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Abstract: This study explores the potential of using basalt reinforced UHPC by incorporating simulta-
neously self-cleaning and self-luminescent features, paving the way for sustainable advancements in
civil engineering. New green formulations of UHPC were developed by integrating supplementary
cementitious materials and optimizing water to the binder ratio, followed by using basalt fibers to
enhance strength and ductility. The fabricated samples with high particle-packing density exhibit
sufficient workability and compressive strength up to 136 MPa, and, when incorporating basalt fibers,
anotable reduction in brittleness. The inner microstructure of basalt fibers was observed to be smooth,
homogeneously distributed, and well adhered to the UHPC matrix. To ensure the desired long-lasting
visual appearance of decorative UHPC and reduce future maintenance costs, a time-effective strategy
for creating a light-emitting biomimetic surface design was introduced. The samples exhibit high
surface roughness, characterized by micro to nano-scale voids, displaying superhydrophobicity with
contact angles reaching up to 155.45°. This is accompanied by roll-off angles decreasing to 7.1°,
highlighting their self-cleaning features. The self-luminescence feature showcased intense initial light
emission, offering a potential energy-efficient nighttime lighting solution.

Keywords: UHPC; basalt fibers; mechanical properties; morphology; superhydrophobic;
self-luminescence

1. Introduction

Ultra-High-Performance Concrete (UHPC) has become a prominent player in the
domain of sustainable construction materials, attracting substantial interest due to its
outstanding mechanical properties and enduring durability [1]. The characteristics of
UHPC, including strength, ductility, durability, and flexibility in aesthetic design, make it
an exceptionally advanced and versatile material [2]. The resilience of UHPC is evaluated
based on its resistance to water and chloride-ion permeability, carbonation, freeze—thaw
cycles, resistance to chemical attacks, and susceptibility to the alkali-silica reaction, abrasion,
and fire [3]. Therefore, UHPC has the potential to become the preferred material for concrete
structures in various applications and environments. The addition of fibers to concrete
has proven to be an effective measure to increase the durability of concrete structures
subjected to different loading conditions such as impacts or fatigue loads. For example,
Gu et al. [4] showed that the flexural fatigue life of high-strength steel fiber-reinforced
concrete is more than 106% higher than that without fibers. Although UHPC is renowned
for its remarkable durability and typically reinforced with steel fibers, a potential concern

Sustainability 2024, 16, 1068. https://doi.org/10.3390/su16031068

https:/ /www.mdpi.com/journal/sustainability



Sustainability 2024, 16, 1068

20f21

arises. These steel fibers are susceptible to corrosion from chloride ions, which can impact
the overall performance of UHPC. For instance, the erosion of steel fibers within UHPC
could lead to an increase in the porosity of the interface transition zone (ITZ) between the
steel fiber and concrete matrix [5]. To address this vulnerability, a promising alternative
comes in the form of basalt fibers, offering a novel and corrosion-resistant reinforcement
solution [6]. The use of fibers with different volume contents has the potential to improve
the mechanical properties of concrete when the fibers are uniformly distributed in the
matrix [7]. However, achieving a uniform distribution of fibers is challenging, especially
at higher fiber contents. Fibers tend to agglomerate in the cement matrix, leading to an
increase in the number of pores of different sizes and, consequently, a deterioration in
the mechanical properties. Therefore, to thoroughly investigate the mechanical properties
of fiber-reinforced cement composites, it is essential to explore the relationship between
the microscopic and macroscopic properties of these materials. Various methods, such as
scanning electron microscopy (SEM), transmission electron microscopy (TEM), or X-ray
micro-computed tomography (micro-CT), have been employed to assess the microstructure
of concrete composites. Among these methods, X-ray micro-CT holds a distinct advantage
due to its non-destructive nature. Thomoglou et al. [8] used this method to determine
the correlation between the mechanical properties of nano-reinforced cement mortar with
density and porosity. It was found that there is a linear correlation between density and
pore size distribution with mechanical properties, emphasizing that compressive strength
correlates more strongly than flexural strength.

While UHPC boasts superior mechanical properties and outstanding durability, it
falls short of meeting engineering performance criteria and tends to be considerably
more expensive than conventional concrete mixtures [9]. This cost disparity is primar-
ily due to the high cement consumption in UHPC production, typically reaching up to
1100 kg/m? [2]. Thus, the current trend is towards producing UHPC with low energy
consumption and a reduced carbon footprint by incorporating supplementary cementitious
materials (SCMs) [10]. Among various SCMs such as fly ash (FA), slag cement (SC), and
microsilica (MS), metakaolin (MK) stands out as a material with significant potential for
contributing to a sustainable future [11]. Enhancing the early strength of UHPC requires
the development of novel and efficient accelerators. The scientific exploration of nano-
material enhancements in this field is still insufficiently examined. Nanomaterials, such
as nano-TiO,, carbon nanotubes, nano-Si0,, nano-CaCQO3, and nano-alumina, assume a
pivotal role as modifiers in cement paste [12]. For example, incorporating nano-SiO, at
a dosage of 1 wt.% resulted in an approximately 20% increase in the 1-day compressive
strength of UHPC [13].

Common applications of UHPC include the construction of bridges, wind turbine
towers, marine structures, precast elements, military construction, and tunnels. It is also
utilized in the creation of decorative facade panels for buildings, offering both aesthetic
appeal and structural integrity. UHPC'’s unique properties allow for intricate and innova-
tive architectural designs, making it an ideal choice for the development of unique and
aesthetically pleasing structures [14]. The issues emerge over time, as the diffusion and
deposition of pollutants on the surface of UHPC could significantly affect the appearance
and escalate the financial and material resources required for its maintenance. UHPC is
prone to the easy accumulation of pollutants, leading to a diminished gloss and an increase
in stains. Currently, there is a lack of research exploring the self-cleaning performance of
decorative UHPC on both domestic and international fronts. Nevertheless, a substantial
body of research is dedicated to the self-cleaning aspects of concrete, with a primary focus
on surface-coating methods [15-19]. Super water-repellent surfaces can be achieved by
creating micro/nano robustness surface designs. Nanoparticles play a crucial role in nano-
coatings, as they can readily form nanostructures on their surfaces. Considering UHPC
composition, utilizing cement is beneficial as it has a good interface bonding with inorganic
nanoparticles, which are the key factors that enhance its surface strength [20]. Commonly
used inorganic nanoparticles, such as nano-5i0O,, nano-A,0O3, and nano-TiO,, can facilitate
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cross-linking or covalent bonding among substrates and coatings, thereby enhancing the
durability and protecting concrete [21].

