
generate voids or pores at high temperatures, serving as waterways for vapor release. This helps

alleviate internal pressure and prevents explosive spalling.
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3.4. Porosity of UHPC specimens after exposure to high-temperatures
The Micro XCT test was conducted to assess the porosity of plain and hybrid steel-basalt fiber
reinforced UHPC matrix after exposure to high-temperatures, and detailed images of its internal
structure are shown in Fig 12. At ambient temperature, the UHPC samples with hybrid fibers (U-
1.5ST+0.5BF and U-1ST+1BF) exhibited significantly higher porosity (4.77% and 5.40%,
respectively) compared to U-AT (2.07%) as shown in Fig 12(a). However, the porosity of U-
1ST+1BF-AT was slightly higher than that of U-1.5ST+0.5BF-AT, indicating that increase in BF
content from 0.5% to 1.0% slightly increased the porosity of mixture (refer to Fig 12(c)-(d)). A
decline in the porosity of U (from 2.07% to 0.92%) was observed when temperature was increased
from ambient temperature to 250°C as shown in Fig (b), indicating a denser matrix at 250°C as
evident by SEM in Section 3.6. This decrease in porosity can trap vapors inside the matrix,
hindering their release. Conversely, the porosity of U-1.5ST+0.5BF, as shown in Fig (e) also
decreased from 4.77% at ambient temperature to 2.57% at 250°C. The comparison of porosity
between U-250°C and U-1.5ST+0.5BF-250°C revealed that U-1.5ST+0.5BF-250°C had a higher
porosity, which could facilitate the release of vapor pressure after exposure to high-temperatures.
However, plain UHPC exhibited explosive spalling at 500°C, so no analysis was carried out for
samples between 500°C and 1000°C. In contrast, the hybrid steel-basalt fiber reinforced UHPC
displayed an increase in porosity with increasing temperature: 4.29% at 500°C, 6.24% at 750°C,
and 10.19% at 1000°C as illustrated in Fig (f)-(h). Compared to that AT, the increase in porosity
can be attributed to decomposition of Ca(OH). between 400-500°C and C-S-H gel beyond 600°C
[61]. The increase in porosity was also observed by SEM in section 3.3.4 and the detailed

mechanism of hydration products with microstructural characterization will be explained in next



section 3.5. Compared to the U, the addition of hybrid fibers to UHPC increased its porosity at

both ambient and elevated temperatures.
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3.5. Hydration and microstructure study of plain and fiber reinforced UHPC
Microstructural characterization was performed further to understand the behavior during the
physical and chemical processes that occurred during hydration. Steel fiber was not added to the
mix primarily for ease of sample preparation (powder form) and to eliminate its influence on the
measurement of the hydration reaction of UHPC. This procedure was also reported in the literature
[60]. It was reported that basalt fibers were composed of minerals similar to those found in
cementitious materials and had a strong chemical bond with the cementitious matrix [36, 70].
Therefore, the hydration kinetics, phase decomposition and quantification of hydration products

were performed on basalt fiber reinforced UHPC.

3.5.1. Heat of hydration of plain and fiber reinforced UHPC
The hydration kinetics of basalt fiber used in UHPC was evaluated by calorimetry test. Fig 13(a)
shows the rate of heat release during hydration for the first 3 hours, while Fig. 13(b) shows the
heat release for 72 hours. Hydration kinetics is a heat-releasing process and usually consists of
four periods: the pre-induction period, induction period, acceleration period, and deceleration
period [71, 72]. During the pre-induction period (<0.5h), less heat flow was observed in basalt
fiber reinforced UHPC binders (U-BF) before the first exothermic peak as compared to plain
UHPC (U) binders. Similarly, during the induction period (~0.5h-2h), lower heat flow was found
in U-BF than in U. During the acceleration period (~2h-16h), the heat flow of the second
exothermic peak was lower for U-BF, however this exothermic peak in U-BF appeared earlier than
that of U. This early hydration can be attributed to the addition of basalt fibers, which provides
more nucleation sites for the chemical reaction to occur during the acceleration period. The basalt
fibers maintain a more uniform distribution of water in U-BF, ultimately promoting the early

formation of calcium silicate hydrate (CSH) gel and portlandite (Ca(OH).). Delannoy, et al. [73]



reported that the increase in the heat flow peak after 4 h is connected to the hydration of alite (CsS)
to CSH phases and precipitation of Ca(OH)2. During the deceleration period (>16h), rate of heat
release was lower in U-BF than in U. The cumulative heat of hydration curve, as shown in Fig.
13(a) and Fig. 13(b), clarifies the phenomenon and highlights that U-BF has a lower cumulative
heat of hydration than U. This indicates that the basalt fibers act as a thermal insulator, owing to
their low thermal conductivity. By adding basalt fibers, the dissipation of generated heat during
the hydration process is hindered, resulting in slightly reduced heat flow in U-BF compared to U.
As a result, the low heat of hydration due to addition of BF could lead to slightly less formation of

