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ABSTRACT

This research examines the synergistic impacts of incorporating rice husk ash (RHA) and ceramic powder (CP) in
ultra-high-performance concrete (UHPC). Four alternatives of UHPCs with different contents of RHA and CP
were investigated. Specifically, the first two batches substituted silica fume (SF) with RHA at levels of 5 %, 10 %,
and 15 %, whereas 10 %, 15 %, and 20 % RHA was used to replace cement in the third batch. The last batch, on
the other hand, was designed to examine the synergistic effect of a fixed 5 % RHA and CP replacement pro-
portions of 10 %, 15 %, and 20 %. Mechanical properties (i.e. compressive/flexural resistance and damping
ratio), economic efficiency, and environmental impacts of the newly designed mixtures were determined.
Compared to the reference mix, all mixtures experienced declined workability. While using RHA to replace SF
exhibited either comparable or enhanced compressive and bending capacities, mixes with cement substitution
had lower compressive strengths but higher flexural strengths. Regardless of substituting cement or SF, incor-
porating RHA consistently augmented the damping performance of the UHPC blends. The inclusion of both RHA
and CP resulted in up to 17.2 % higher compressive strength, 47.9-59.1 % higher flexural strength, and 68 %
higher damping ratio compared to the control mix, highlighting their favourable synergistic effects for devel-
oping high-performance and eco-friendly UHPC mixtures. The developed mixtures also demonstrated im-
provements of up to 40 % in cost-efficiency and reductions of up to 10.1 % in embodied carbon emissions (38 %

carbon index).

1. Introduction

The current increasing demand for housing and infrastructure has
caused a soar in global production rates of concrete, leading to its being
the most commonly used construction materials. In recent years, there
have been notable advancements in concrete technology, including the
development of ultra-high performance concrete (UHPC), which is a
type of concrete that can boost the compressive capacity to over 150
MPa and the tensile strength of up to 15 MPa [1]. Moreover, UHPC
possesses good workability, high toughness, and excellent resistance to
long-term creep, freeze-thaw cycles, and salt-scaling [1,2]. A typical mix
of UHPC contains high cement content of 900-1000 kg/m3, silica fume
(SF) of 150-250 kg/m3, quartz powder and quartz sand [1,2]. Steel fi-
bres are also added to improve the UHPC’s ductility, flexural strength,
and dispense the need for passive reinforcement in some instances [3].

* Corresponding author.

Given these remarkable mechanical and durable properties, UHPC
provides a propitious solution to lighter and eco-friendlier structures
with longer service life, less material consumption and higher structural
efficiency in comparison with using conventional concrete and other
building materials [3,4].

The cement industry has been identified as one of the largest envi-
ronment defilers, accounting for 5-7 % of the global carbon emissions
[5]. Since an UHPC mix usually requires a great amount of cement,
mitigating CO, emissions released in the manufacture of UHPC is of
great importance. To achieve “green” concrete, material scientists have
been focusing on utilising supplementary cementitious materials (SCMs)
to reduce the dependence on cement, achieving different levels of
accomplishment [6-8]. Ground granulated blast furnace slag (GGBFS),
fly ash (FA), and silica fume (SF) are the most common SCMs [5].
Despite their widespread usage in replacing cement in the production of

E-mail addresses: trinhtranmaikimhoang@tdtu.edu.vn (H.T. Trinh), hivin.fernando@newest-wa.com.au (P.H. Fernando), tranminhtung@tdtu.edu.vn (T.M. Tran),

thong.pham@unisa.edu.au (T.M. Pham).

https://doi.org/10.1016/j.istruc.2024.106974

Received 7 May 2024; Received in revised form 1 July 2024; Accepted 19 July 2024

Available online 2 August 2024

2352-0124/© 2024 The Authors. Published by Elsevier Ltd on behalf of Institution of Structural Engineers. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).


mailto:trinhtranmaikimhoang@tdtu.edu.vn
mailto:hivin.fernando@newest-wa.com.au
mailto:tranminhtung@tdtu.edu.vn
mailto:thong.pham@unisa.edu.au
www.sciencedirect.com/science/journal/23520124
https://www.elsevier.com/locate/structures
https://doi.org/10.1016/j.istruc.2024.106974
https://doi.org/10.1016/j.istruc.2024.106974
https://doi.org/10.1016/j.istruc.2024.106974
http://crossmark.crossref.org/dialog/?doi=10.1016/j.istruc.2024.106974&domain=pdf
http://creativecommons.org/licenses/by/4.0/

H.T. Trinh et al.

UHPC, they are not deemed as effective and sustainable alternatives.
This is because they are by-products of energy-intensive and polluting
industrial processes. In fact, the amount of FA has been reduced in North
America since coal-fired power plants are being transformed to gas-fired
plants; and the production cost of SF is substantial due to the scarcity of
resources [5]. Another issue is that transporting these by-products from
distant locations can discharge a massive amount of carbon emissions to
the atmosphere. Therefore, using local recycled waste materials is
becoming a preferred practice [9].

Worldwide, an annual production of approximately 160 million tons
of rice husk from rice paddies raises significant environmental concerns
in rice-producing countries [10]. On the one hand, disposing of these
husks in landfills consumes extensive space, leading to potential land
shortages. On the other hand, incineration leads to the generation of
ashes, posing a threat to air quality and the aesthetic appeal of sur-
rounding areas. Even the fermentation of rice husk by microorganisms
results in the emission of methane, a greenhouse gas contributing to
global warming [11]. Controlled burning rice husks at temperature
between 600-850 °C produces a solid residue known as rice husk ash
(RHA) [12]. With a high SiO, content of 90-96 % and an extremely fine
texture, this RHA is considered a promising SCM [13]. RHA, similar to
SF and FA, are classified as highly pozzolanic materials. The presence of
RHA improves the hydration process and the microstructure of the
cement paste [14]. Specifically, RHA can decrease the concrete mix-
ture’s porosity, the Ca(OH), content in the interfacial transition zone
(ITZ) between cement paste and aggregates, and the width of the ITZ
[14]. Due to these beneficial characteristics, RHA have been reported to
positively contribute to concrete mechanical properties and durability
[12,13,15-21], allowing for its partial/full substitution for conventional
cementitious materials. Besides, considering its related environmental
issues and the increasing shortage of other SCMs, RHA provides an
economical, advantageous, and sustainable alternative for conventional
binders, especially in agricultural countries where rice husk is vastly
accessible from rice production.

Previous studies have been carried out to investigate the optimal
replacement proportions of RHA for concrete and/or SF in many genres
of concrete, including UHPC [3,15,17,18,20-24]. A cement replacement
ratio of 5-30 % with RHA was documented to improve hardened
properties of concrete mixes. For normal concrete, Gastaldini et al. [21]
found a mixture having 20 % RHA and 1 % KSO4 (by weight of cement)
as a chemical activator possessed higher compressive strength than that
of the control mix. Specifically, at 91 days old, the increase in
compressive strength was up to 43 % [21]. Similar outcomes were re-
ported by Chindaprasirt et al. [20]. Moreover, Saraswathy and Song
[22] discovered that the addition of RHA of up 30 % dosage diminished
the permeability and chloride penetration of the concrete paste, leading
to enhanced corrosion resistance and strength. Regarding high perfor-
mance concrete (HPC), Cordeiro et al. [23] found ultrafine RHA having
particle size of 3 um enhanced the mechanical behaviour and durability
of HPC blends, particularly for 20 % replacement. At the same time,
Salas et al. [15] stated that the use of 5-10 % RHA enhanced the
compressive capacity and exhibited comparable strength with HPC
paste having the same amount of SF. In a research on self-consolidating
high performance concrete (SHPC), Safiuddin et al. [24] observed that
RHA-based mixtures obtained higher compressive strengths than that of
the control mix, especially for longer curing days. Accordingly, the au-
thors found 15 % replacement of RHA was the optimum proportion for
SHPC, having outstanding strengths and acceptable workability [24].

