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ARTICLE INFO ABSTRACT
Keywords: Ultra-High Strength Fibre Reinforced Self Compacting Concrete (UHSFRSCC) is in great demand
Ultra-high strength concrete (UHSC) for use in construction projects around the globe. Unless fillers are utilised in this concrete, its
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production will come at an excessive environmental cost due to the high Carbon footprint of
Portland cement. A gap in the published literature was identified, where quaternary mixes,
containing Portland cement with three fillers, incorporating fibres, and achieving ultra high
strength, were not cited. In this study ternary and quaternary mixes were designed and produced,
satisfying the European Guidelines for SCC, with compressive strengths exceeding 115 MPa. Some
mixes had compressive strengths between 125 and 150 MPa, which were not previously reported
in the literature. The mixes contained Silica Fume (SF), Metakaolin (MK), Limestone powder (LS)
as partial Portland cement replacement and quartz powder (QP) as partial sand replacement.
Basalt Fibres were added to reinforce the matrix. Compressive & tensile strength of the mixes
along with UPV, sorptivity, absorption and SEM Micro-structure features were studied at ambient
temperature and after the samples were exposed to either 200 or 300 °C; since the behaviour of
HSC at elevated temperature is always a cause for concern. The active and inert fillers exhibited a
synergic behaviour at all temperature conditions. The mix containing: 15 % SF, 5 % MK, 20 % LS
and 34 % QP achieved the best performance. Compressive and splitting tensile strength improve
by 10 % and 17 % while sorptivity and absorption decline by 40 % and 29 % respectively at
ambient temperature. Residual compressive strength improved by 10 % and 19 % while, residual
splitting tensile strength significantly increases by 21 % and 28 % after exposure to elevated

Abbreviations: UHSFRSCC, Ultra-High Strength Fibre Reinforced Self Compacting Concrete; GWP, Global Warming Potential; CO,,, Carbon di-
oxide; UPV, Ultrasonic Pulse Velocity; SEM, Scanning Electron Microscopy; EDX, Energy Dispersive X-ray Spectroscopy analysis; OPC, Ordinary
Portland Cement; SF, Silica Fume; MK, Metakaolin; LS, Limestone powder; QP, Quartz Powder; SCC, Self-Compacting Concrete; RPC, Reactive
Powder Concrete; BF, Basalt Fibres; CS, Compressive Strength; RCS, Relative Compressive Strength; (f'.)t, Compressive strength after a particular
exposure temperature; (f’.)os5, Compressive strength at ambient temperature; STS, Splitting tensile strength; RSTS, Relative splitting tensile strength;
GGBS, Ground Granulated Blast Furnace Slag.
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temperatures 200 °C and 300 °C respectively. Meanwhile, residual sorptivity decreases by 39 %
and 38 % after exposure to these elevated temperatures. Microstructure properties supported and
agreed with the mechanical and permeation characteristics results. The results will contribute to
the development of UHSFRSCC in hot weather countries.

1. Introduction

Self-compacting concrete or self-consolidating concrete (SCC) is a concrete which possess the following properties: low yield stress,
high deformability, good segregation resistance and moderate viscosity [1]. SCC was developed in Japan in 1988, as durable concrete,
which can fill every corner of formwork even with congested reinforcement, regardless of the skill of the workers on site. At the time,
Japan was facing shortages of experienced labour in the construction industry [2]. In mix design, SCC is considered as a particle
suspension, where the coarse aggregate is regarded as the solid phase suspended in the continuous phase micro- or fine mortar [3].
Essentially, SCC is produced by limiting the maximum size and content of coarse aggregates, inclusion of active or inert fillers [4-6]
and utilising special workability and viscosity modifying admixtures [7]. High strength (50-100 MPa) and ultra high strength
(100-150 MPa) SCC has been used in many mega projects around the world, especially in high-rise buildings, marine facilities, and
long span bridges [8-10]. With the high strength comes two concerns: brittleness and behaviour at elevated temperatures [11,12]. To
induce more ductility fibres are extensively used in the production of high strength SCC [13-18]. These include steel, polypropylene
and Basalt fibres. As for the elevated temperature behaviour, both fibres and fillers were found to be helpful in that respect, as shall be
discussed in the following sections.

In a comprehensive review, Salari et al. [18] analysed publications on high strength fibre reinforced SCC between 2005 and 2016.
They noted that amongst the commonly used fibres in high strength SCC are Basalt Fibres. Basalt Fibres are environment friendly as
they are produced by smelting volcanic rocks in a non-hazardous manner, with less energy consumption than the process for making
glass fibres. Hence these fibres are less expensive than carbon fibres and glass fibres [19]. Basalt fibres have superior properties
including bond behaviour, mechanical strength (tensile strength approximately 4800 MPa), excellent acoustic/electrical/thermal
properties, moderate density (lower than steel fibres but higher than glass fibres), explosion resistance, and capability of combating
high pH values [20]. Several investigators have successfully produced SCC or normal concrete with Basalt fibres [19,21-26]. Others
reported some decrease in compressive strength, especially at high volumes of additions, but an enhancement of tensile and flexural
strengths, with the inclusion of Basalt Fibres [27-30]. Amongst the benefits of this fibre is its ability to improve the behaviour of
different types of concrete at elevated temperatures (polymer concrete [31], concrete with recycled aggregates [23,32], high strength
concrete [25], and concrete containing stone powder [30]. However, as with all fibres, the workability of concrete is adversely affected
by fibre introduction and hence the content in SCC should be limited [19,29,33].

In SCC, Portland cement needs to be partially replaced by active or inert fillers to avoid excessive shrinkage / heat of hydration and
to reduce costs [34,35]. The active fillers include pozzolanic materials such as Silica Fume (SF) and Metakaolin (MK), whereas the inert
fillers include Quartz Powder (QP) and Limestone Powder (LS). Both types of fillers play positive roles in hydration process, with inert
fillers affecting the rate of hydration at early ages (up to 7 days), whereas active fillers contributing to the formation of additional
hydration products (after 28 days) [36]. As there is increased societal pressures towards sustainable development, resource efficiency
and working towards a more circular economy [37,38], utilisation of fillers in SCC can be helpful in reducing the Carbon footprint as
seen in Table 1.