CSH gel and Ca(OH). compared to U during early stage.
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Fig 13. Heat of hydration for plain and basalt fiber reinforced UHPC

3.5.2. Thermal analysis of plain and fiber reinforced UHPC
The derivative thermogravimetry (DTG) and thermogravimetry (TG) analyses were utilized to
investigate the effect of temperature on the hydration products. The DTG curves display four

distinct endothermic peaks (Fig 14(a)) of thermal decomposition related to the four stages. In Stage



1 (RT-350°C), the first peak was associated with the dehydration of physically and chemically
bound water in ettringite and CSH gel [67, 74, 75]. The lower peak for water loss below 105°C in
Stage 1 indicates that less CSH gel was formed in U-BF compared to U. However, the higher
dehydration of CSH gel after 105°C in Stage 1 indicates that more CSH gel was formed in U-BF
compared to U. In Stage 2 (350°C-450°C), the second peak was linked with the dehydration of
chemically bound water in portlandite (Ca(OH)2) [74, 75]. The higher peak for the decomposition
of Ca(OH): in Stage 2 showed the availability of more Ca(OH) in U-BF than in U. The third peak
in Stage 3 was linked to the decomposition of calcium carbonate (CaCQO3) [54, 75]. Similarly, the
higher peak for the decomposition of CaCOs in Stage 3 (450°C-700°C) revealed more availability
of CaCOs in U-BF than in U. The fourth peak in Stage 4 (700°C-1000°C) was due to the
transformation of C-S-H into wollastonite (CaSiOs) [67, 68] and higher for the U-BF than that of
U. However, the peaks of U-BF were slightly shifted to a higher temperature compared to those
of U, indicating a delay in the dehydration/decomposition of ettringite, C-S-H gel, Ca(OH)z,
CaCOs, and CaSiOs. This delay can be attributed to the addition of basalt fiber, which helps to
reduce the rate of heat transfer in UHPC, thereby slowing down the dehydration and decomposition
process of hydration products after exposure to high-temperatures. This, in turn, can help to
preserve the existing hydration products and promote the formation of additional C-S-H gel,
Ca(OH),, CaCOg, and CaSiOs3 after exposure to high-temperatures. The TG mass loss curves at
various stages are shown in (Fig 14(b)). In Stage 1, initially the mass loss at 105°C was higher for
U (7.1%), while for U-BF the mass loss was 6.86%. However, the overall mass loss was higher in
U-BF (12.1%) than in U (11.9%). In Stage 2, the mass loss was higher in U-BF (1.29%) compared
to that in U (1.23%). Similarly, in Stage 3 and stage 4, the mass loss was also higher for U-BF than

that of U. Overall, the DTG and TG analyses revealed that the addition of basalt fiber in UHPC



DTG (%/min)

led to delayed dehydration and decomposition of various hydration products (ettringite, C-S-H gel,

Ca(OH)2, CaCOg, and CaSiOs after exposure to high-temperatures.
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Fig 14. Thermal analysis of plain and basalt fiber reinforced UHPC

3.5.3. FTIR analysis to observe the changes in chemical structure of UHPC after
exposure to high-temperature
Fig 15 (a)-(b) shows the FTIR spectra of plain and basalt fiber reinforced UHPC, illustrating the
difference in hydration production at higher temperatures. In the FTIR spectra, the absorption band
near 875 cm™ and 1417 cm™ represents the C-O bond in CaCOs [76]. The main absorption band
near 966 cm™ indicates the Si-O bond in the C-S-H gel [76]. The peak between 1060-1160 cm™ in
the FTIR spectra represents the Si-O in pure silica gel [76]. At ambient temperature, the quantity
of C-S-H and silica gel is lower in U-BF compared to U (refer to Fig 16(b)). At 250°C, the C-S-H
gel progressively increases in U-BF, showing more hydration of unreacted particles compared to
U. At 500°C and 750°C, U-BF shows the formation of more CaCOs compared to U, indicating the

formation of healing material in the cracks (due to dehydration and decomposition of C-S-H gel



and Ca(OH).) as evident from TG analysis in previous section. Also, the peak of C-S-H gel was
shifted from 965 to 920 cm™ (towards the peak of CaCOs) showing the change in chemical
structure of C-S-H gel due to depolymerization. This indicates that the C-S-H gel was decomposed
at 750°C indicating the formation of CaCOs. At 1000°C, the peak of Si-O bond in the C-S-H gel
shifted from 965 to 900 cm™ as shown in Fig 15(a)-(b), indicating changes in chemical structure
of resulting hydration products, i.e., CaSiOs as evident from TG analysis in previous section.
Therefore, the peak at 900 cm™ in the FTIR spectra represents CaSiOs, indicating the
transformation of C-S-H gel. Meiszterics and Sinko [77] also reported that the peak between 850

cm™ to 1000 cm™ is associated with the calcium metasilicate in CaSiOs at 1000°C.