Considering UHPC, Nguyen et al. [18] reported that the compressive
strength of RHA-incorporated specimen surpassed that of the reference
sample, even after three and seven days. Likewise, Huang et al. [17]
documented that 2/3 substitution dosage of RHA for SF significantly
increased the compressive strength of UHPCs, by 14.5 % at 28 days.
Compared to the control specimen, reactive powder concrete (RPC), a
type of UHPC, showed significant improvements in compressive and
flexural strengths, with increments of up to 56 % and 44 %, respectively
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[13]. In addition, the 30 % RHA-added mixture exhibited greater
compressive, splitting tensile and flexural resistance than other mixes,
being the optimum percentage [13]. Apart from augmented hardened
properties, RHA was found to delay and decelerate the self-desiccation
of UHPCs, addressing the problematic autogenous shrinkage [16,25].
In summary, existing research has consistently demonstrated that the
optimum cement/SF replacement by RHA falls between 10 % and 30 %,
depending on several factors.

According to Ray et al. [26], the production of concrete requires 1.5
billion tons of cement, 10-20 billion tons of aggregates, and about 1
billion tons of water per year. With the increasing global population, it is
anticipated that the demand for concrete will reach approximately 18
billion tons per year [26]. Such high demand for local natural resources
in concrete production will evidently have negative impacts on the
natural environment, including erosion of river deltas and coastlines due
to the extraction of natural sand and gravel [26]. To address this issue,
the use of substitute materials as a replacement for natural aggregates
(NA) has been recommended and gained more attendance. At present,
the use of ceramic as a furnishing material is very popular. However,
once ceramic reaches the end of its lifespan, it loses its value and be-
comes mere waste. According to Mukhopadhyay et al. [27], around 50,
000 tonnes of ceramic waste (CW) is generated each year. Similar to
other forms of waste, the accumulation of CW is increasing day by day
and creating a burden for the ceramic industry, necessitating a viable
solution for its disposal. According to Halicka et al. [28], ceramic ag-
gregates (CA) exhibit resistance to abrasion and heat, and possess a low
thermal expansion coefficient. Additionally, ceramic products are
characterised by high strength, wear and fire resistance, chemical
inertness, and longevity [29]. Therefore, utilising CW as a substitute for
NA could be an effective and promising practice for both concrete pro-
duction and waste management industry.

Previous researchers have investigated the properties of CA along
with the mechanical properties of CA-based concrete [28-34]. Accord-
ing to Guerra et al. [31] concrete samples containing 5 %, 7 %, and 9 %
recycled coarse CA exhibited comparable compressive capacity at all
curing ages, in comparison with the control concrete sample. Likewise,
Medina et al. [29] discovered that the incorporation of recycled coarse
sanitary ware CA in concrete mixes led to an increase in compressive and
splitting tensile strengths. This could be due to the more compact
microstructure in the ITZ between the recycled CA and paste compared
to that between NA and paste. Positive findings were also presented in
[32], in which recycled CA concrete attained 24.74 % higher compres-
sive strength and 34.25 % higher tensile strength than that of ultra-high
strength concrete made of gravel-basalt aggregates. Kannan et al. [33]
performed mechanical, durability, and microstructural tests on HPC
mixtures having 10-40 % ceramic powder (CP) as substitution of
cement. Compared to the reference mixture, the resulting HPCs obtained
lower compressive strength at early age, yet comparable compressive
strength at later age. Durability and electrical resistivity of the examined
mixtures were significantly improved with the addition of CP. In like
manner, Xu et al. [34] investigated the mechanical properties and car-
bon efficiency of UHPC incorporating tile-waste CP. From the results,
the adopted CP was shown highly pozzolanic that enhanced the hy-
dration degree and decreased the ITZ and total porosity of the cement
paste. In addition, the inclusion of 55 % tile-waste CP in UHPCs led to
reductions in energy demand, carbon footprint, and material cost by
41.0 %, 33.1 %, and 25.9 %, respectively.

While the advantageous influence of CP has been shown, optimal
substitution proportions of NA with CP has not been clearly determined.
Although studies have shown the advantages of concrete incorporated
with RHA and CP, limited research has scrutinised their collective effects
on concrete mechanical characteristics. Therefore, this research was to
investigate the use of RHA and CP in the development of an innovative,
less expensive, and environmentally friendly UHPC. The effects of RHA
and CP on the rheological properties, compressive and flexural capac-
ities, damping ratios of UHPC, along with production cost and
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environmental impact, were investigated. Accordingly, a two-stage
experimental programme was performed, including four batches and
twelve mix designs of UHPC. Specifically, Stage 1 examined the partial
replacement of SF with RHA for two different portions of steel fibres in
batches B1 and B2 and the substitution of cement with RHA in batch B3.
After identifying the best performing mix design in Stage 1, Stage 2 was
conducted to inspect the synthesised effects of simultaneously replacing
SF with RHA and SS with CP, while keeping a constant replacement ratio
of RHA.

2. Experimental programme

This section describes the material features, mixture proportions,
mix-design optimisation, specimen preparation and test methods.

2.1. Rationale of the mix design

In this study, RHA and CP were combined as supplementary
cementitious materials for UHPC. The rationale behind this specific
combination was to investigate the potential synergistic effects of
incorporating these two waste materials simultaneously. RHA is a highly
pozzolanic by-product from the rice industry, while CP is obtained by
pulverising ceramic waste from construction and demolition activities.
By combining RHA and CP, the study aimed to explore if their individual
benefits on concrete properties could be enhanced through synergistic
interactions, leading to improved mechanical performance and sus-
tainability of UHPC mixtures.

Since SF is a commonly used SCM and well-known for enhancing the
mechanical properties and durability of UHPC, it was also incorporated
in the UHPC mixtures. The inclusion of SF served as a reference point to
compare the performance of RHA and CP against a well-established
pozzolanic admixture. By partially substituting SF with RHA in some
mixtures and maintaining SF in others, the study aimed to evaluate the
efficacy of RHA as a potential alternative to SF. This approach allowed
for a comprehensive assessment of the synergistic effects between RHA,
CP, and SF in developing high-performance and sustainable UHPC
mixtures.

2.2. Materials

This experiment used a general purpose type cement, which is
compliant with all regulations and stipulations outlined in AS
3972-2010 - General purpose and blended cements [35]. Cement had
10-30 % particle size of 7 um and a bulk density of 1000 kg/m>. Along
with cement, SF and RHA also act as binders. The added SF had a median
particle size of approximately 0.5 um and specific gravity (SG) of
2.2-2.3. The utilised RHA, as illustrated in Fig. 1, was supplied by Xetex
Industries Pvt. Ltd, India. The median particle size of RHA was 25 pm
with SG of 2.18. The chemical composition of RHA and SF are provided
by the supplier and are presented in Table 1. Since RHA and SF possess
very high SiO; content (>90 %, refer to Table 1), they are both regarded

Fig. 1. Physical appearance of RHA.
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Table 1

Chemical compositions of RHA and SF.
Chemical composition (%) RHA SF
Magnesium oxide (MgO) 0.77 0.41
Aluminium oxide (Al,03) 0.46 0.50
Iron oxide (Fe;03) 0.43 0.06
Silicon dioxide (SiO2) 90.00 94.58
Calcium oxide (CaO) 1.10 1.54
Potassium oxide (K,0) 4.60 0.64
Sodium oxide (NaO) — 0.23
Phosphorous pentoxide (P;0s) 2.43 0.11
Sulphate (SO3) —_ 0.14
Loss of ignition 3.90 1.79

as highly pozzolanic materials.