SF has been successfully used in the production of SCC and reactive powder concrete (RPC) [41-43]. MK has also gained wide
recognition as a suitable filler in SCC and RPC [43-47]. SF, MK, and LS were found to improve bleeding and segregation resistance in
fresh SCC; reduce absorption and enhance the compressive strength of hardened SCC and RPC [43,48-52]. QP was found to reduce the
water demand and improve the flow in SCC mixes with SF [53]. The short-term degrees of hydration in mortars containing QP were
found to be higher than those for a reference mortar [54]. However, when QP replaced Portland cement, some reduction in strength
was reported [35,55], therefore in the current investigation QP was employed as sand replacement to improve the packing density of
the mixture. Pastes with LS was found to be more cohesive (higher viscosity) at a given superplasticizer dosage and hence the LS pastes
were more segregation resistant [56]. Data from Corinaldesi and Moriconi [57] showed that LS improved the fresh properties of SCC.
LS greatly increased the stability and homogeneity of SCC [58]. LS was found to act as an accelerator during early cement hydration
[59]. Because of these benefits European and North American standards now allow 5-35 % of LS to be blended in commercial cements,
depending on its type and application [60].

A number of investigators studied the effect of fillers on the behaviour of concrete after exposure to elevated temperatures [31,32,

Table 1

Global warming potential of Portland cement and fillers.
Material GWP (kg COy/kg)
Portland Cement (OPC) 0.951 [39]
Silica fume (SF) 0.028 [39]
Metakaolin (MK) 0.175 [40]
Limestone Powder (LS) 0.0172 [39]
Quartz Powder (QP) 0.0234 [39]
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61,62]. It has been established that SF improves the physico-mechanical properties as well as the microstructure after heating to 600 °C
[63]. For example, the replacement of Portland cement with 10 %, 20 %, or 30 % SF by weight improved the compressive strength by
64.6 %, 28 % or 28 % at 600 °C, respectively, compared to the control mix without silica fume [64]. Concrete samples, containing 0 %,
6 %, or 9 % MK, which were heated for two hours at 300 °C, showed 7 %, 16 %, or 14 % increase in compressive strength, respectively
[65]. MK, SF and Fly Ash, with replacement ratios of up to 15 %, showed excellent temperature resistance after exposure to up to
900 °C [62]. A mortar blend with 10 % SF and 10 % MK exhibited superior performance after exposure to 800 °C [66]. Mixes with up to
30 %LS, without polypropylene fibres, exhibited a smaller reduction in strength after exposure to 200 °C, compared to their coun-
terparts with polypropylene fibres for all replacement ratios [67]. Partial replacement of cement with up to 20 % QP was reported to
improve the thermal and shock resistance after exposure to various temperatures of up to 1000 °C for 2 h [68].

2. Research significance

When combining active fillers with inert fillers, the fillers act in a co-operative manner, exhibiting what is called synergic effect
[69]. This is why SCC mixes are usually binary (i.e. containing Portland cement and one filler [58,70-74], ternary (i.e. containing
Portland cement and two fillers [70-72,75-80], or quaternary (i.e. containing Portland cement and three fillers [37,72,75,76,81-87].
In the published literature, binary and ternary blends were sometimes reported to achieve strengths between 110 and 180 MPa [65,69,
73,79,80,88], with or without added fibres. However, the compressive strength of quaternary blends is usually 50-95 MPa, for total
binder contents 450-910 kg/m>and Portland cement replacement ratios between 30 % and 70 %. SCC quaternary blends containing
fibres are not common in the literature [89-91], and the authors did not cite any publications where a fibre reinforced quaternary
blend SCC achieved high strength. To achieve environmental sustainability through reducing the carbon footprint of concrete, this
study aims to design high strength or ultra-high strength basalt fibre reinforced quaternary SCC mixes, containing Portland cement, SF,
MK and LS, and to study their mechanical and durability related properties (i.e. sorptivity and absorption) as well as their micro-
structure and behaviour after exposure to elevated temperatures.

3. Experimental program
3.1. Raw materials

Four types of active and inert fillers from local sources were used in this study, namely, Portland cement, SF, MK and LS. Portland
cement was CEM I (52.5) satisfying ASTM C150 [92] whereas SF with silica content equals to 96 % was in accordance with ASTM
C1240 [93]. All powder characteristics are listed in Table 2. Both SF and MK were used as a pozzolanic (active) cement replacement
material (Type II) while LS powder is considered as inert cement replacement material (Type I) according to the European Guidelines
for SCC [7]. Quartz powder (QP) was used as a filler to partially replace fine aggregate to optimise the packing density of the mixes. QP
was produced locally by grinding pure sand with high SiO5 content. Particle size distribution of the used powders is illustrated in Fig. 1.
Fraction Retained on 45 um sieve was less than 1 % and the moisture content was less than 0.5 %. A high range water reducer
admixture in accordance with ASTM C 494 [94] type G was used to achieve SCC requirements. Two sizes of basalt aggregate were used
in this study, namely, Size 1 passing from sieve 10 mm and retained on 4.75 mm, and Size 2 passing from 4.75 mm and retained on
2.36 mm. The basalt aggregate mixture contained 70 % of Size 1 % and 30 % of Size 2. The used aggregates were saturated surface-dry
(SSD). Water absorption, specific gravity, and maximum grain size were 1.71 %, 2.7, and 10 mm, respectively. Natural sand used had
water absorption, specific gravity, and maximum grain size of 0.65 %, 2.81, and 2.36 mm, respectively. The sieve analysis grading
curves of the used fine and coarse aggregates are presented in Fig. 1. Chopped basalt fibres (BF), were manufactured in China. Tap
water was used in the mixing and curing processes.

Table 2

Chemical composition and physical properties for the used fillers.
Compound (%) OPC SF MK LS QP
SiO, 21.20 96.0 55 3.61 99.20
AL,0O3 5.50 0.10 42.7 0.33 0.35
Fe,03 3.20 1.0 1.40 0.18 0.04
CaO 63.4 0.20 0.30 53.26 0.15
MgO 0.70 0.15 0.30 0.85 0.02
SO3 2.40 0.10 0.01 0.050 -
NayO 0.10 0.10 0.30 0.02 0.01
K,0 0.50 0.20 0.0 0.36 0.01
loss on ignition 3.00 2.15 0.90 41.34 0.2
Colour Grey Light grey Light beige white white
Grain Size 90 pm 1 pm 0.50 um 20 ym 45 ym
Specific Gravity 3.15 2.15 2.5 2.65 2.70
Bulk Density (t/m%) 1.45 0.355 1.2 1.0 1.28
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Fig. 1. Particle size distribution of used materials.