Achieving a self-cleaning surface, biomimetic superhydrophobic surface design is
crucial [22]. Superhydrophobic surface involves applying nano-improved hydrophobic
substances either on the concrete surface or within shallow surface pores. This process
creates continuous protective coatings, enhancing long-term durability upon solidifica-
tion [23]. Enhanced by superhydrophobicity, concrete has the capacity to further improve its
characteristics, achieving multiple functionalities that align with sustainability principles.

The incorporation of self-luminescent properties into concrete materials represents an
innovative concept within the realm of civil engineering, and has recently become a focal
point of research attention [24]. Incorporating self-illumination properties into concrete
structural components by integrating built-in illumination devices or luminescent materials
presents a potential solution. This approach not only has the capacity to conserve energy
and minimize ecological light pollution, but also to address challenges associated with the
uneven illumination and glare often induced by conventional streetlamps [25]. Advanced
economies, including Germany, the United States, and France, have initiated research
and development endeavors in the realm of self-illuminating concretes [26]. About 30%
of global power production is dedicated to end-use in civil sectors, and almost 60% of
the world’s electric power is utilized by commercial and residential buildings [27]. From
the perspective of minimizing energy consumption, creating self-luminescent material is
a necessity.

The objective was to enhance the functionality and long-lasting visual appearance of
basalt-reinforced UHPC. Simultaneously, the goal was to decrease the energy consumption
associated with the night lighting of UHPC infrastructure. To align with advanced sustain-
ability practices in civil engineering, the surface of UHPC was modified for the first time to
achieve simultaneously self-cleaning and self-luminescent properties.

Envisioning the smart cities of tomorrow, this novel UHPC might play a central role in
shaping intelligent infrastructure. In the realm of high-rise buildings, the novel UHPC offers
an opportunity to redefine construction standards. Facades and structural components
benefit from enhanced strength and durability, ensuring that skyscrapers withstand the
test of time and environmental challenges. The superhydrophobic feature adds an extra
layer of protection, preserving the aesthetic appeal of the building for years to come. The
self-luminescent feature provides a passive lighting solution that contributes to safety and a
futuristic luminescence appearance in the dark without relying on external power sources.
Furthermore, bridge decks illuminated by a soft, self-generated glow can be constructed
with superior resistance to water absorption. This not only extends the lifespan and safety
of the structure but also results in substantial cost savings. In the energy sector, this UHPC
can reinforce the foundations of wind turbines and support structures for solar panels,
ensuring their longevity and visibility through renewable energy installations.

In the first part, this article explores a cutting-edge advancement in UHPC by introduc-
ing a novel mix design that incorporates SCMs such as metakaolin (MK) and microsilica
(MS), along with basalt fibers serving as an alternative for concrete reinforcement. This
innovative UHPC formulation was aimed at enhancing both strength and sustainability.
The optimization of the w/b ratio corresponds to compression strength and rheo-logical
properties. The influence of SCMs and basalt fibers on the mechanical properties of UHPC
was studied in detail. In the second part of this article, attention is directed towards the
integration of superhydrophobicity and luminescence integration into UHPC. A double-
layer coating was introduced to achieve a self-cleaning surface with a low water roll of
angles and durable self-luminescence. The detailed analysis covers wettability, surface
morphology, and the roughness of the UHPC. Additionally, it includes the measurements
of light emittance in the dark, providing insights into the mechanisms supporting these
advanced features.
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2. Materials and Methods
2.1. Raw Materials

White cement 52.5 R (CEM 1), commercially known as Salonit Ultrasal 52.5 R, with a
specific gravity of 3.1, was pursued by Salonit Anhovo d.o.0, Deskle, Slovenia. Micro silica
(MS) with a specific gravity of 2.2 and metakaolin (MK) with a specific gravity of 2.1 were
used as supplementary cement materials (SCMs). Fine aggregates and fillers consisting of
sand with a fineness modulus of 2.81 and limestone powder (LP) with a specific gravity of
2.6, respectively were sourced. A locally available mineral additive MS and fine aggregates
and fillers were provided by Murexin d.o.o., Buzin, Slovenia. MK, commercially known
as MELAPRET AAS 100, with a density of 890 kg/ m3, was sourced from Melanin d.o.o,
Kocevije, Slovenia. The water used in the mixture was tap water, and it was accompanied by
a third-generation polycarboxylate superplasticizer (SP). As concrete reinforcement, 12 mm
long basalt fibers were used with a specific gravity of 2.6. The hydrophobic compound
poly(methyl)hydrogen siloxane (PMHS) with a specific of gravity 1.1 and silicon dioxide
(5107) nano-powder with a 10-20 nm particle size (BET) and 99.5% trace metals basis were
purchased from Sigma Aldrich (St. Louis, MO, USA). Low-cost polyester-based covering
meshes with the sizes of the inner squares being 200 pum were kindly donated by Konus
Konex d.o.o, Slovenske Konjice, Slovenia. The luminescent powder (lum) used in the
preparation of the luminescent coating is strontium aluminate luminescence powder, which
has a specific gravity of 3.73 and was supplied by Samson Kamnik d.o.o, Kamnik, Slovenia.
All materials were used with 0% moisture contents. The Laser Particle Sizer ANALYSETTE
22 (Fritsch NanotTech, Helmbrechts, Germany) was used to measure the particle sizes and
cumulative distribution of powder raw materials (Figure 1). UHPC mixtures are commonly
formulated using fine aggregate [28].
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Figure 1. Particle size distribution for: metakaolin (MK), lime powder (LP), micro silica (MS), cement
(CEM 1525 R) and fine aggregate.