In this study, silica sand (SS) and ceramic powder (CP) serve as fine
aggregates in the concrete mixes, instead of quartz powder and quartz
sand. The specific gravity and bulk density of SS were 2.0 — 2.7 and
2200 kg/m®, respectively. While SS had a median particle size of
300 um, CP obtained by pulverising ceramic sanitary ware (see Fig. 2)
was 15 pm in size. With this small particle size, CP was expected to
partially serve as a SCM. The chemical compositions of SS and CP are
tabulated in Table 2.

Sika® ViscoCrete® PC HRF-1 superplasticizer (SP) having a density
of 1.09 g/em® and a pH of 6 was utilised to reduce the water content and
improve the workability of the concrete mixes. Since 13-mm-long fibres,
which was considered as long fibres, are more efficient in preventing the
development of macro-cracks within the UHPC matrix [36],
brass-coated 13-mm long steel fibres (see Fig. 3) were added to increase
the flexural strength and durability of the UHPCs in this study. The
chemical, physical and mechanical features of steel fibres are tabulated
in Table 3.

2.3. Design mixture proportioning

Four batches and a total of twelve mixtures were designed to
investigate the influence of RHA and CP replacement on the workability
and mechanical characteristics of UHPC. While the steel fibres pro-
portions in UHPCs studied in the literature was usually chosen to be
1.5-2 % [13,37], mixtures with two different amounts of steel fibres
were designed to examine possible effects of steel fibres on mechanical
and damping properties of UHPCs. In this study, the steel fibre amounts
in batches B2, B3, and B4 remained at 2 % of the total volume, whereas
batch B1 contained 1.2 %. Furthermore, SF was substituted with 5 %,
10 %, and 15 % RHA in batches B1 and B2, batch B3 replaced cement
with RHA at percentages of 10 %, 15 %, and 20 %. These replacing
proportions were investigated based on previous research works [9,
27-33] in which RHA was found to enhance mechanical properties of
concrete mixes. The mixture that demonstrated the highest compressive
strength in all examined mixtures of batches B1 and B2, served as the
base design for batch B4 in the second stage of the experimental
programme.

In stage Two, the amount of SS was partially substituted with CP at

Fig. 2. Physical appearance of CP.
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Table 5
Mixture designs in Stage 2 (kg/m?).

Table 2

Chemical compositions of SS and CP.
Chemical Composition (%) SS CcpP
Magnesium oxide (MgO) 0.1 1.8
Aluminium oxide (Al,03) 22.2 0.7
Silicon dioxide (SiO-) 65.8 92.5
Calcium oxide (CaO) 0.1 0.5
Potassium oxide (K,0 3.5 0.8
Sodium oxide (Nay0) 1.0 0.5
Titanium Dioxide (TiO5) 0.3 0.3
Other 7.0 2.9

Fig. 3. Copper coated steel fibres.

Table 3
Mechanical properties of steel fibres.

Mechanical properties

Diameter 0.2 mm
Aspect ratio (L/D) 65

Density 7,800kg/m?>
Tensile strength > 2300MPa
Young’s modulus 200GPa
Elongation (%) 0.5 -4.0

10 %, 15 %, and 20 %. The common mix, consisting of cement, SF, FA,
SS, and steel fibres, was used as the reference. For all mixtures, the
water-to-binder (w/b) ratio along with the quantities of FA and SP were
kept constants at 0.175, 77.1 kg/m?, and 67 kg/m3, respectively. These
figures were selected based on an investigation on the behaviour of
RHA-based UHPC [38]. Details of mix designs are provided in Tables 4
and 5. Note that the mixtures’ labels represent the partially replaced
materials, their substitutions along with the replacing proportions, and
the steel fibre percentage. For example, the RSF5-1.2 mixture replaced

Table 4
Mixture designs in Stage 1 (kg/m>).

Material Stage 2 (SF replaced with RHA & SS replaced with CP)
B4
RS5-CP10-2 RS5-CP15-2 RS5-CP20-2
Cement 800 800 800
SF 146.3 146.3 146.3
FA 77.1 77.1 77.1
RHA 7.7 7.7 7.7
SS 934.74 882.81 830.88
CP 103.86 155.79 207.72
Water 180 180 180
SP 67 67 67
Steel fibre 156 156 156
Water-to-binder ratio 0.175 0.175 0.175

SF with 5 % of RHA and employed 1.2 % of steel fibres, whereas mix
RCF10-2 substituted cement with 10 % of RHA and employed 2 % of
steel fibres. In these mixtures’ labels, “S” means silica fume and “C”
indicates cement.

2.4. Specimen preparation and test methods

Concrete mixing and testing were conducted at the concrete lab,
conforming with AS 1012.2:2014 [39] and AS 1012.8.1:2014 [40]. At
the beginning, all the dry materials (cement, SF, FA, RHA, SS/CP) were
dry mixed in a 10 Litre Planetary Mixer for five minutes at medium
speed, to obtain a homogeneous mixture and prevent particle agglom-
eration. Next, a mixture of 80 % of the required amount of water and
100 % of SP was gradually added to the dry mix; and mixing continued
for five minutes at a higher speed. Then, the remaining water was
gradually poured into the liquidised mixture and mixed for another six
to seven minutes. Finally, when the mixture had grown moist and gained
appropriate consistency, steel fibres were slowly added and mixed for
another six minutes to be evenly dispersed in the mixture. This must be
done as clumped or clustered fibres may induce to localised stress con-
centration that may potentially lead to premature failure of UHPC
specimens.

Workability of the freshly mixed UHPC was determined by a slump
flow test, which is conducted in accordance with AS 1012.3.5:2015
[41]. When ready, the prepared mixture was placed into a mini slump
cone (illustrated in Fig. 4) that had a height of 50 mm and top and
bottom diameter of 70 mm and 100 mm, respectively. The cone was
then lifted up slowly, allowing concrete mix to flow out and spread.
After two minutes, the diameter of the spread mix, called the slump flow
diameter, was measured as shown in Fig. 5. According to ASTM C143,
the acceptable average slump diameter of two perpendicular directions
should be between 175 mm and 300 mm.

Once the slump flow test was finished, the mixture was poured into
the moulds in 1/3 layers of height with 30 s of vibration for each layer.
Then specimens were kept in the moulds for 24 hrs at atmospheric

Material REF Stage 1 (cement or SF replaced with RHA)

Bl B2 B3

RS5-1.2 RS10-1.2 RS5-2 RS10-2 RS15-2 RC10-2 RC15-2 RC20-2
Cement 800 800 800 800 800 800 720 680 640
SF 154 146.3 138.6 146.3 138.6 130.9 154 154 154
FA 77.1 77.1 77.1 77.1 77.1 77.1 77.1 77.1 77.1
RHA 0 7.7 15.4 7.7 15.4 23.1 80 120 160
SS 1039 1039 1039 1039 1039 1039 1039 1039 1039
Water 180 180 180 180 180 180 180 180 180
SP 67 67 67 67 67 67 67 67 67
Steel fibre 156 100 100 156 156 156 156 156 156
Water-to-binder ratio 0.175 0.175 0.175 0.175 0.175 0.175 0.175 0.175 0.175
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Fig. 5. Slump flow diameter of reference mix.

temperature (20 °C) and 95 % relative humidity (RH). While 50x50x50
mm cubes were cast for the compression test, and 40x40x160 mm
beams were cast for flexural and damping test. These specimen sizes
were selected as they are frequently adopted in compressive and flexural
tests for ultra-high performance steel fibred concrete [5,8,36,42,43].
After demoulding, all samples were steam cured for 72 h at a tempera-
ture of 85 °C.