Deconvolution analysis of the FTIR spectra was performed to quantify the CaCO3 (Peak 1 and
Peak 4), C-S-H gel (Peak 2), and silica gel (Peak 3) in plain and basalt fiber reinforced UHPC, as
shown in Fig 16 (a). At ambient temperature, area of peak 2 (C-S-H gel) and peak 3 (silica gel) is
lower in U-BF compared to U (refer to Fig 16(b)). This is inline with the results of hydration
kinematics indicating the formation of less C-S-H gel during early stage as well as TG analysis
indicating the less mass loss at AT. At 250°C, the area of peak 2 (C-S-H gel) progressively
increased indicating the higher amount of C-S-H gel in U-BF as compared to that of U. This also
supports the results of TG analysis indicating a higher amount of mass loss in U-BF. At 500°C and
750°C, the area of peak 2 (C-S-H gel) decreased while the area of peak 3 (CaCO3) progressively
increased. This indicates the formation of higher amount of CaCOs at this stage while the decrease
in C-S-H gel was obvious due to its decomposition and depolymerization as this peak was shifted
towards the lower wavelength. The formation of higher amount of CaCOs in U-BF is also evident
from the results of TG analysis. At 1000°C, U-BF shows higher areas for peak 1 and peak 4

(CaCO03) and peak 3 (silica gel) compared to U, while peak 2 (CaSiO3) had lower area. Thus, the



addition of basalt fiber to UHPC leads to an increase in the formation of healing materials after

exposure to high-temperatures. Therefore, the basalt fiber reinforcement can enhance the self-

healing ability of UHPC at high-temperatures.
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4. Discussion
This study investigated the effect of hybrid steel and basalt fibers on the behavior of UHPC at high
temperatures. Basalt fibers can help prevent explosive spalling in UHPC with their unique features
and mechanisms. When exposed to high temperatures, basalt fibers offer several advantages for
spalling prevention. Firstly, basalt fibers have a higher melting point than natural or polymer fibers.
This allows them to remain stable and structurally intact even in high-temperatures environments,
effectively reinforcing the UHPC and reducing the risk of spalling. Secondly, adding basalt fibers
creates a reinforcing element network within the UHPC matrix. This fiber network serves as a
secondary reinforcement system, distributing stresses and controlling crack propagation. Basalt
fibers enhance resistance to crack development and propagation, thereby reducing the probability
of spalling and improving the compressive characteristics of the UHPC. Additionally, when
subjected to high temperatures, basalt fibers can generate voids or pores within the UHPC. These
voids or pores serve as waterways for the release of vapor produced by the evaporation of water
within the UHPC's inner structure. By allowing the escape of vapor pressure, the basalt fibers help
alleviate internal pressure and prevent explosive spalling. Overall, the high melting point,
reinforcing effect, and ability to create pores for vapor release make basalt fibers effective in
preventing explosive spalling. This study’s findings hold significant potential for developing better

UHPC with a hybrid of steel and basalt fibers that can withstand high-temperatures.

5. Conclusions
This study investigates the behavior of a hybrid steel-basalt fiber reinforced UHPC after exposure
to high-temperatures and aims to provide insights into the efficacy of inorganic basalt fibers in

preventing explosive spalling. The following conclusions can be drawn:



Hybrid steel-basalt fiber reinforced UHPC (U-1.5ST+0.5BF) has superior spalling
resistance and better integrity after exposure to high-temperatures compared to plain UHPC.
The hybrid mix of 1.5% steel and 0.5% basalt fiber content in UHPC was suggested as an
better mix after exposure to high-temperatures for residual compressive strength.

The SEM images show that hybrid steel-basalt fiber reinforced UHPC exhibited better
crack resistance and healing properties after exposure to high-temperatures compared to
plain UHPC.

The Micro XCT test revealed that hybrid steel-basalt fiber reinforced UHPC had higher
porosity as compared to plain UHPC at ambient temperatures and porosity further
increased after exposure to high-temperatures, which was crucial in providing the spalling
resistance to UHPC.

The calorimetry test shows that adding basalt fibers to UHPC improves early formation of
CSH gel and Ca(OH)2 during the acceleration period by maintaining a uniform water
distribution but reduces heat flow and formation of CSH gel and Ca(OH)2 during the
deceleration period.

Through the TG analysis, it was observed that the inclusion of basalt fibers in UHPC results
in the retardation of dehydration and decomposition of different hydration products at high-
temperatures.

From the FTIR analysis, it has been observed that the incorporation of basalt fiber
reinforcement in UHPC leads to a significant increase in the formation of healing materials

after exposure to high-temperatures.



e The hybrid of steel-basalt fiber reinforced UHPC was found effective in preventing
explosive spalling after exposure to high-temperature that led to ensure the safety of UHPC

structures exposed to fire.
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