The chemical composition of UHPC compounds was determined using an X-ray
fluorescence (XRF) analyzer NITON Thermo Fisher Scientific, Waltham, MA, USA, and is
provided in Table 1.
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Table 1. Chemical composition of UHPC compounds, as characterized by X-ray fluorescence (XRF).

Chemical Composition (wt.%)

Oxide CaO SiOZ A1203 F8203 SO3 MgO NaZO Kzo TOZ
CEI\;I{SZ.S 64.80 22.20 5.40 3.30 3.20 0.50 0.20 0.20 0.20
MK 0.20 54.00 42.00 0.90 0.50 0.20 0.70 0.10 0.50
MS 0.70 95.00 2.30 0.50 0.10 0.10 0.10 0.10 0.10
LP 83.20 6.40 1.50 1.00 0.20 1.20 0.00 0.00 0.00
2.2. Mix Design
To produce this novel UHPC enhanced by superhydrophobic and self-luminescent
features, full compliance with ASTM C1856/C1856M-17 was ensured [29]. Initially, refer-
ence concrete (REF) was manufactured using normal sand, cement 52.5 R, and tape water
with an aggregate-to-cement (a/c) ratio of 3 and with a water-to-cement (w/c) ratio of 0.5.
A series of experiments were then conducted to fabricate this innovative, sustainable,
and environmentally friendly UHPC. Initially, MS ranging from 0.5% to 1.5% and UHPC
with MK from 0.5% to 1.5%, without basalt fibers (BF), were individually used as cement
replacements to determine the optimal mixture. The fixed quantities include LP, fine sand,
and 3% superplasticizer. The mixture with a 10% cement replacement of both MS and
MK is identified as the optimal blend. Subsequently, this mixture with 10% MS and MK
is further tested with the introduction of BF ranging from 0.25% to 1.5% by volume of
the binder. The mixture with 1% of BF was selected for the subsequent fabrication of a
superhydrophobic and self-luminescent UHPC, incorporating both MS and MK separately.
The water-to-binder ratio (w/b) was optimized during experimental work, initially
set at w/b 0.22, and a slump test was conducted as per to SIST-EN-1015-3 [30]. Table 2
presents the composition of superhydrophobic and self-luminescent UHPC. Three cubi-
cal samples of each mix were cast with dimensions of 70 mm x 70 mm X 70 mm for
compression tests in compliance with ASTM C109/C109M-99 [31], and three rectangular
samples of 40 mm X 40 mm x 160 mm for each mix were cast for flexural strength testing
in accordance with HRN EN 196-1 [32] (Figure 2).
Table 2. Composition of superhydrophobic and self-luminescent UHPC.
. UHPC UHPCMS UHPCMS UHPCMS UHPCMK UHPCMK UHPCMK
Material MS UHPCMK 0 5% 1% 1.5% 0.5% 1% 1.5%
Weight (Kg)
CEM 52.5 746.00 746.00 746.00 746.00 746.00 746.00 746.00 746.00
Fine Sand 954.00 954.00 954.00 954.00 954.00 954.00 954.00 954.00
MK 0.00 74.60 0.00 0.00 0.00 74.60 74.60 74.60
MS 74.60 0.00 74.60 74.60 74.60 0.00 0.00 0.00
Binder 820.60 820.60 820.60 820.60 820.60 820.60 820.60 820.60
LP 199.00 199.00 199.00 199.00 199.00 199.00 199.00 199.00
Water * 197.76 197.76 197.76 197.76 197.76 197.76 197.76 197.76
SP % 31.18 31.18 31.18 31.18 31.18 31.18 31.18 31.18
Fiber % 0.00 0.00 13.00 26.00 39.00 13.00 26.00 39.00

* Water was varied, from 0.22 up to 0.28 w/b.
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Figure 2. For each mixture, (a) cubical samples (70 mm x 70 mm x 70 mm) and rectangular samples
(40 mm x 40 mm x 160 mm) were prepared, and (b,c) samples were cured under 98% relative
humidity and 298 K for 28 days.

Advanced Light-Emitting Biomimetic Surface Design

A new cost- and time-effective fabrication strategy for the advanced light-emitting
biomimetic surface designing of UHPC is introduced (Figure 3).

Self-luminiscece
coating

o

nano SiO:

Multifunctional UHPC

Enhancing Sustainability in
Construction

Figure 3. Schematic presentation of UHPC integrating with self-luminescence and superhydrophobicity.

Before pouring the concrete, the inner sidewalls of the molds were coated with a
polyester mesh of square cross-section with sides of 200 um to obtain the desired micro
robustness. UHPC is characterized by dense particle packing and a low water—cement
ratio, as outlined in Section 3.1. Consequently, to achieve water repellency, there is no need
for internal hydrophobic additives in the concrete mix [33]. After the curing of the concrete
into a rigid mass (for approximately 1 day), the meshes were removed, and the samples
underwent additional curing for 28 days according to standards SIST EN 12390-1 [34]
and SIST EN 12390-2 [35]. To enhance micro robustness and achieve self-luminescence, a
transparent coating made of concrete varnish and submicron luminescent powder with
greenish-yellow afterglow was applied to the surface. To achieve surface nano-robustness, a
nanoparticle-based suspension was prepared using a simple and scalable method outlined
in our previous work [22]. 5iO; nanoparticles (0.6 g) were dispersed in ethanol (100 mL) for
20 min under ultrasonication, and then treated for 10 min with a high-speed homogenizer
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at 10,000 rpm. Subsequently, polymethylhydrosiloxane (PMHS) (25 mL) was added slowly,
drop by drop, under magnetic stirring for over 30 min. A suspension based on ivory white
510, nanoparticles was sprayed from left to right at a speed of 5 cm/s, maintaining a nozzle
distance of at least 10 cm from the surface. After completing the spraying process, the
samples were cured at room temperature for a few days. The surface of UHPC resulted in a
dual-level fractal structure by submillimeter structure and nano-level roughness to ensure
water repellent surfaces with Cassie-Baxter states and self-luminescence.