The compressive test was performed following ASTM C109/C109M-
13 [44] and using MATest UTM 2000 kN test machine. To ensure reli-
able outcomes, six identical samples were tested for each mixture.

The damping test was conducted on all mixtures; each had triplicate
samples. While the ASTM E756-05 provides the Oberst Beam Method
(OBM) to determine the damping properties of materials [45], this
method is not recommended for concrete. Based on the concept of OBM,
the authors introduced a modified experimental procedure and setup, as
illustrated in Fig. 6(a). Specifically, a clamp apparatus was to fix one end
of a beam specimen. While a rubber-headed hammer gently struck the
tested beam, free oscillations of the beam at the free end, mid-span, and
fixed end were collected through accelerometers. Digital signals were
transferred to an HBM data logger (see Fig. 6(b)) and converted to fre-
quency domain (FFT) using MATLAB computer programme (see Fig. 7).
During the experiment, the sampling rate was set to 1200 Hz.

The damping ratio (£) was then determined by analysing the wave

(a) (b) HBM data logger for accelerometers

Fig. 6. (a). Damping test setup, (b) HBM data logger for accelerometers.
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using the logarithmic decrement method as explained in Eq. (1), and
expressed as:
Y

1
E=In (72) X N@x) x 100 (%) @

where: Y; is the maximum magnitude of the wave; Y, =~ 0.5Y7; and N is
the number of cycles between Y; and Y.

Flexural behaviours of the newly designed UHPC were determined as
per ASTM C78/C78M-22 [46]. Accordingly, four-point flexural tests
were conducted on 40x40x160 mm beam specimens, using a SHI-
MADZU 300 universal test machine. A laser sensor was used to measure
the mid-span deflection. The loading rate of 0.8 kN/min was calculated
using Eq. (2) given in the ASTM standard. Considering the restrained
timeframe and availability of the UTM, the loading rate was increased to
1.6 kN/min. Fig. 8 describes the flexural test set up. The loading rate (r)
is determined using Eq. (2):

Sbd?
r=
L

@

where S is the rate of increase in maximum stress on the tensile face in
(kPa/min); L is the span length (m); and b and d are respectively the
average width and depth of the specimen (m).

3. Results and discussions
3.1. Workability

Fig. 9 presents the slump flow values of all tested mixtures. Overall,
all mix designs experienced a reduction of workability in comparison
with the control mix. Compared to the REF mix, the workability of the
B1's mixtures reduced by 10.9 % and 14.9 %, respectively for 5 % and
10 % RHA substitutions. A negative tendency was also observed for
mixes in batch B2, indicating the negative impact of RHA replacement
on the fresh UHPC. While RHA has a larger particle size than SF (as
indicated in Section 2.1), its specific surface area was actually higher
due to its porous structure [3,14,16,47]. An increase in RHA content
resulted in a higher total surface area of the binder, leading to greater
water absorption and consequently reducing the rheology of mixtures
[3,16,17,47]. Additionally, SF could provide lubrication to a fresh
concrete mix due to its spherical particle shape [3]. Increasing the
amount of SF substitution with irregularly shaped RHA particles reduced
this lubricant effect of SF, resulting in a gradual fall in the slump flow
diameters regarding the same amount of water. This observation was
also reported in [10]. Therefore, the experimental results in this study,
supported by other research, suggested that replacing SF with RHA
marginally compromise the workability of concrete mixes.

While substituting SF with RHA slightly affected the UHPC’s
rheology, partially replacing cement with RHA demonstrated very poor
workability. From Fig. 9, the slump flow diameters of B3's samples
decreased significantly by 45.5 %, 53.8 %, and 63.7 %, respectively
with 10 %, 15 %, and 20 % RHA replacement compared to the control
mix. Similar to SF, this could be attributed to the much greater surface
area of RHA in comparison with that of cement, which led to absorption
of more water [48]. Another reason may be ascribed to an increase in
volume of the mixture when adding RHA and keeping the density and
total weight of binders constant (see Table 4). As stated in previous
studies [49,50], this volume increase resulted in decreased rheology of
the mix due to an increase in the plasticity and cohesiveness.

While substituting SF with RHA slightly affected the UHPC’s
rheology, partially replacing cement with RHA demonstrated very poor
workability. From Fig. 9, the slump flow diameters of B3's samples
decreased significantly by 45.5 %, 53.8 %, and 63.7 %, respectively
with 10 %, 15 %, and 20 % RHA replacement compared to the control
mix. Similar to SF, this could be attributed to the much greater surface
area of RHA in comparison with that of cement, which led to absorption
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Fig. 7. The logarithmic decrement signals of RS5-2.

Fig. 8. Flexural test setup.

of more water [48]. Another reason may be ascribed to an increase in
volume of the mixture when adding RHA and keeping the density and
total weight of binders constant (see Table 4). As stated in previous
studies [49,50], this volume increase resulted in decreased rheology of
the mix due to an increase in the plasticity and cohesiveness.

Regarding batch B4, a reduction in rheology was observed with an
increase in percentages of CP replacement while keeping a constant
quantity of RHA (5 %). The slump flow diameters of this batch’s mix-
tures dropped by 6.6 %, 10.9 %, and 25.7 %, respectively for 10 %,
15 %, and 20 % of CP replacement. Again this pattern could be
explained by the high water absorption in the concrete pastes in the
presence of fine ceramic particles having large surface area than SS [51].

In general, due to high values of surface area of both RHA and CP, the
workability of the newly designed UHPCs in this study was reduced, and
this issue can be mitigated by using SP or FA.

3.2. Compressive capacity

Fig. 10 presents the compressive strengths of all the mixtures. For
both batches B1 and B2, replacing SF with RHA resulted in a consider-
able growth in the compressive strength, with increments of 6.6-25.6 %
compared with the REF mix (132.6 MPa). Specifically, the RS5-2
mixture possessed the largest compressive strength, at 166.5 MPa, fol-
lowed by RS10-2 and RS15-2, at 163.9 MPa and 147.1 MPa, respec-
tively. These promising outcomes well agreed with those reported in
[17], which could be attributed to the improved pozzolanic reactivity,
and filling and internal curing effects of RHA [25]. Moreover, adding
more steel fibres to the mixtures induced to a rise in the compressive
strength. When increasing the steel fibre content from 1.2 % to 2 %, the
compressive strengths of RS5-2 and RS10-2 rose by 15.1 % and 10.1 %,
respectively compared to RS5-1.2 and RS10-1.2 counterparts. This
upward pattern was also documented in previous studies [36,47,52].
According to these researchers, the addition of fibres to the cementitious
mixtures creates a strong network in the matrix, bridges cracks, and
increases the strength considerably, but further increase in the fibre
content will negatively affect workability [36,47].