3.2. Concrete mix design

The authors conducted several trials to produce mixes in accordance with European SCC Guidelines 2005 [7], with the aim of
achieving ultra-high compressive strength and acceptable fresh properties. Table 3 shows the proportions of nine mixes designed to be
UHSFRSCC to achieve concrete strengths between 110 and 135 MPa. All these concrete mixes had the same total active and inert
powder content of 1100 kg/m?, Basalt coarse aggregate content of 540 kg/m> and Basalt fibre of 8.1 kg/m> (0.3 % by volume). The
nine mixes are divided into 3 groups. Each group included 3 mixes. In the first group, G1, the sand was replaced by 34 % QP and the
cement was replaced by 20 % active powder (SF and/or MK). The first mix (M1) incorporated 20 % SF as cement replacement, while in
mixes M2 and M3, SF was 15 % and 10 %, whereas MK was 5 % and 10 %, respectively. In the second group, G2, 20 % of the cement
was replaced by the same replacement ratios of SF and MK as in the mixes in G1, and an additional 20 % was replaced by LS. No QP was
used in G2 to replace sand. In the third group, G3, the cement was replaced by SF, MK and LS as in the mixes of G2, but in addition sand
was replaced by 34 %QP in the three mixes. The water/ binder was kept constant as 0.182 (water content 200 kg/ms), the ratio of
fine/total aggregate was 0.52 (between 0.48 and 0.55 in accordance with the European Guidelines for SCC [7]). The dosage of
superplasticizer (SP), ranged between 3.5 % and 4.1 % by weight of total powder, in order to satisfy the workability requirements of
the European Guidelines for SCC [7]. The mix codes, shown in Table 3 are based on SF and MK contents. For example, S15M5 represent
concrete mix containing 15 % SF (S15) and 5 % MK (M5) as active fillers. The mix numbers are used to distinguish the mixes in the
different groups.

3.3. Mixing, casting and curing processes

The mixing process was performed using a mechanical drum concrete mixer of 10 liters capacity. The mixture components were
carefully weighted. Basalt aggregates, sand (natural or QP when used) and cement were first added to the mixer and thoroughly mixed.
Cement replacement powders (SF, MK, LS) and basalt fibres were then added to the mix. The water and superplasticizer were finally
added to the dry contents in the drum and mixed till the mixture achieved suitable consistency to be cast (mixing time differed ac-
cording to components). From each of the concrete mixtures, 6 cubic specimens (100 mm) and 10 cylindrical specimens (diameter
100 mm, height 200 mm) were cast. Each mould was filled with concrete in three layers and each layer was lightly vibrated to remove

Table 3

Concrete mixes used in the current investigation (kg/m3).
M# Group Code OPC SF MK LS CA FA QP SP BF PV%
M1 G1 S20MO 880 220 0 0 540 390 200 40 8.1 0.56
M2 QP S15M5 880 165 55 0 540 390 200 42 8.1 0.56
M3 S10M10 880 110 110 0 540 390 200 44 8.1 0.56
M4 G2 S20MO 660 220 0 220 540 590 0 39 8.1 0.57
M5 LS S15M5 660 165 55 220 540 590 0 41 8.1 0.57
M6 S10M10 660 110 110 220 540 590 0 43 8.1 0.56
M7 G3 S20MO 660 220 0 220 540 390 200 41 8.1 0.57
M8 QP+LS S15M5 660 165 55 220 540 390 200 43 8.1 0.56
M9 S10M10 660 110 110 220 540 390 200 45 8.1 0.56

M# = Mix number, OPC = Ordinary Portland Cement, LS = Limestone, SF = Silica Fume, MK = Metakaolin, CA = Basalt Coarse Aggregate,
FA = Sand Fine Aggregate, QP = Quartz Powder, W = Water, SP = Superplasticizer, BF = Basalt fibre, PV = Paste volume, G1 = group containing
QP as sand replacement, G2 = group containing LS as inert filler and G3 = group containing both QP and LS.
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air voids. Finishing the concrete surface of the moulds was carried out and then the specimens were covered with plastic sheets to
prevent water evaporation. After 48 h the specimens were demolded and cured in controlled hot water (75 °C + 2 °C) for 3 days to
accelerate the rate of strength gain [95]. Then the specimens were left in the curing tank at 25 °C &+ 2 °C for 25 days until the age of
testing at 28 days.

3.4. Furnace heating regime for the samples that were tested after exposure to elevated temperatures

At the age of 28 days, the specimens, to be heated, were taken from the tank and dried in an oven for two days at a temperature of
105 °C, to reduce their moisture, before subjecting them to higher elevated temperature in an electric muffle furnace (maximum
temperature 1200 °C) in order to minimise the possibility of explosive failure [96]. For the elevated temperatures cycle, the heating
rate was 5 °C/minute. To ensure homogeneous heating for each specimen, a distance of 20 mm was kept between specimens as shown
in Fig. 2(a). Elevated temperatures of 200 °C, 300 °C were considered as over-heating conditions for concrete. These temperatures
were selected since the temperature of fire flames in open air was reported to be in the range of 320-400 °C [97-99]. Once the required
temperature was reached, the samples were kept at this temperature for 1 h to ensure a uniform heating for each sample [99]. At the
end of each exposure period, the power was turned off and the specimens were allowed to slowly cool inside the furnace, while keeping
the furnace door closed to prevent possible development of a thermal gradient in the specimens. The exposure temperature-time
relationship is shown in Fig. 2(b).