2.3. Characterization Methods
2.3.1. The Wet Particle-Packing Method

The properties of the composite material being formed are certainly managed by the
particle-packing behavior of granular materials [36]. UHPC, widely acknowledged as a
practical and prominent concrete material, not only boasts ultra-high strength but also
demonstrates outstanding performance in both fresh and hardened states [37]. The ongoing
chase for an extremely low water-to-cement ratio aims to achieve a higher strength, which
can be enhanced by using supplementary cementitious materials (SCMs) [38]. This practice
is intended not only to enhance sustainability but also to improve the packing density of
the binder system [39]. The wet particle-packing method is adopted for the design of a
state-of-the-art green UHPC recipe.

The water-to-solid (w/s) ratio by volume, represented as the wet particle density
(WPD) @, is defined as the maximum solid concentration calculated by Equation (1). The
solid volume in the mold, denoted as V., is computed by Equation (2):

D = Opax = Ve/V (1)

M
B Pwty + PuRa +PgRp +pyRy

Ve ()

In Equation (3), M and V refer to the mass and volume of the mixture in the mold, pw
to the density of water, p, pg, and py to the solid density of different binder materials,
and Ry, Rg, and R, to the volumetric ratios of binder materials. Then, minimum void ratio
(1) is calculated by Equation (3):

w=(V-V)/V. 3

The following steps are performed to exercise the wet particle-packing method:

1. Develop a series of mix designs using the same binder system but with varying
water-to-solid (w/s) ratios, starting from 1.0 and gradually decreasing this value;

2. Combine half of the cementitious materials, half of the SP, and all the required water
in a mixing bowl. Mix for 3 min, preferably pre-mixing the dry powder;

3. Divide the remaining cementitious materials and SP into four equal portions. Mix for
2 min before adding each portion successively;

4. Pour the mixture into a cylinder mold;

5. Repeat steps (1) to (4) for each subsequent mix, gradually reducing the w/s ratio until
reaching the point where the maximum solid concentration is identified.

2.3.2. Slump Test

In the mini-slump test that was carried out according to SIST-EN-1015-3 [30], a smooth
plate was utilized, upon which a truncated conic mold was positioned, filled with UHPC,
and subsequently lifted upward. The spread diameter of the mortar was then measured
in two perpendicular directions, and the average of these diameters was recorded as the
slump flow deformation of the concrete.
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2.3.3. Compression and Flexural Strength Tests

The compressive and flexural strength tests for each concrete mixture were carried out
in accordance with the HRN EN 196-1 test standard [32]. Since the fibers have a relatively
small influence on the compressive strength of concrete, the same tests are applicable
for samples with and without fibers. A universal testing machine with a maximum load
capacity of 600 kN was used for the compression tests. In this method, the compressive
strength is determined on the halves of the prismatic specimens previously tested in
bending, with the load transferred through steel plates measuring 40 mm x 40 mm, which
corresponded to the loading area of the prism. Six (6) specimens were tested for each
concrete mix.

The mechanical test of primary interest for composites with fibers is the flexural
(bending) test, as the addition of fibers typically results in significant improvements in
properties such as toughness and crack control propagation. The flexural behavior of the
test specimens was determined following the HRN EN 196-1 test standard [32], with some
modifications in the loading arrangement. However, the testing conditions were consistent
for all concrete mixtures.

Prismatic test specimens measuring 40 mm X 40 mm X 160 mm underwent a three-
point bending test, concentrating the force in the middle of a 100 mm span, as illustrated
in Figure 4. The tests employed constant rate displacement control. Throughout testing,
the load—displacement history was recorded until a fracture occurred to capture post-peak
behavior. To record midspan vertical displacement, 2D digital image correlation (DIC)
method and linear variable differential transformer (LVDT) sensors were used simultane-
ously. Each concrete mixture underwent testing using three (3) specimens. Flexural tests
were conducted using a universal testing machine with a maximum capacity of 50 kN.

UHPC MS

Random black dots on the
white background of the
specimen surface

‘n%&iﬁ RSP
LVDT sensor

Figure 4. The test arrangement using beam with third-point loading.

2.3.4. Microstructure Observation

The microstructure of cement composite samples was studied by means of electron
microscopy. The surface and internal structures were observed using an FE-SEM (Supra 40
VP, Carl Zeiss, Oberkochen, Germany) coupled with energy-dispersive X-ray spectrometry
(EDS) and back-scattering (BS). The FE-SEM/EDS/BS observation and analysis of the basalt
fibers in the inner cross-section of the samples was fractured and mechanically flat-polished
using a series of polishing steps with abrasives with progressively finer grain sizes. The
observation of the surface morphology was carried out on smaller specimens carefully
fractured from the main cementitious samples by keeping part of the surface area of interest
intact. All the specimens were fixed on a microscopy stub by using a carbon-based adhesive
tape and sputter-coated with a thin film of carbon as of conductive material to prevent the
build-up of electric charge during electron scanning by means of a high vacuum evaporator
(Polaron 6700, Quorum Technologies, Laughton, UK). To provide the roughness of the
concrete surfaces, topographic profiles were measured with a modified optical profilometer
(Mahr Pocket Surf IV Portable Surface Roughness Gage, Gottingen, Germany).
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2.3.5. Wettability Tests

Contact Angles (CA) and Roll-off Angles (RA) of the treated samples were measured
at 293 K using a Contact Angle goniometer based on the sessile drop method. Droplets
of milli-Q water (with a specific resistance of 18.2 u()) were formed on a concrete surface
with exact sizes of 10 uL using a micropipette. A Basler acA 300-200 um digital camera
equipped with a Basler Premium Lens with C-mount was connected to a computer, and the
OpenDrop algorithm was used for Contact Angle calculation [40]. Detailed descriptions
can be found in the literature [22].