For different quantities of steel fibres, increasing the replacement
percentage of RHA led to opposite patterns. As the RHA ratio increased
from 5% to 10 %, Batch Bl exhibited a 4.2 % rise in compressive
resistance. In contrast, the compressive strengths of B2's mixtures
declined by 1.6 % and up to 11.6 % with 10 % and 15 % RHA dosage,
respectively. There was an interaction between the quantity of steel fi-
bres and the substitution amount of RHA for SF. More experimental
works should be carried out to determine the optimum mix design
considering both steel fibres and RHA.

Regarding batch B3, it is apparent that partially replacing cement
with RHA had a considerable impact on the UHPC’s compressive ca-
pacity. Except for RC20-2, the compressive strengths of RC10-2 and
RC15-2 were 11.6 % and 14.9 % respectively higher than the control
specimens. These advantageous results were supported by findings of
previous studies [24,53,54], which could be ascribed to the micro-filling
ability and pozzolanic characteristics of RHA. Not only can RHA fill in
the microscopic gaps within the cement particles, it reacts with water
and calcium hydroxide to produce additional C-S-H (calcium silicate
hydrates) gel [24]. This additional C-S-H reduces the porosity of con-
crete by filling the capillary pores, and therefore enhances the
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Fig. 10. Compressive strengths of all mixtures.

microstructure of the concrete paste.

Regarding batch B3, it is apparent that partially replacing cement
with RHA had a considerable impact on the UHPC’s compressive ca-
pacity. Except for RC20-2, the compressive strengths of RC10-2 and
RC15-2 were 11.6 % and 14.9 % respectively higher than the control
specimens. These advantageous results were supported by findings of
previous studies [24,53,54], which could be ascribed to the micro-filling
ability and pozzolanic characteristics of RHA. Not only can RHA fill in
the microscopic gaps within the cement particles, it reacts with water
and calcium hydroxide to produce additional C-S-H (calcium silicate
hydrates) gel [24]. This additional C-S-H reduces the porosity of con-
crete by filling the capillary pores, and therefore enhances the micro-
structure of the concrete paste.

On the other hand, when substituting 20 % amount of cement with

RHA, the compressive capacity of the RC20-2 specimens dropped triv-
ially (less than 2 %). The average compressive strength of RC20-2 was
130.4 MPa, which was comparable to the control mix (132.6 MPa).
Apparently, with over 20 % replacement percentage, the merit of RHA
incorporation was negated. This observation aligns with a previous
study [55]. However, Gastaldini et al. [21] and Chindaprasirt et al. [20]
collectively affirmed that a cement substitution of up to 20 % RHA could
still elevate the compressive resistance of the concrete blends. According
to He et al. [56], the influence of RHA on concrete compressive capacity
depend on many factors, including the replacement level,
water-to-binder ratio and genre of binders. Additionally, the mixtures in
this study were steam cured, whereas previous research utilised wet
curing regime [20,21]. More experimental works, especially on UHPC,
should be conducted to clarify the true impact of replacing cement with
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RHA at higher levels on concrete compressive resistance.

In the presence of both RHA and CP, B4's mix attained a 13.6-17.2 %
rise in the compressive strength compared to the control samples (see
Fig. 10). Siddesha [57], on the other hand, observed decreased
compressive strength in concrete mixtures having 10-20 % fine ceramic
aggregates. Considering an addition of 5% RHA, concrete samples
containing up to 20 % CP replacement still exhibited enhanced
compressive strength, indicating the advantageous synergic effect of
RHA and CP addition. The performance of B4’s mixtures with up to 20 %
CP demonstrated minor variation (<2 %) regarding those of 5 %CP,
indicating no definitive conclusion about the impact of increasing CP
substitution level on the UHPC’s compressive capacity.

In general, the experimental results suggested that replacing SF by
RHA yields higher compressive strength than substituting cement by
RHA and the optimal mix design for the highest compressive strength
was to replace 5-10 % CF by RHA and use 2 % steel fibre. Simulta-
neously incorporating RHA (5 %) and CP (up to 20 %) yielded syner-
gistic effects and thus good performance of UHPC.

3.3. Flexural capacity and load deflection curves

Fig. 11 presents the flexural strengths of all twelve mixtures.
Accordingly, no explicit trend was observed for the impacts of different
steel fibre contents on the bending capacity of UHPC blends when
comparing batch 1 and batch 2. Considering SF substitution, enhanced
flexural strengths were achieved with an increase in RHA replacement
proportions, up to 15 %. Specifically, the flexural strength of RS10-1.2
was 4.1 % and 10.3 % higher than that of the REF and RS5-1.2 samples,
respectively. Similarly, RS5-2 and RS15-2 mixtures attained a 4.0 %
and 31.2 % rise in the bending strength compared to the control mix,
respectively. Regardless of fibre content, up to 10 % RHA replacement
exhibited a comparable flexural strength, whereas mixture having 15 %
RHA dosage with 2 % steel fibre demonstrated a significant increase in
the bending capacity. This positive influence of RHA substitution for SF
was in line with those reported in [13,58].

Compared to the REF specimens, B3's mixtures showed greatly
enhanced flexural resistance, with increments of 41.2 %, 43.5 %, and
46.1 %, respectively for 5%, 10 %, and 15 % RHA. These findings
aligned with existing studies [12,37,53,59,60]. For instance, Alyami
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et al. [37] found the RHA-incorporated UHPCs exhibited 5.6 %, 11.5 %,
and 5.1 % higher flexural strengths than that of RHA-free counterpart,
respectively for 10 %, 20 %, and 30 % RHA. Bie et al. [53], when
investigating the effects of different burning conditions of RHA on
concrete pastes, discovered that 20 % RHA, heated at 700 °C, led to an
approximately 58 % increment in flexural capacity of RHA-based con-
crete. In a study of reactive powder concrete containing synthesised
RHA, Alkhaly et al. [12] observed that the addition of up to 30 % RHA
intensified the flexural strength, regardless of curing regimes. Similar to
what was observed for compressive capacity, this rise in bending resis-
tance resulted from the pozzolanic reactions and pore-filling effect
occurring within the concrete mixture [24,61,62].

The combined effect of substitution of both RHA and CP in batch B4
displayed significant improvements in the flexural capacity, which were
47.9-59.1 % higher than that of the control mix. From Fig. 11, RS5-
CP15-2 and RS5-CP20-2 specimens exhibited the highest bending
strength, at about 37 MPa. When increasing the CP ratio from 10 % to
15 %, the bending capacity of CP-incorporated mixtures grew by 7.6 %.
However, when the CP substitution quantity reached 20 %, a compa-
rable bending performance was observed for both RS5-CP15-2 and RS5-
CP20-2 UHPC mixes. These outcomes are different from those presented
in [30,57,63], in which these studies found a decline in the flexural
capacity as the replacement ratio of CP increased. While Siddesha [57]
observed a marginal decrease in flexural resistance of concrete with the
increasing dosage of CP, Canbaz [30] reported a substantial loss (70 %)
of flexural strength in concrete having 25-100 % CA compared to nat-
ural aggregate concrete. Meanwhile, the designed mixtures in this study
contained RHA and CP simultaneously. The great advantages of RHA
may have compensated for the negative effects of CP, resulting in an
overall improved flexural performance.