3.5. Testing procedures

3.5.1. Fresh characteristics

SCC fresh properties were evaluated namely: flowability, viscosity and passing ability using slump flow, V-funnel, and L-Box tests,
respectively. In slump flow, the diameter of the fresh SCC is measured in two directions and the average diameter is recorded as slump
flow diameter (Sf). V-funnel test can measure the indirect viscosity of SCC mixtures based on the elapsed time between the beginning
and end of flowing of SCC from the funnel (Tv). In the L-Box test, the fresh SCC in the vertical box is allowed to flow through the bars to
the horizontal box. When the flow stops, the ratio (hy/h;) is measured, where h; is the length of the SCC in the horizontal box, and h; is
the height of the remaining concrete in the vertical box. This is called (PA ratio) denoting the passing ability of SCC.

3.5.2. Mechanical properties

Compressive strength test was performed on 100 mm cubes according to BS EN 12390 3:2019 [100] using ELE digital testing
machine of 2000 ton maximum capacity. Splitting tensile strength was recorded for cylindrical specimens of 100 mm diameter and
200 mm height according to ASTM C496,/C496M [101].

3.5.3. Ultrasonic pulse velocity test

Ultrasonic pulse velocity test was conducted on 100 mm cubes in accordance with ASTM C597 [102]. This test was used to assess
the concrete quality by monitoring the time required for the wave to pass through a concrete cube between a transmitter and receiver.
The cube side length is accurately measured using a Vernier Caliper, the velocity is calculated and recorded in ps.

3.5.4. Permeation properties

Water absorption by capillary action (sorptivity) and water absorption by total immersion was performed on 50 mm slices taken
from the prepared cylindrical specimens according to ASTM C1585 [103] and ASTM C642 [104], respectively. To achieve a nearly
constant mass, the specimens were dried in an oven for three days at a temperature of 50 °C. The slices were then sealed in bags for
minimum 15 days. The tests were performed before and after exposure to elevated temperatures of 200 or 300 °C. After exposure to an
elevated temperature, the specimens were cooled to room temperature and weighed. Mass change after semi-immersion for one hour
was measured and the sorptivity was calculated and recorded in g/mm?/s'/2. Percentage water absorption was calculated after full
immersion for 4 days.

350
300 b
250
200
150
100

Temperature, °C

——200 °C
—0—300 °C

0 50 100 150
Time, min

Fig. 2. Heating the test samples: (a) position of samples inside the furnace (b) heating curve.
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3.5.5. Micro-structural properties

The morphology of selected specimens was investigated by scanning electron microscopy (SEM, Zeiss Sigma 500 VP Analytical FE-
SEM, Inspect Carl Zeiss Company, Germany) with a maximum magnification of (10 x — 1,000,000 x) with resolution 0.8 nm. This
SEM microscope is equipped with a unit for energy dispersive X-ray analysis Spectroscopy (EDX) for determination semi-quantitative
elemental analysis of the hydrated phases.

3.6. Results and discussions

3.6.1. Fresh properties of UHSFRSCC

Table 4 shows the fresh properties for test mixes. It can be seen from Table 3 that the amount of superplasticizer added for each
concrete mix slightly increased with increasing the amount of active and inert powders (SK, MK, and LS) to satisfy SCC workability
requirement according to The European Guidelines for SCC [7].

For the same powder type and content, G2 and G3 mixes showed that utilisation of QP as a sand replacement reduced the fluidity of
the mixes. However, rheological classes {flowability (SF3), viscosity (VF1) and passing ability (PA2)} were not affected due to their
practically wide limits. Moreover, for the mixes in each group MK inclusion as a partial replacement of SF resulted in lower slump-flow
values, higher V-funnel flow times and lower L-Box ratios compared to the SF concrete and the amount of reduction in the flowability,
viscosity and passing ability increased with increasing MK content.

A pilot study was conducted to increase MK replacement level over that utilised in SIOM10 mixes, up to 10 % by total powder
weight as shown in Fig. 3. In spite of increasing the amount of superplasticizer, the mix failed to satisfy SCC requirement. Therefore, the
content in SI0M10 was considered to be the maximum for the mixes in the current study. Reduction in the flowability due to 10 % MK
inclusion was 22 %, 8.75 % and 15.2 % for mixes M3, M6 and M9 compared with the mixes containing only SF in the same group (M1,
M4 and M7), respectively. The significant reduction in rheological properties due to MK inclusion was reflected on SCC classes. On the
contrary, inclusion of limestone powder (LS) as a partial replacement of cement (comparing G1 and G3 mixes), the flowability was
slightly improved. As shown in Table 4, flowability of Mix M7 in Group G3 which contained 20 % SF as active powder, and 20 % LS as
inert powder was 790 mm while the flowability of Mix M1 in Group G1 which contained only 20 % SF was only 770 mm. However, the
flowability class was not changed. Therefore, LS incorporation has no significant negative effect on fresh properties of UHSFRSCC. This
agrees with the results obtained by Zhu and Gibbs [105]. On the other hand, comparing the rheological characteristics of the mixtures
containing MK in G1 and G3 reveals that not only the MK inclusion significantly decreased the flowability, but MK also affected the
class of SCC.

It can be seen from Table 4 that flowability classes of M2 and M3 were SF2 and SF1, while they were upgraded to SF3 and SF2 for
M8 and M9, respectively. This effect may be attributed to the higher specific surface area of MK compared to SF, as well as the irregular
or plate like shape of MK particles [49 and 50]. The high improvement in fresh characteristics occurred in Mix M4 due to the presence
of LS and absence of MK and QP, although this mixture had the least SP content as shown in Table 3. A similar observation was noted by
[58]. The worst fresh characteristics were recorded for mixture M9, which contained 10 % MK as active powder and 34 % QP as sand
replacement. It can be argued that this effect can be attributed to higher water demand due to the decreased particles size and the
increased specific surface area of both MK (< SF) and QP (< sand). A similar effect was reported by other researchers [49,59,73,74].

3.6.2. Hardened properties of UHSFRSCC

hardened properties in terms of UPV, compressive and splitting tensile strength were determined for all concrete specimens at
ambient temperature (25 + 2 °C) and after exposure to elevated temperature of 200 or 300 °C. The results will be discussed in the
following sections.