2.3.6. Spectroscopy and Light-Emission Test

The spectral characteristics and luminous emission intensity of samples coated with lu-
minescence powder were analyzed using a long-pass filtered Acton SP-300i from Princeton
Instruments (Acton, MA, USA).

3. Results and Discussion
3.1. The Determination of Optimal W/B Ratio

In compliance with the wet particle-packing method, a series of experiments were
conducted to optimize the binder and w /b ratio. Sets of UHPC with MK and UHPC with
MS were performed, keeping in mind that UHPC must fall into the criteria as mentioned
in the ASTM C1856/C1856M-17 [29]. Figure 5. depicts the results of UHPC with MK and
UHPC with MS. Figure 5a. shows that the optimum wet particle-packing density is achieved
with an optimum w /b ratio of 0.237, which is approximately 0.24 against a 265 mm slump
of UHPC with MK. Whereas, Figure 5b. explains the trend of the compressive strength
(MPa) and slump (mm) of UHPC with MK against w/b ratios. At w/b of 0.24, compressive
strength of 136.3 MPa was achieved, although it is worth to mentioning that the highest
compressive strength of UHPC with MK of 138.5 MPa was measured. Vice versa, very
identical results were found for UHPC-MS (Figure 5¢,d). An optimum w/c of 0.236 was
found, as was 128.5 MPa compression strength, which is approximately 0.24. Hence, for
this research work, an optimal w /b ratio was found to be 0.24.

0.88 400 142 400
s a) UHPC MK s =
€ 086 | @ XX 350 B |(VUHPCMK  x i 250
z X =3 X
G X 300 —~ T 138 X 300 _
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Figure 5. Wet particle-packing density, slump test and compression tests corresponding at diferent

w/bs for (a,b) UHPC-MK. And (c,d) UHPC-MS.
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3.2. Density and Reological Properties

The density of all concrete mixtures is presented in Figure 6a. Both UHPC MK and
UHPC MS, owing to their smaller average particle sizes compared to the average cement
particle size, fill the voids between the cement grains, thereby increasing the density
of the concrete matrix. The additions of MK and MS are observed to raise the density
from approximately 2320 kg/m3 to 2550 kg/m?3 compared to the reference mix. Notably,
the density of UHPC MS is slightly lower than that of UHPC MK. This slight decrease
may be attributed to a higher porosity in the MS concrete mixtures due to lower particle-
packing density, because the specified densities of MK and MS particles are almost equal.
Furthermore, Figure 6a shows that the density of UHPC concrete mixtures changes slightly
with increasing fiber content. It is to be expected that an increase in the fiber content will
increase the density of UHPC mixtures, as the fiber material is heavier than the matrix
material. However, a slight decrease in the density of UHPC MS can be observed with
increasing fiber content. This can be explained by the increased porosity and air voids,
which are mainly due to the fiber distribution in the concrete matrix. For UHPC with MK,
the trend is exactly the opposite. This could be due to the better packing of MK compared
to MS particles, as can be seen in Figure 5.
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Figure 6. (a) Density and (b) rheological properties of concrete mixes.

The results of the slump tests of all concrete mixtures together with the standard
deviations are shown in Figure 6b. The slump values of UHPC MK and UHPC MS
admixtures without fibers are significantly higher than REF concrete. It can be concluded
that the optimum addition of MS and MK (10%) improves the particle-packing density of
UHPC, due to their small particle sizes compared to the reference mix, and thus increases
workability. For example, the slump value of UHPC MK without fibers increased by 69%
compared to REF concrete. In contrast, the workability of UHPC mixtures decreased with
the addition of basalt fibers. It is obvious that slump values tend to decrease with increasing
fiber content. The same tendency was also observed in [41]. The reason for this is that the
increasing addition of the fibers restricts the flowability of the mixture due to the increased
interactions between the fibers. In this study, the effects of MK and MS on the slump test
values of the tested concretes were also compared. With the increase in fiber replacement,
the workability of the MK concrete mixtures decreased similarly to that of the MS concrete
mixes at all fiber volume fractions. Therefore, the mixtures with 1.5% fibers have the lowest
slump value, which corresponds approximately to that of REF concrete. As the fibers have a
larger surface area, they require additional water to cover them, which reduces workability.

3.3. Mechanical Properties

Knowledge of the mechanical properties of fiber-reinforced concrete composites is
of great importance if they are to be used effectively and economically in practice. The
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mechanical properties are influenced by the physical and rheological properties of the
concrete mixture such as porosity and degree of workability. According to [8], reduction
in porosity and an increase in density leads to an increase in flexural and compressive
strength. The compressive strength of hardened composite concrete is a property that
depends largely on the composition of the matrix, while the fibers have relatively little
influence. This is in contrast to the flexural properties, which are much more dependent on
the presence of the fibers and the interactions between the fibers and the matrix.

3.3.1. Compressive and Flexural Strength

Figure 7a shows the mean 28-day compressive strength, along with standard devi-
ations for the REF concrete mixture and the UHPC-MS and MK mixtures with different
fiber contents (0%, 0.5%, 1%, and 1.5%). As expected, the compressive strength of the
REF concrete mixture is the lowest. Conversely, an increase in compressive strength is
observed for all UHPC mixtures. The average compressive strength of all UHPC concrete
mixtures ranges from 121 MPa to 136 MPa, classifying all mixtures as UHPC. Moreover,
MK and MS increased the concrete strength to almost the same value with the same fiber
volume replacement. The UHPC MS concrete mixture without fibers achieved the highest
compressive strength, which is 179% higher than that of the REF mixture. The reason for
this is the high packing density of the particles (see Figure 5), which leads to smaller voids
in the concrete matrix, and thus reduces porosity and improves the compressive strength
of the UHPC. In general, all additional cementitious materials improve the strength of
the concrete due to very fine particles, enhancing the microstructure by making it denser,
more homogeneous, and more uniform than ordinary cement. However, the presence of
fibers in UHPC samples slightly reduces the compressive strength compared to UHPC
mixtures without fibers. Consequently, the UHPC concrete mixture with the highest fiber
volume content obtained the lowest compressive strength. It can be concluded that the
addition of basalt fibers has a small negative impact on the compressive capacity of UHPC
concrete, with minimal differences between mixtures containing MS and MK. Furthermore,
Figures 6b and 7a illustrate that the workability and strength of UHPC concrete are propor-
tional; the compressive strength decreases with decreasing workability. This decrease in
compressive strength due to the increase in fiber volume can be explained by the rise in
the amount of air voids in the mixture, resulting from poorer workability and insufficient
compaction due to fiber agglomeration [7].
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Figure 7. (a) Compressive and (b) flexural strength of REF, UHPC MU, and UHPC MK at different
vol.% of basalt fibers.