The relationship between mid-span deflection and flexural load of
beam specimens is depicted in Fig. 12. It is noted that the data for RS5-
SF2 was excluded due to a malfunction. From Fig. 12 (a), different RHA
replacement levels for SF showed a minor impact on the behaviour of the
load-deflection curves. Compared to the reference mix, the first two
batches exhibited similar slopes in the ascending portion of load-
displacement curves. This suggested that the presence of RHA did not
significantly change the flexural stiffness of the UHPCs mixtures,
regardless of different ratios of steel fibres. Except for RS10-2, other

Batch B3 Batch B4
Batch B1 Batch B2 (RHA replaces (RHA replaces SF
(RHA replaces SF) (RHA replaces SF) cement) CP replaces SS)
| 1 |
I | | 1 T L | 1
36.92
40 - 36.96
3280 3334 3394 3435 _I_
30.47 _I_
®
S 30 |
~ 23.22
< . s o A
) : :
c _}_ I i
o
S
@ 20 -
E
3
x
=
L
10 A
0
& Vv Vv v v e e e v v v
& p P S S S S
& & ¥ & L& & &
g & &8

Fig. 11. Flexural strengths of all mixtures.
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Fig. 12. Load-deflection: (a) REF and batches B1, B2 and (b) REF and batches B3, B4.

mixes showed 4.3-39.1 % higher peak loads than that of the control mix.
Considering the same dosage of steel fibres, increasing the RHA
replacement level induced to higher peak loads, from 12 to 13.5 kN for
B1 and 8.4 to 15.5 kN for B2. Noticeably, RS10-1.2 and RS15-2 speci-
mens experienced a sudden drop in the load-deflection graph, indicating
more brittle behaviour in comparison with their other counterparts.
While the RS15-2 mixture showed a drastic rupture at 2 mm of deflec-
tion, others fractured completely at beyond 5 mm, exhibiting higher
ductility that is desirable for energy absorption under seismic loads.
As can be seen from Fig. 12 (b), the control mix, batches B3, and B4
had comparable slopes in the ascending part of the load-deflection
curves. This suggested that different replacement dosages of RHA for
cement and of CP for SS had minor impacts on the flexural stiffness and
rigidity of the UHPC mixes. Notably, B3’s mixtures demonstrated
40-65 % higher ultimate flexural forces compared to the control mix.
This great enhancement could be ascribed to the presence of RHA in the
concrete mix, which improved the crack-bridging capacity of fibres

against the pulling action of the imposed load [59]. Interestingly, while
other samples experienced sudden ruptures upon reaching peak loads,
the RC20-2 showed steady displacement without further increases in
flexural load, indicating that the inclusion of RHA and CP in UHPCs
could have elongated the strain hardening phase during samples
bending failure.

3.4. Damping ratio

The damping ratio evaluates the ability to dissipate energy of a
concrete structure, which is essential to ensure the resilience of a
structure in incidence of critical hazards (e.g., earthquake). In prior
investigations, the damping ratio of uncracked concrete fell within the
range of 0.32 % to 0.64 %, whereas in the presence of cracks, the values
extended from 1.3 % to 2.1 % [64]. Additionally, other studies have
collectively reported that the damping ratio of standard concrete was
below 5 % [65-67]. Fig. 13 presents the damping ratios of all tested
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mixes in this study.

The damping ratio of the control UHPC mixture was 3.41 %, which
was consistent with findings in a previous study by Xi et al. [68].
Depending on different testing methods, UHPC containing 10 % SF,
10 % FA, and 20 % slag had a damping ratio of 2.36-3.73 %. Apart from
RC10-2, the damping ratios of designed mixes were 1.13-1.95 times
higher than that of the control samples. This indicated that the UHPC
mixtures could dissipate energy faster with the addition of RHA. For
both batches B1 and B2, increasing the RHA replacement proportion
from 5 % to 10 % induced to considerably enhanced damping property.
Compared to the control mix, RS5-1.2 and RS10-1.2 specifically
possessed a 35.7 % and 50 % improvement, respectively. Similar posi-
tive trend was obtained for batch B2, with even greater increments of
61.2 % and 67.7 %, respectively for 5 % and 10 % RHA.

However, when the percentage of RHA rose to 15 %, the damping
ratio of RS15-2 was equal to that of RS5-2, which was 4.6 % smaller
than the RS10-2's one. This suggested that substituting more than 15 %
of SF with RHA could decrease the extent of improvement in UHPC’s
damping performance. This indicated that there was an optimal balance
between the pozzolanic activity of RHA and its bonding characteristics
within the UHPC matrix. Beyond a certain threshold, the additional RHA
no longer effectively contributed to enhancing the ITZ, potentially
leading to a levelling off or even a decline in damping efficiency. Be-
sides, as the proportions of steel fibres increased in the concrete paste,
both RS5-2 and RS10-2 achieved 11.8-18.8 % higher damping ratios
than those of their counterparts having 1.2 % of steel fibres by volume.
As expected, the incorporation of steel fibres augmented the crack-
bridging ability and energy absorption capacity of the UHPC [36,47],
thereby improving its damping performance. From the obtained results,
it is evident that RHA and steel fibres together improved the damping
ratios of UHPC mixtures. While the fibres enhanced energy dissipation
within mixes through friction and pull-out resistance, the added RHA
refined the microstructural density and bonding characteristics.

Except for RC10-2, B3's mixtures exhibited greater damping per-
formance than the control mix. While the damping ratios of specimens in
batch B3 were less consistent than those of batches B1 and B2 and the
associated reason was not clear, the enhancement levels in damping
ratio were far lower than those of the first two batches. Replacing
cement with RHA was not as effective in enhancing damping perfor-
mance as substituting SF, similar to the results observed for compressive
capacity. Still, the damping ratios of B3's mixes increased with the rise in
the RHA replacement ratio, suggesting a positive correlation between
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the amount of RHA and the withstandability of UHPC in case of extreme
loadings. Overall, while there are inconsistencies requiring further
research, these outcomes suggested that appropriately increasing the
quantity of steel fibres and the substitution proportion of RHA could
enhance the energy dissipation capability of the UHPC mixtures. The
increase in damping ratios aligns well with improvements in the flexural
strength. This emphasised the potential of RHA as a supplementary
material to improve the damping performance of UHPCs, particularly
when combined with an appropriate level of steel fibres. By optimising
the contents of RHA and steel fibres, the damping properties of UHPC
can be tailored to meet specific performance requirements, thereby
broadening its applicability in various engineering contexts.

4. Environmental impact assessment

As mentioned earlier, one of the primary objectives of incorporating
RHA and CP in the concrete mix is to mitigate the adverse environmental
impacts of concrete production. To appraise the sustainable perfor-
mance of the tested UHPCs, the total equivalent embodied carbon
(ECotq) of each mix was estimated and compared with the control mix.
Since steam curing requires heating energy, its associated emissions
were also considered. As quantified by Turner and Collins [69], the
carbon footprint of steam curing is 2.49 kgCOo/m>/h. In this research,
tested specimens underwent a three-day curing process (72 h), including
a gradual heating period of four hours. Hence, the CO2 emissions of the
steam curing process were determined as: 76h x 2.49kgCO,/m>/h =
189.24kgC0O, /m®.