Table 4
Fresh properties for UHSFRSCC mixes.
M# Group Mix code Flowability Viscosity Passing ability
Slump flow (Sf), mm V-funnel (Tv), s L-Box (h2/h1) (PA ratio)
Value Classification Value Classification Value Classification
M1 Gl S20MO 770 SF3 8 VF2 0.9 PA2
M2 QP S15M5 730 SF2 11 VF2 0.85 PA2
M3 S10M10 600 SF1 12 VF2 0.8 PA2
M4 G2 S20MO 800 SF3 6 VF1 1 PA2
M5 LS S15M5 780 SF3 8 VF2 0.97 PA2
M6 S10M10 730 SF2 9 VF2 0.9 PA2
M7 G3 S20MO 790 SF3 7 VF1 0.95 PA2
M8 QP + LS S15M5 760 SF3 10 VF2 0.9 PA2
M9 S10M10 670 SF2 11 VF2 0.85 PA2
The European Guidelines for SCC [7] 550-800 8-25 >0.8
Classes SF1 550-650 VF1 <8 PA1l with 2 rebars
SF2 660-750 VF2 8-25 PA2 with 3 rebars
SF3 760-800
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.

(a) Slump flow and L box for mix contaning (b) Slump flow and L box for mix containing
10% MK (M3) (accepted as SCC) 15% MK (failed as SCC)

Fig. 3. Fresh properties for UHSFRSCC mixes containing 10 %MK and 15 %MK.

3.6.2.1. Nondestructive testing (Ultrasonic pulse velocity, UPV). UPV test results are reported in Table5 for all mixes at different
exposure temperature conditions. When considering the quality of mixes in terms of UPV values, excellent quality of concrete has UPV
greater than 4500 m/s; for good concrete the UPV is 3500-4500 m/s; for fair or medium concrete the UPV is 3000-3500 m/s, and for
poor concrete UPV is less than 3000 m/s. It can be seen that all mixes, except those for G1 exposed to 300 °C can be classified as
excellent quality concrete. It can be observed from Table 5 that UPV results decreased in all studied concrete with increasing tem-
perature as a result of micro-cracks formation after elevated temperature exposure. On the other hand, UPV increased with inclusion of
active and inert powder (MK and LS) which may be attributed to both physical micro filler and chemical pozzolanic effect of these
powders as will be discussed later sections. Enhancement of UPV for SCC with additives was reported by Kannan and Ganesan [71].

3.6.2.2. Compressive strength. The compressive and splitting tensile strengths for all UHSFRSCC mixes at ambient temperature 25 °C
and specified elevated temperatures 200 and 300 °C are reported in Table 5. The results indicate that the mechanical properties
generally decreased with increasing elevated temperatures. However, the degree of strength degradation depends on the type and
amount of the used active and/or inert powder as well as exposure temperature.

Table 5 includes the results of the compressive strength (CS) for all mixes at different exposure conditions. Fig. 4(a) shows CS of the
test mixes at ambient temperature. It can be seen that, for each group, the inclusion of 5 % MK or 10 % MK resulted in slightly higher or
lower compressive strength compared to that containing SF only in the same group, respectively. The percentage of strength
improvement and reduction are less than 4.1 %. This observation is in agreement with the results found in previous studies [51,106,
107]. Moreover, the mixtures having QP and /or LS powder possess higher compressive strength, irrespective of the presence of active
powder (MK or SF). The mixtures in G3 have higher compressive strengths than corresponding mixes in G1 and G2. Comparing
mixtures in G1 and G3 indicates that LS inclusion increased the compressive strength of UHSFRSCC, and the average percentage of
improvement was 6.3 %. On the other hand, comparing mixes in G2 and G3 shows that replacing 34 % sand with QP somewhat
increased the average compressive strength by 2.5 %. The improved mechanical and durability properties of concrete containing fine
powder (QP and LS) may be attributed to its pore-filling effect which led to a densified and more compacted microstructure [50,105,
108]. In addition, Tikkanen et al. [60] suggested that the inert fillers enhance the hydration by acting as nucleation sites for C-S-H and
thus become a part of the binder matrix.

It can be seen from Table 5 that the compressive strength results for G1, G2 and G3 concrete groups ranged between
115.8-124.4 MPa, 121.3-128.3 MPa, and 124.2-132.3 MPa, respectively. The concrete containing (5 % MK + 15 % SF + 20 % LS) as
a cement replacement and 34 % QP as a sand replacement, Mix M8, had the highest compressive strength of 132.3 MPa. On the other
hand, Mix M3 in G1 had the lowest compressive strength of 115.8 MPa. The enhanced compressive strength of MK blended UHSFRSCC

Table 5
Mechanical properties and UPV of UHSFRSCC at ambient temperature and after exposure to elevated temperatures.

M# Group Mix code Temp, 25 °C Temp, 200 °C Temp, 300 °C

CS, MPa STS, MPa UPV, km/s CS, MPa STS, MPa UPV, km/s CS, MPa STS, MPa UPV, km/s

M1 Gl S20M0 120.71 13.60 5.21 111.05 12,51 4.79 101.39 11.42 4.38
M2 QP S15M5 124.37 14.60 5.26 112.42 13.70 4.82 104.47 12.60 4.42
M3 S10M10 115.83 13.10 5.19 113.56 12.45 4.93 105.97 11.86 4.45
M4 G2 S20MO0 124.52 14.30 5.26 117.05 13.44 4.94 109.57 12.35 4.63
M5 LS S15M5 128.34 15.30 5.30 118.64 14.30 5.01 112.94 13.60 4.66
M6 S10M10 121.29 14.10 5.23 119.19 13.80 5.10 113.10 12.95 4.70
M7 G3 S20MO 127.06 14.60 5.29 121.98 14.30 5.08 115.62 13.10 4.81
M8 QP + LS S15M5 132.31 15.90 5.36 122.02 15.10 5.10 120.40 14.60 4.87
M9 S10M10 124.22 14.60 5.27 123.29 14.40 5.21 120.90 13.90 4.93
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Fig. 4. The mechanical properties of control specimens, (a) compressive (b) splitting tensile strength.

is mainly due to quick pozzolanic reaction of MK, the acceleration of OPC hydration as well as its micro-filler effect due to its high
surface area [52,109]. However, a further increase in replacement level of cement with MK resulted in an increase of the unreacted
alumina silicate in the mixture due to insufficient presence of Portlandite [52]. These results are in agreement with the findings of
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other researchers who also noted that there is an optimum level of cement replacement with MK [65,74]. Salari et al. [ 18] reported that
42 %, 24 %, 23 % and 11 % of the publications designed SCC with compressive strengths in the range of 50-70 MPa, 75-100 MPa,
100-125 MPa and > 150 MPa (Ultra High Performance), respectively. He did not cite any studies where the SCC compressive strength
achieved 125-150 MPa. Therefore, mixes with similar strengths to those exhibited by SI5SM5 in G2 and G3 are novel.