Figure 7b shows the mean values of the flexural strength of the tested concrete mixtures
together with the standard deviations. As expected, the flexural strength of the REF concrete
mix is the lowest. The positive effects of MK and MS on flexural strength can be observed.
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Again, the results show almost the same improvement for the addition of MS and MK,
about 62% for UHPC MS and about 69% for UHPC MK higher flexural strength than
REF concrete. An increase in flexural strength is observed for all UHPC mixes with fibers
compared to mixes without fibers. The improvement in strength for UHPC MS concrete
mixes is slightly higher than for UHPC MK concrete mixes with fibers. The reason for this
could be the better bond strength of the fibers and concrete matrix in MS, as well as better
fiber distribution and orientation. The maximum flexural strength is achieved for UHPC
concrete mixes with a low fiber volume content of 0.5%. The flexural strength increased by
167% (with MS additive) and 146% (with MK additive) compared to the REF mix, and by
64% (with MS additive) and 46% (with MK additive) compared to UHPC mixes without
fibers. On the other hand, a slight downward trend can be observed in UHPC concrete
mixes with a fiber volume content of more than 0.5%. A high fiber content can cause the
fibers to become entangled with each other, resulting in poor fiber distribution, increased
porosity and reduced flexural strength [42].

3.3.2. The Influence of Basalt Fibers on Displacement Fracture

To characterize the flexural behavior of fiber-reinforced concrete composites, it is
essential to analyze the load vs. deflection curve, which reflects the impact of fibers in
the post-peak zone, including toughness and crack opening. The dosage, distribution,
and orientation of fibers are well-known factors influencing the flexural behavior of fiber-
reinforced concrete. From the curves presented in Figure 8, substantial differences in the
post-peak behavior are evident between mixtures without fibers and those with fibers.
Overall, it can be summarized that, following the attainment of the maximum load, the
load decreases for all mixes. Additionally, if the volume fraction of basalt fibers in UHPC
mixtures is increased, a smaller reduction in load is observed.
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Figure 8. Force vs. displacement for (a) UHPC MK without fibers and (b) UHPC MK 1% with fibers.

As expected, UHPC with MS and MK and those without fibers fractured in a disas-
trously brittle way due to their high strengths. Additionally, the laboratory test results
indicate that at low fiber concentrations (<0.5%), there was no significant improvement in
the post-peak zone. The impact of fibers on brittleness is evident in the load vs. displace-
ment curve, revealing a substantial reduction after incorporating 1% fibers into the UHPC
mixture with MK. Comparable or even superior enhancements in post-peak response were
noted with the addition of MS. Nevertheless, the increased fiber content has adversely af-
fected both rheological and mechanical properties. Reinforcement with 1 vol% was selected
as optimal.

3.4. Microstructure Analysis

In the initial phase, the surface morphology and roughness of the samples was exam-
ined, followed by an analysis of the inner microstructure.
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3.4.1. Surface Morphology and Roughness

The FE-SEM surface morphology of the REF and UHPC biomimetic are presented in
Figure 9. The surface of REF samples is smooth. At a magnification of 10,000, crystals in the
form of flake and block structures are visible. The relatively flat surface does not permit the
entrapment of air under the formatted droplet, as seen in Figure 9a—c, suggesting that this
surface is hydrophilic. Super water-repellent surfaces were successfully fabricated using a
combination of surface-covering meshes and a SiO, nanoparticle-based spray coating. To
synthesize superhydrophobic hierarchical surfaces, it is essential to determine the optimal
distance between convex structures made by surface-covering meshes [43]. Figure 9d
displays the uneven structure left on the surface of UHPC MK, featuring sub-millimeter
convex structures in the shape of squares with the optimal size side sizes of 200 pum, created
by the imprinted polyester meshes.

(g) UHPC MS 150% mag (h) UHPC MS 1500x mag (i) UHPC MS 10,000x mag

Figure 9. Micrographs of (a—c) REF smooth surfaces, (d-i) biomimetic UHPC surface at
different magnification.

Similar to the lotus leaf, which has micro-papillae and nanofibers, the fabricated
biomimetic surface exhibits a multi-scale roughness convex structure with chemically
bonded SiO; nanoparticles. Numerous nano-size clusters are present, constituting con-
densed aggregates of SiO, nanoparticles. Consequently, the rough superhydrophobic con-
crete surface exhibits a combination of micro- and nano-scaled structures. The biomimetic
surface with both micro- and nano-composite structures was made on both UHPC MK and
UHPC MS samples (Figure 9d-i). There are more micro- to nano-scale voids on the surface
of biomimetic samples, which can intercept air and greatly reduce the contact area between
the surface and the water droplets. A large amount of air is entrapped in the of micro-
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and nano-scaled structures under the combined action of imprinted convex structures and
cross-linked SiO; nanoparticles [33]. This behavior aligns with the structure described
by the Cassie-Baxter model that exhibits superhydrophobicity, a self-cleaning effect, and
prevents water penetration into the matrix of the samples [44].