The ECiyy of a UHPC blend was quantified by aggregating CO,
emissions released from the production of its constituent materials and
the steam curing process. Notably, this study considered the embodied
impacts of UHPC mixtures within the “cradle-to-gate” boundary system,
meaning the transportation of raw materials and their availability were
excluded in the assessment. Due to considerable variations in the
availability of raw materials across different locations, this factor was
not considered in this simple and initial evaluation. Besides, the envi-
ronmental impacts of the production stage are generally more signifi-
cant than the transportation stage, results of comparison are expected to
fluctuate marginally, maintaining the overall tendency [70]. Therefore,
the current approach offers an acceptably accurate initial evaluation,
showing the primary contributors to the sustainability of the designed
UHPCs. Specifically, the component EC was calculated by multiplying
the EC intensity (provided in Table 6) of each material (EC;) by its
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Table 6
The EC of the raw materials.
Raw materials EC (kgCOy/kg) Reference
Cement 0.8300 [71]
SF 0.0140 [72]
FA 0.0270 [69]
RHA 0.1032 [71]
SS 0.0100 [71]
CP 0.0450 [73]
Water 0.0003 [71]
Steel fibre 1.4965 [71]
SP 0.7200 [71]
corresponding mass (m;), as shown in Eq. (3).
ECa = »_ECim; ©)

Table 7 presents the EC,y of all twelve mixtures. Due to the
decreased quantity of steel fibres, the total EC of B1's mixtures were
about 7.2 % lower than that of the conventional mix (1149.6 kgCO,).
Given the significantly high EC intensity of steel compared to other
materials (refer to Table 6), even a slight decrease of 0.8 % in steel fibres
led to an apparent change in the mixture’s CO5 emissions. On the other
hand, the embodied impacts of B2's samples were roughly equal to that
of the REF mix, despite having 5-15 % RHA ratio. This could be ascribed
to the much larger carbon intensity of RHA compared to SF (see Table 6),
which led to a final rise in total EC of B2's UHPCs. Considering batch B3
(replacing cement with RHA), raising the RHA content from 10 % to
20 % increased carbon savings, by 5.1-10.1 % compared with the con-
trol mix (see Table 7). Notably, substituting RHA for cement was more
environmentally friendly than for SF, which was due to the fact that
RHA had a larger EC coefficient than SF but was less carbon intensive
than cement (see Table 6). Regarding the last batch, the EC figures were
marginally higher than that of the control counterpart. Despite varia-
tions in CP replacement content (10-20 %), B4’s mixtures showed minor
differences in their final carbon footprints. Broadly speaking, all
developed mixtures yielded either superior or comparable sustainable
performance to the conventional UHPC.

To determine the optimal UHPC that has superior compressive/
flexural strength and sustainable performance, a normalised compres-
sive carbon index (CI.) (see Eq. (3)) and flexural carbon index (CIy) (see
Eq. (4)) were analysed.

ECtal (kgﬁ? 2)
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Fig. 14 describes the compressive and flexural carbon indexes of
designed mixes. Overall, tested mixtures were less carbon intensive than
the control mix, indicating the advanced eco-efficiency of the proposed
mix designs. Compared to the conventional mix, the CI. values of the
first batch were 13-16 % smaller, which was owing to their higher
compressive strengths (refer to Fig. 10) and lower carbon footprints
(refer to Table 7). Although CI. figure of RS15-2 remained lower than
the REF’s, it became evident that the carbon efficiency of B2's mixtures
reduced when the RHA substitution ratio reached 20 %. For batch B3,
increasing the cement substitution ratio from 10 % to 15 % decreased
the carbon index by 14.9-19.6 %, the value began to rise at a 20 %
replacement. Meanwhile, the last batch, having comparable compres-
sive resistance and sustainable performance, showed minor changes in
carbon indexes with different CP replacement proportions.

Similar to the compressive carbon index, the CIy values of studied
mixtures were generally smaller than the control mix. Apart from
RS10-2, raising the RHA content reduced the flexural carbon indexes of
the first two batches, by 1.7-23.6 % compared with the REF mix.
Considering batch B3, it was explicit that increasing the RHA substitu-
tion ratio induced to lower bending carbon indexes. The CI; figures for
B3's mixtures dropped significantly, by 32.8-38.5 %. Batch B4, incor-
porating both RHA and CP, also obtained a substantial reduction in CIy
indexes, ranging from 32.1 % to 36.8 %. Given the consistently
enhanced carbon efficiency with up to 20 % CP replacement, future
research should explore higher replacement ratios of CP to determine
the ultimate optimum percentage.

As shown in Fig. 14, RS5-2 was the best mixture considering
compressive strength, whereas RC20-2 demonstrated the smallest flex-
ural carbon index. However, when mechanical and environmental per-
formance were together considered, RC15-2 appeared to be the superior
mixture, exhibiting < 1 % higher CI. and 4.7 % higher CI; than RS5-2
and RC20-2, respectively. This balance made RC15-2 the most effective
choice for achieving excellent performance in both strength metrics and
sustainability.

5. Cost analysis

In this section, the economic efficiency of the RHA-based UHPC
mixtures were assessed. Table 8 provides the unit prices of the compo-
nent materials in Australian dollar (AUD). Note that the production costs
of RHA and CP were converted from USD to AUD, using the corre-
sponding exchange rate of the reported year [74,75]. The production
costs of mixtures were calculated as a sum of constituent materials’

CI. = - 3) costs. It is worth emphasising that these considered costs may not
Compressive strength(MPa) . .
represent the actual production costs because the materials’ prices can
fluctuate depending on the supplier and product availability. As the
ECoa (’%) availability of raw materials greatly varies across countries and regions,
Cly = 4 this factor was omitted for the purpose of simple estimation and initial
7~ Flexurdl strength(MPa) ) - - ; purp pie €8
evaluation. In this analysis, material costs were estimated based on the
Table 7
Total EC of the studied mixtures.
Compositions ECiora (kgCO/m?)
Cement SF Fly ash RHA SS CP Water SP Steel fibre Curing
REF 664.00 2.16 2.08 0.00 10.39 0.05 48.24 233.45 189.24 1149.61
Bl RS5 1.2 664.00 2.05 2.08 0.79 10.39 0.05 48.24 149.65 189.24 1066.49
RS10 —1.2 664.00 1.94 2.08 1.59 10.39 0.05 48.24 149.65 189.24 1067.18
B2 RS5 -2 664.00 2.05 2.08 0.79 10.39 0.05 48.24 233.45 189.24 1150.30
RS10 —2 664.00 1.94 2.08 1.59 10.39 0.05 48.24 233.45 189.24 1150.99
RS15 -2 664.00 1.83 2.08 2.38 10.39 0.05 48.24 233.45 189.24 1151.67
B3 RC10 -2 597.60 2.16 2.08 8.26 10.39 0.05 48.24 233.45 189.24 1091.47
RC15 -2 564.40 2.16 2.08 12.38 10.39 0.05 48.24 233.45 189.24 1062.40
RC20 —2 531.20 2.16 2.08 16.51 10.39 - 0.05 48.24 233.45 189.24 1033.32
B4 RS5-CP10 —2 664.00 2.05 2.08 0.79 9.35 4.7 0.05 48.24 233.45 189.24 1153.93
RS5-CP15 —2 664.00 2.05 2.08 0.79 8.83 7.0 0.05 48.24 233.45 189.24 1155.75
RS5-CP20 —2 664.00 2.05 2.08 0.79 8.31 9.4 0.05 48.24 233.45 189.24 1157.57
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Fig. 14. Compressive and flexural carbon indexes of all mixtures.

Table 8

The cost of the raw materials.
Raw materials Unit price (AUD/ton) Reference
Cement 309.00 [42]
SF 1092.00 [42]
FA 833.00 [76]
RHA 22.50% [74]
SS 328.00 [42]
CP 7.50* [75]
Water 2.73 [42]
Steel fibre 1564.00 [42]
SP 5460.00 [76]

" The price was converted from USD to AUD using the exchange rate of the
reported year.