Fig. 5(a) presents the relative compressive strength (RCS), which is the ratio of compressive strength after a particular exposure
temperature, (f’ )1, to that of specimens tested at ambient temperature, (f )2s. It should be noted RCS for all mixtures was (0.9-0.99) at
200 °C and (0.84-0.97) at 300 °C. These results are in agreement with Uysa [67], who reported a small decrease in the compressive
strength of SCC samples containing up to 30 % LS heated to 200 °C. However, some reports in the literature indicated an increase in the
compressive strength upon exposure to temperatures in the range of 200-300 °C [65,66]. They attributed this to the progressive
pozzolanic reaction of residual unreacted MK and/or SF particles as a result of temperature rise. This phenomenon is called internal
autoclaving by steam in the concrete pores. This was not exhibited in the current study, as the samples were dried for two days at a
temperature of 105 °C prior to exposure to elevated temperatures. Therefore, not enough steam was generated to help with the
continued hydration.

It is clearly observed from Fig. 5(a) that the RCS increased with incorporating QP and/or LS as well as with increasing MK content.
LS addition improved RCS by 1.2-4.2 % and 6.0-7.7 % after exposure to 200 and 300 °C, whilst QP addition slightly improved RCS by
1.0-2.1 % and 3.3-4.2 % after exposure to 200 and 300 °C, respectively. Moreover, incorporating 5 %MK decreased RCS by 1.7-3.9 %
after exposure to 200 °C while it had no effect after exposure to 300 °C. Alternatively, incorporating 10 %MK improved RCS by
3.4-6.6 % and 6-9 % after exposure to 200 and 300 °C, respectively. It is clear that mix M9 possessed the best resistance to
compressive strength degradation under elevated temperatures. RCS was increased by 7.9 % and 15.9 % with the presence of 20 %LS
and10 %MK, in M9 compared with M1 after exposure to 200 and 300 °C, respectively. Incorporating combined 20 %LS and 10 %MK
minimised the losses of compressive strength by 1-3 % after exposure to 200 and 300 °C, respectively. This is in agreement with the
findings of other publications, in which QP addition was found to enhance the residual mechanical properties after exposure to
elevated temperature [68], and similar effects were noted for the inclusion of LS [67] and MK [65,66].

3.6.2.3. Splitting tensile strength. Development of an adequate tensile strength is crucial for elevated temperature behaviour as it
prevents explosive failure and cracking of concrete, by resisting thermal stresses, produced due to internal vapour pressures at high
temperature (300-500 °C) [25]. Table 5 and Fig. 4(b) show the results of splitting tensile strength of specimens. Splitting tensile
strength (STS) follows a similar trend as the compressive strength. STS decreased with increasing elevated temperature for all studied
concretes up to 300 °C. The results reported in Table 5 show that inclusion of 5 %MK resulted in enhancement of STS, while the
addition of 10 % MK had an adverse or no significant effect, compared to the 20 % SF specimens without MK. Adding LS enhanced the
STS compared with samples containing QP. However, combination of both powders (LS and QP) produced the best performance. In
addition, the percentage of improvement increased with increasing exposure temperature. For example, S15M5 mix exhibited an
improvement of STS by 7.4, 6.99, 8.9 % compared with mixes containing 20 %SF without MK in G1, G2 and G3, for samples at 25 °C,
respectively. The improvement was 9.5, 6.4, 5.6 % at 200 °C and was 10.3, 10.1, 11.5 % at 300 °C, respectively. Moreover, utilising
both QP and LS, resulted in improvement of STS by 7.4 %, 14.3 % and 14.7 % for specimens at 25, 200 and 300 compared to mixes
with QP only, respectively.

Relative splitting tensile strength (RSTS) for all designed concretes after temperature exposure is presented in Fig. 5(b). There is
some increase in RSTS with mixes containing MK and LS, compared to mixes with SF and QP. Moreover, increasing the elevated
temperature resulted in a reduction of RSTS. It was found that maximum RSTS were observed for samples containing combined 10 %

Table 6
Sorptivity and absorption of UHSFRSCC at ambient temperature and after exposure to elevated temperatures.

M# Group Mix code  Temp, 25 °C Temp, 200 °C Temp, 300 °C

Sorptivity g/mm?/s*>  Absorption %  Sorptivity g/mm?/s®®  Absorption %  Sorptivity g/mm?/s®®  Absorption %

Ml Gl S20M0 0.0135 0.31 0.0165 0.36 0.43
QP 0.0175

M2 S15M5 0.0125 0.30 0.0150 0.34 0.39
0.0170

M3 S10M10  0.0150 0.35 0.0160 0.35 0.41
0.0170

M4 G2 S20MO 0.0120 0.28 0.0135 0.33 0.39
LS 0.0150

M5 S15M5 0.0095 0.25 0.0120 0.31 0.34
0.0135

M6 S10M10  0.0120 0.31 0.0125 0.32 0.36
0.0140

M7  G3 S20M0 0.0100 0.26 0.0110 0.28 0.34
QP +1S 0.0130

M8 S15M5 0.0080 0.22 0.0100 0.25 0.29
0.0107

M9 S10M10  0.0110 0.26 0.0115 0.29 0.34
0.0120
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MK + 20 %LS (M9), where RSTS was improved by 7.2 % and 13.4 % compared to the reference mixture (M1) containing SF and QP,
after exposure to 200 and 300 °C, respectively. RSTS decreased at temperature beyond 200 °C. However, the amount of reduction
decreases with incorporating both MK and LS powder. This may be attributed to the improved microstructure of interfacial transition
zone (ITZ) around both aggregate particles as well as basalt fibre due to the higher pozzolanic activity of MK and the filling effect of LS
[66]. Moreover, MK was found to be essential for initial strength gain until 28 days [87]. STS loss were only 8 % and 5 % for samples
containing 5 %MK and 10 %MK at 300 °C elevated temperature for mix M8 and M9, respectively.