The given surface was further enhanced by applying luminescent powder before
adding the SiO; nanoparticle coating. The textured upper surface, formed by imprinted
convex structures and layer by layer spraying, comprised numerous clusters of luminescent
powder and SiO; nanoparticles. A modified surface with a dual-layered design is presented
in Figure 10a,b, where the introduction of a colorless luminescent coating results in a visibly
rougher upper surface on the biomimetic cubes. Self-luminescence could also be provided
by the internal mixing of the powder in the production of UHPC. However, the use of
luminescent powder might lead to the deterioration of mechanical properties, a reduction
in workability, and an increase in porosity and overall cost due to the higher quantity
required. Therefore, it is recommended to use luminescence powder coatings for UHPC.

(b) UHPC MS-lum 1500x mag

Figure 10. A modified surface with a dual-layered design; luminescent coating results in a visibly
rougher upper surface on the biomimetic cubes at (a) 300 x magnification and (b) 1500 x magnification.

Table 3 shows FE-SEM-EDS spectrum of elements present on non-coated REF and
UHPC coating only with SiO, nanoparticles and UHPC-containing surfaces” dual-layered
design with SiO; nanoparticles and luminescent coating. The amounts of the elements Ca,
Si, and Al in hydrated cement paste primarily influence the structure and performance of
key compounds such as C-5-H, Ca(OH),, C3AS3H3; (AFt), and C4ASH g (AFm), ultimately
impacting the overall performance of cement-based materials and surfaces [45]. C-S-H,
being the principal binding phase in concrete, is the primary hydration product that governs
strength, typically characterized by the Ca/Si ratio. Blended cement composites with lower
Ca/Si ratios can contribute to improved durability, reduced permeability, and enhanced
resistance to chemical attack [46]. The results indicate that the fabricated biomimetic UHPC-
containing pozzolans have lower Ca/Si ratios, resulting in more resistant and durable
surfaces compared to the REF samples. Furthermore, the surfaces of UHPC MK and UHPC
MS are characterized by a predominance of Ca, Si, and O, resulting from the application
of a sprayed coating with SiO, nanoparticles. In the case of UHPC MK-lum and UHPC
MS-lum, which have dual-layered surface designs, the increase in Al and Sr is attributed to
the presence of strontium aluminate luminescent powder on the surfaces.
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Table 3. FE-SEM-EDS presents spectrum mean averages of the content of elements (wt.%) on non-
coated and coated surfaces.

Spectrum (0] Na Mg Al Si S Cl K Ca Ti Mn Fe Sr
REF 55.95 0.23 0.28 091 7.93 0.07 0.1 2.76 31.23 0.05 000 023 026
UHPC MK 57.24 0.32 0.23 3.95 9.78 0.14 0.03 15 24.05 0.12 006 029 227
UHPC MS 58.97 0.42 0.06 0.37 17.37 0.07 0.03 1.08 20.42 0.01 000 023 097
UHPC MK-lum  52.83 0.22 0.09 2.78 35.69 0.23 0.13 0.58 3.35 0.00 000  0.02  4.09
UHPC MS-lum  58.92 0.53 0.30 11.19 3.41 1.82 0.32 0.79 1.26 0.03 0.00 003 2146

Based on profilometry measurements, 3D topographic profiles of REF and UHPC
MK-lum surfaces are presented in Figure 11. For REF samples, which present lacking
fineness in concrete and a high water to cement ratio, the uneven surface is partly filled
with hydrated paste, leaving local depressions and protrusions on the surface. Irregular and
low roughness on the surface are the main reasons for its hydrophilicity and susceptibility
to contamination with dust particles [47]. In the case of the UHPC MK-lum, surfaces with
dual-layered designs with micro and nano convex structures are uniformly dispersed on
the surface, resulting in a rough surface that is consistent with the Cassie-Baxter model.
Voids are visible, representing space for entrapped air, which repels water droplets.

ﬁ.-‘
i "F
i

i
| I“pL A

Depth (mm)

ﬁq ﬁ j,“{‘},"];ﬂ

M)‘A}; fjﬂuf WA, 4y

Ll »L‘ I‘_“_ 7 ¥Mw
. gy

2 3 2 3
lenght (mm) Lenght (mm)

(a) REF roughness (b) UHPC MK-lum roughness

Figure 11. 3D topographic profiles of (a) REF and (b) UHPC MK-lum surfaces.

The surface roughness calculation results are presented in Table 4. The parameters are
the root mean square roughness (Rq), arithmetic average roughness (R;), and maximum
roughness (Ryax). All parameters are higher in the UHPC MK-lum surfaces compared to
the REF surface. For instance, Ryax increases from 26.79 pm on the REF surface to 57.60 um
on the UHPC MK-lum surfaces. The topographic profiles and calculated parameters for
both surfaces align with the SEM results.

Table 4. The surface roughness parameters for REF and UHPC MK-lum.

Surface Rq (um) R, (um) Rpax (um)
REF 2.50 3.59 26.79
UHPC MK-lum 10.16 12.24 57.60

3.4.2. Inner Cross-Section Microstructure and Basalt Fibers

The morphology of the cross-section and distribution of basalt fibers in the hydrated
UHPC matrix were observed using SEM-EDX, as given in Figure 12. It can be seen that
the surface of basalt fibers is smooth, homogeneously distributed, and well adhered to
the UHPC matrix (Figure 12b). Basalt fibers made from the natural product, namely the
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volcanic stones, are promised to be a sustainable replacement for the glass and steel fibers
in concrete [48]. As expected, the main chemical elements of the basalt fibers are Si, Al,
Fe, Ca, and O, which primarily form SiO,, Al,O3, CaO, and FeO (Figure 12d). Interfacial
bonding between the hydration crystals of the UHPC matrix and basalt fibers provides
sufficient resistance to enhance the post-peak response of the strain curve. The flexural
crack passes through the fibers in the matrix, inducing stress into the basalt fibers and
forming a physical bridge that absorbs energy after reaching the ultimate load. Similar
to the work by Yan et al. [49] during the failure process, the reinforced samples exhibit
multiple cracks instead of just one. This is attributed to the effect of fibers, which contribute
ductility and are tightly bonded to the matrix. In addition, fibers did not chemically affect
the microstructure of the fabricated UHPC composites, and can be used even in severe
environments containing chloride and sulphate solutions [50].
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Figure 12. The inner morphology and distribution of basalt fibers in hydrated UHPC matrix with
corresponding FE-SEM-EDS spectra.