3.6.3. Durability related properties (sorptivity and absorption)

Exposure of concrete to elevated temperatures leads to the development of micro-cracks and pores, which have a major impact on
permeation characteristics such as water absorption and sorptivity [110-113]. In general, the permeation characteristics are
considered as durability indicators [114]. To study the designed UHSFRSCC at different exposure temperatures, water sorptivity and
absorption were assessed, and the results are reported in Table 6.

3.6.3.1. Sorptivity. It can be seen from the results reported in Table 6 that sorptivity decreased with incorporating both QP and LS
powder which may be attributed to the physical micro filler effect of these fine powders. In addition, sorptivity decreased with adding
10 %MK and decreased significantly with adding 5 %MK. This may be attributed to the higher pozzolanic activity of MK resulting
formation of more gels that fill micropores in the matrix. For mixes containing combined QP and LS such as M7, sorptivity decreased by
26 % and 17 % compared to that of mixes containing separate powder either QP (M1) or those containing LS (M4), respectively.
Furthermore, adding 5 %MK in mix M8 resulted in reducing the sorptivity by 20 % compared to that of the mix M7. Similarly, Gesoglu
etal. [108] reported that the sorptivity coefficients for ternary mixtures were less than those of binary mixtures. However, their values
for sorptivity were between 0.05 and 0.065 for ternary mixes with fly ash and marble powder or Limestone powder. These values were
much higher than those recorded in the current investigation. This can be attributed to the fact that the current study employed a total
filler content of 1100 kg/m3, whereas Gesoglu et al. [108] used only 520 kg/rn3 in their mixes. Therefore, the incorporation of higher
filler contents in the current investigation dramatically enhanced the sorptivity.

In general, sorptivity is expected to increase with exposure to elevated temperature, as a result of the formation of surface micro-
cracks, allowing water to penetrate the concrete. Moreover, Ling et al. [115] argued that moisture loss during the drying and subjecting
the concrete to elevated temperatures will lead to higher sorptivity for heated samples compared to unheated ones. However, MK was
found to help during exposure to elevated temperature. For example, mixes in G1, with 5 % MK exhibited an increase in sorptivity of
only 20 %, compared to the mix without MK which suffered 22.2 % increase in sorptivity when heated to 200 °C. Arslan et al. [116],
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Karatas et al. [117] also found that the sorptivity behaviour was improved for SCC with MK after exposure to elevated temperature.

The sorptivity values of M8 were lower than those of M1 by 41 %, 39 % and 38.9 % for ambient, 200 °C and 300 °C, respectively.
These results show the positive effect of combined inert and active fillers on sorptivity in all temperature conditions. Fig. 6(a), rep-
resents effect of MK addition along with other fillers (MK+LS or MK+QP) on the reduction of sorptivity at different temperatures
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compared with the counterpart mix containing 20 % SF only without MK. It can be seen from the figure that, generally, all combined
powder inclusions decreased sorptivity of samples subject to different elevated temperatures up to 300 °C. However, combined 20 %
LS + 5 %MK possessed the maximum reduction in sorptivity at different exposure temperatures.
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Fig. 8. SEM for samples M7, M8 and M9 at both 25 °C and 300 °C.
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3.6.3.2. Absorption. Results of water absorption of all test specimens are presented in Table 6 and Fig. 6(b). It can be observed from the
table that the water absorption increased with increasing the elevated temperature, and this is in agreement with the previous studies
[52]. On the other hand, water absorption decreased with incorporating QP and LS powder in the mixes. In addition, water absorption
decreased significantly with 5 %MK inclusion, however, with 10 %MK the absorption was higher than that for the samples with 5 %
MK. For example, water absorption for M7 was reduced by 16.1 % and 7.1 % compared to that of M1 and M4, respectively.
Furthermore, presence of 5 %MK in M8, resulted in a reduction of water absorption by 15.4 % compared to M7, which does not contain
MK. Like sorptivity results, overheating of specimens to 200 °C and 300 °C resulted in an increase of water absorption of the speci-
mens. However, the inert powders were helpful in reducing the effect of heat as can be seen from Table 6. Similar trends were reported
by da Silva and de Brito [70] when studying the absorption of SCC binary and ternary mixes with LS and fly ash. However, all their
absorption values were above 10.5 %, whereas in the current investigation the maximum recorded absorption was 0.43 %. Again, this
can also be attributed to the increased packing density of the mixes employed herein due to the higher binder content and careful
selection of mix ingredients.

Fig. 6(b) represents the effect of the addition of MK along with other fillers on reduction of water absorption at different exposure
temperatures compared with the containing 20 % SF without MK. It can be seen from the figure that, generally, combined powder
decreased water absorption of concrete subjected to different elevated temperature up to 300 °C. However, combined 20 %LS + 5 %
MK possessed the maximum reduction in absorption at different exposure temperatures.

3.6.4. Microstructure of studied specimens

The SEM images of selected samples (M1, M2 in G1 and M7, M8, M9 in G3) at ambient and 300 °C elevated temperatures are shown
in Figs. 7 and 8. It can be seen from Fig. 7-a that the concrete containing only SF (M1) at 25 °C exhibited some cracks. Basalt fibres are
seen to bridge the gaps and micro-cracks within concrete, resulting in the high strength [25]. The observed cracks may be attributed to
the thermal expansion and drying shrinkage as a results of higher cement content (880 kg/m>). The number and width of these
micro-cracks increased with increasing thermal expansion due to exposure to elevated temperature (300 °C) as shown in Fig. 7-b. This
was reflected on degradation in strength and permeation characteristics [25]. Fig. 7-c, and d show SEM images for specimen containing
5 % MK combined with 15 %SF (M2) at 25 °C and 300 °C, respectively. It can be observed that, at ambient temperature, the bulk
matrix was more densified, and cracking was less than that in the 20 % SF mix without MK (M1) in Fig. 7-a. This could be attributed to
the high reactivity of MK at the early ages compared to SF which leads to formation of high amount of C-S-H and C-A-H gels. As a result,
strength and permeation properties were enhanced. When a specimen from the same mix was exposed to 300 °C (Fig. 7-d); the sample
still exhibited a dense internal structure while a few micro-cracks and pores were detected. These observations were confirmed through
EDX analysis where, Si/Ca ratio of concrete (M2) incorporating combined (5 %MK + 15 %SF) has shown higher value compared to SF
concrete (M1) at 25 °C and 300 °C, and this also explains the observed increased compressive strength at different temperatures for
this mix compared with M1.