3.5. The Contact and Roll of Angles (CA, RA)

Figure 13 shows the CA and RA of the REF, UHPC MK 1%, and UHPC MK 1-lum
surfaces. Compared to the droplets on the REF surface (c), those on the coated hydrophilic
surfaces (b,c) exhibit a typical spherical shape. Droplets on the REF surface quickly disperse
into the concrete matrix, indicating clear hydrophilicity with an average CA of 29.5° and a
RA of 95°. On the other hand, UHPC MK 1% already poses superhydrophobicity with an
average CA of 151° and RA of 9.2°. When testing the dual-layered design surface contain-
ing luminescent powder and SiO, nanoparticles, the samples UHPC MK 1-lum and UHPC
MS-lum displayed an even greater increase, reaching an average CA of 154.9° and 155.45°,
and a RA of 7.5° and 7.1°, respectively. This marks the first report of a superhydrophobic
and self-luminescent UHPC surface. Water does not penetrate the biomimetic UHPC
surface but floats on air pockets trapped between the uneven surface. Superhydrophobic
surfaces have a self-cleaning effect that allows contamination or dust to automatically fall
off under the action of gravity, wind, and rain [51]. The droplets could effortlessly roll off
the surface, removing dust and at the same time preserving the decorative appearance and
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long-lasting self-luminescence performance of UHPC. This innovative low-cost superhy-
drophobic and self-luminescent UHPC surface has high applicability and can potentially
boost sustainability in construction.

(a) REF (b) UHPC MK 1% (c) UHPC MK 1-lum
CA=151.0° CA=154.9°
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Figure 13. (a) Droplets on the hydrophilic surface. (b) super repellant one-layered biomimetic SiO;
coated UHPC surface, and (c) dual-layered design UHPC surface. (d) When dual-layered coated,
samples displayed an even greater increase, having a superhydrophobic state (CA > 150°, RO < 10°).

3.6. Self-Luminiscence

Figure 14 shows that UHPC MK 1%-lum and UHPC MS 1%-lum can emit yellowish-
green light in the dark. It was observed that the initial emitted light intensity is the highest.
In the first 30 min, the decay rate of the emitted intensity was the fastest and then slowed
down. Self-luminescence was more intense in UHPC MK 1%-lum compared to UHPC MS
1%-lum. The reason for this is the use of the pozzolanic additive; MS, compared to MK,
darkens the appearance of UHPC and reduces the intensity of light emission. As measured
in Figure 14, the peak wavelength of the emission spectrum was 520 nm, corresponding to
the yellowish-green light wavelength visible to the human eye.

Luminescence coating on the sample surface absorbs energy from ultraviolet or solar
light, leading to the creation of self-luminescence. This involves the generation and migra-
tion of electron holes, which are then captured by certain defect levels in the material. Over
time, these captured holes return their energy to the surroundings, and the afterglow is
produced through the recombination of electrons with excited electrons in specific energy
levels [52]. In simple terms, the substance glows in the dark after being exposed to light,
making it useful for applications like visible signage or illuminating surfaces composed of
UHPC without relying on external lighting.
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Figure 14. Self-luminesce peak wavelength and intensity vs. time for UHPC MK 1%-lum and UHPC
MS 1%-lum.

4. Conclusions and Future Prospectives

Ultra-high-performance concrete (UHPC) stands as a revolutionary material in modern
construction, renowned for its exceptional strength and durability. In pursuit of sustainable
practices in civil engineering, new green formulations of UHPC were developed, incor-
porating supplementary cementitious materials and basal fibers as alternative concrete
reinforcement. In the first phase, an optimal water-to-binder ratio was determined to align
it with high particle-packing density, excellent rheological properties, and high compression
strength. When introducing basalt fibers, the 1 vol.% mixture was chosen as the ideal for
fabricating multifunctional UHPC with sufficient ductility. The objective was to enhance the
functionality and long-lasting visual appearance of decorative UHPC. Simultaneously, the
objective was to reduce the energy consumption associated with the nighttime lighting of
UHPC infrastructure. A novel cost- and time-effective fabrication strategy for an advanced
light-emitting biomimetic surface design of UHPC was introduced.

With the average compressive strength categorizing the blends as UHPC, flexural
strength notably increases, compared to the reference mix. Basalt fibers contribute to
enhanced post-peak strain responses and notable reductions in brittleness. The surfaces
of REF samples have a smooth surface, making them hydrophilic and susceptible to dust.
The surface of self-luminance biomimetic samples exhibits more micro to nano-scale voids.
Regarding inner microstructure, the surface of basalt fibers is observed to be smooth,
homogeneously distributed, and well-adhered to the UHPC matrix. Wettability tests show
increased contact angles and reduced roll-off angles in UHPC MK and UHPC MS samples,
indicating super water repellency and self-cleaning properties. Self-luminescence features
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show an initial peak in emitted light intensity, with more intensity observed in UHPC MK
1%-lum compared to UHPC MS 1%-lum.

The future of UHPC with superhydrophobic and self-luminescent features holds
great promise for transforming civil engineering and infrastructure development. Adding
superhydrophobic properties to UHPC surfaces can increase durability, lower maintenance
costs, and improve resistance to environmental pollutants. At the same time, incorporating
self-luminescent properties offers an innovative solution for energy-efficient nighttime
lighting. By using luminescent materials within the concrete, UHPC structures can emit
light without external energy sources, reducing energy consumption and environmental
impact. Ongoing research in these areas could lead to more innovations, better materials,
and broader use in real-world projects. As the construction industry increasingly focuses
on sustainability and energy efficiency, UHPC with these advanced properties is expected
to play a crucial role in shaping future infrastructure from high-rise buildings and bridge
decks to wind turbine foundations.
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