SEM images of concrete specimens containing LS, QP as inert powders beside SF and/or MK are shown in Fig. 8(a—f) at both
ambient and 300 °C elevated temperatures. Specimens incorporating LS powder (M7 and M8) showed a denser microstructure with
limited number of microcracks compared with mixes without LS (M1 and M2). This could be attributed to the pore filler effect as well
as the contribution of synergic effect of MK and LS in enriching the amount of hydration products by consuming C-H as well as the
formation of carbo-aluminate after 28 days [118]. Besides, the drying shrinkage was probably reduced as a result of higher cement
replacement level (40 %). This may explain the higher residual strength and permeation properties. Moreover, SEM images for SF
concrete specimens, M7 (Fig. 8-a), showed a higher number of micro-cracks than that incorporating combined SF/MK, M8 (Fig. 8-c) at
ambient temperature. EDX analysis reveals that Si/Ca ratio for concrete incorporating 15 %SF + 5 %MK (M8) is higher than that of
20 %SF concrete (M7) at ambient temperature. Therefore, the microstructure of M8 was denser than that of M7. The enhanced
microstructure is consistent with strength and permeation results. On the other hand, the microstructure as shown in Figs. 8-b and 8-d
exhibited signs of degradation at elevated temperature as a result of the deterioration of C-S-H and/or C-A-H gels, explaining the
observed reduction in compressive strength. The specimens containing combined SF/MK showed less microcracking than those
incorporating SF only. SEM images for concrete specimens incorporating combined 10 %SF and 10 %MK (M9) are shown in Fig. 8-e
and -f at ambient temperature and at 300 °C. It can be seen from Fig. 7-e that specimens show a less dense microstructure with some
pores at ambient temperature than the sample with SF only (M7). However, at 300 °C (Fig. 8-f) this specimen had a smaller number of
microcracks and pores than the sample with SF only (M7) (Fig. 8-b). EDX analysis confirm that Si/Ca ratio for concrete incorporating
10 %SF + 10 %MK (M9) is less than that of 20 %SF concrete (M7) at ambient temperature while the case was reversed at 300 °C. This
complies with strength and permeation characteristics and clarifies the role of MK in increasing the resistance of concrete to elevated
temperature exposure.

4. Conclusions

Using active and inert fillers from local sources in Egypt, binary, ternary or quaternary UHSFRSCC mixes were designed. The
maximum cement replacement ratio reached 40 %, and in some mixes QP was used to partially replace 34 % sand to improve the
matrix packing density. Based on the results the following conclusions can be drawn:
1. SCC mixes, with compressive strengths exceeding 115 MPa, were produced. Amongst these mixes, two quaternary blends con-

taining 15 % SF, 5 % MK, 20 % LS as partial Portland cement replacements, with or without partial replacement sand with QP,
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achieved a compressive strength > 125 MPa, a level of strength not cited for quaternary SCC in published literature. All fillers, both
active and inert, co-operated to realise this level of strength.

2. Regarding the mix containing only 20 % SF, replacing 5 %SF by 5 %MK and incorporating 20 %LS these combined blends improve
compressive and splitting tensile strength by 10 % and 17 % respectively at ambient temperature while, these percentages reach to
19 % and 28 % respectively after exposure to 300 °C.

3. The inclusion of 20 % LS improved both the fresh and mechanical properties of UHSFRSCC at all temperature conditions.

4. Mixes containing 10 % MK, as Portland cement replacement, exhibited impaired fresh and compressive strength, compared to
mixes with only 5 % MK. The tensile strength was not significantly affected. However, the higher MK mixes exhibited improved
strength retention after exposure to elevated temperature.

5. Partially replacing sand with 34 % QP adversely affected the fresh properties, but the mechanical strength both at room tem-
perature and after exposure to elevated temperature were marginally improved due to the inclusion of QP.

6. Mixes with 5 % MK exhibited improved tensile strength, compared to mixes with 20 % SF only, at all temperature conditions.
Remarkably, the improvement was higher for the higher exposure temperature. Mixes with both LS and QP exhibited the highest
splitting tensile strength at all temperature conditions.

7. Quality of UHSFRSCC containing 20 % active mineral admixture (SF and MK) and 20 % inert powder (LS) as cement replacement
with and/or without QP as sand replacement, can be classified as excellent concrete even after exposure to 300 °C, since the UPV
values exceeded 4500 m/s. While UHSFRSCC which contains only 20 % active mineral admixture and does not contain LS can be
classified as excellent at ambient temperature even after exposure to 200 °C while, can be considered as good concrete after
exposure to 300 °C as UPV values declined below 4500 m/s.

8. The ternary and quaternary blends designed in this study exhibited very low sorptivity and absorption values compared to the
mixes cited in the literature due to the higher powder content and the efficient packing density. The sorptivity and absorption were
0.008 % and 0.22 %, respectively, for a mix containing 15 % SF, 5 % MK, 20 % LS and 34 % QP as sand replacement.

9. The SEM images explained the recorded results for hardened properties and permeation characteristics.

5. Scope for future work

It can be concluded that the incorporation of both active and inert mineral powders as partially cement replacement not only
enhances the engineering properties of UHSFRSCC and reduces permeation properties but also improves the microstructure of the
composite. Future works on UHSFRSCC incorporating other different types of active (fly ash, GGBS) and inert powder like (Basalt)
powders are recommended for the enhancement of mechanical properties. Effect of higher elevated temperature over 300 °C on other
residual properties (flexure, modulus of elasticity) of UHSFRSCC need to be investigated. Influence of improvement of UHSFRSCC
ductility by the addition of microfibers need investigation. For the application, structural behaviour of reinforced UHSFRSCC con-
taining blended active and inert powders and microfiber under axial, flexural loads should be assessed in future research.
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