AUD
Production Cost( 113 )
m

energy consumption in the production processes. Since the energy usage
is mainly influenced by the employed technologies, which have not
significantly improved since 2019, the energy consumption is antici-
pated to change slightly. Thus, material prices are expected to not
deviate considerably from the values outlined in Table 8; and the
analysis results can still offer a good initial assessment for engineers to
choose suitable materials for UHPC mix designs.

Table 9 provides the production costs of UHPC blends. Markedly,
developed mixtures possessed marginally lower costs compared to the
conventional mix. Since RHA was much less costly than cement and SF,
increasing the ratio of RHA replacement induced to lower production
costs, by 6.6-7.2 %, 0.6-1.7 %, and 1.6-3.2 % for B1, B2, and B3,
respectively. Similarly, as the unit price of CP was much smaller than
that of SS, B4's mixtures also achieved a 2.9-5.2 % cost saving. To
simultaneously consider the mixtures’ mechanical performance and

CBR, = _ (5) their production costs, a cost benefit ratio (CBR), computed by the
Compressive strength(MPa) . . s
production cost per unit strength (see Eq. (5) and Eq. (6)), was utilised to
. AUD analyse the economic efficiency of the UHPC mixtures.
Production Cost| — . . . . .
CBR; = m ©) Fig. 15 depicts the production cost per unit compressive/flexural
Flexural strength(MPa) strength for all blends. Accordingly, the CBR, of the control mix was the
highest value, at 11 AUD/MPa/m°. The presence of RHA in the UHPC
samples led to enhanced economic efficiency; however, this advantage
was not positively proportional to the RHA content. While the CBR,
values of batch B1 dropped from 9.6 to 9.2 AUD/MPa/m> with the
Table 9
Production costs of the studied mixtures.
Compositions Production cost (AUD/m3)
Cement SF Fly ash RHA SS CP Water SP Steel fibre
REF 247.20 168.17 64.22 0 340.66 0 0.49 365.82 243.98 1452.22
Bl RS5 ~1.2 247.20 159.76 64.22 0.17 340.66 0 0.49 365.82 156.40 1356.40
RS10 —1.2 247.20 151.35 64.22 0.35 340.66 0 0.49 365.82 156.40 1348.16
B2 RS5 -2 247.20 159.76 64.22 0.17 340.66 0 0.49 365.82 243.98 1443.98
RS10 —2 247.20 151.35 64.22 0.35 340.66 0 0.49 365.82 243.98 1435.75
RS15 —2 247.20 142.94 64.22 0.52 340.66 0 0.49 365.82 243.98 1427.51
B3 RC10 -2 222.48 168.17 64.22 1.80 340.66 0 0.49 365.82 243.98 1429.30
RC15 -2 210.12 168.17 64.22 2.70 340.66 0 0.49 365.82 243.98 1417.84
RC20 -2 197.76 168.17 64.22 3.60 340.66 0 0.49 365.82 243.98 1406.38
B4 RS5-CP10 —2 247.20 159.76 64.22 0.17 306.59 0.78 0.49 365.82 243.98 1410.69
RS5-CP15 —2 247.20 159.76 64.22 0.17 289.56 1.17 0.49 365.82 243.98 1394.05
RS5-CP20 —2 247.20 159.76 64.22 0.17 272.53 1.56 0.49 365.82 243.98 1377.41

12



H.T. Trinh et al.

Structures 67 (2024) 106974

EICBR_c BACBR_f

80 1

Best mix for
compressive strength
70 4 P! g
625 FRLELEELH
: 598+
60 1 i Optimal mix
—_ E Best mix for
‘E 50 A H flexural strength
~ H
© -
& :
£ 40 1 : 7.
o . VA =
2 H ? H
< 30 A : 7
o« : 7
o H %
20 5 5 -
11 : 7B
10 - : —¥
5 7
0 : %

Fig. 15. Cost benefit ratios of the tested mixtures.

increase in RHA proportion, this reduction was not obvious for other
batches. Except for RS15-2, Batch B2 obtained the largest cost efficiency
of about 21 % with up to 10 % RHA. Likewise, positive outcomes were
achieved for CP-added mixtures, with a maximum reduction of 19.1 %.
Noticeably, mixtures that partially replaced cement with RHA (batch
B3) were generally less economical than those substituting RHA for SF
(batches B1 and B2). This could be explained by the much worse
compressive resistance and moderate cost savings when substituting
RHA for cement in batch B3.

While the CBR, figures did not demonstrate a clear downward trend
with the rise in RHA substitution dosage, the CBRy counterparts were
consistently and negatively related with the RHA content. From Fig. 15,
it was explicit that the cost efficiency of the UHPCs was greatly
enhanced when replacing RHA with cement. Accordingly, cost savings
of 4.4-25.1 % and 30.3-33.7 % were respectively obtained for batches
B2 and B3. Due to their greatly improved flexural resistance and the
much lower price of CP compared to SS, B4's mixtures demonstrated
substantial improvements in economic efficiency (up to 40 % cost
reduction).

In brief, the studied UHPCs generally exhibited greater economic
efficiency than the conventional mixture. While RS5-2 proved to be the
most economical mixture considering compressive resistance, RS5-
CP20-2 was the cheapest mix for flexural strength. Notably, RS5-
CP20-2 also stood out as the overall optimal mixture, maintaining both
acceptably low compressive and flexural cost indexes. These findings
consistently underscore the advantageous combined effects of RHA and
CP in producing cost-effective UHPCs without compromising its tech-
nical performance.

6. Conclusion

This research investigated the effects of pozzolanic RHA and CP on
the mechanical and damping properties of UHPCs. The following con-
clusions have been drawn from the results presented in this study:

e The addition of RHA and CP in mixtures reduced the workability of
UHPCs, especially when replacing cement by RHA.

e Without CP, RHA-based UHPCs exhibited either higher or compa-
rable compressive strengths to the control mix, with up to 15 % RHA
content. The dual presence of RHA and CP in mixtures resulted in a
13.6-17.2 % increase in their compressive resistance, indicating the
advantageous synthetic effect of RHA and CP addition.

e While substituting SF by RHA could lead to a 4-31.2 % rise in flexural
strengths, partially replacing cement with RHA greatly improved the
flexural capacity, by 41.2-46.1 %. With the inclusion of RHA and CP,
mixtures’ bending capacity was further boosted by 47.9-59.1 %.
The presence of RHA in the concrete mixes improved their damping
ratios, reaching a maximum enhancement of 68 % with 15 % RHA
substitution. Moreover, an optimal amount of RHA replacement level
and steel fibres could augment the damping property of UHPC
mixtures.

Considering technical, environmental, and economic aspects alto-
gether, developed mixtures outperformed the conventional UHPC.
While the best substituting dosage of RHA for SF cannot be
concluded, the optimal replacement proportions of RHA for cement
and CP for SS were found at 20 %.

In conclusion, this study demonstrated the feasibility and benefits of
utilising the industrial waste materials RHA and CP as supplementary
cementitious materials for producing sustainable and high-performance
UHPC. The synergistic combination of RHA and CP not only enhanced
the mechanical properties, including compressive strength, flexural
strength, and damping ratio, but also reduced the environmental impact
and production cost compared to conventional UHPC. The optimal
replacement levels were found to be 5-10 % RHA for SF, 20 % RHA for
cement, and up to 20 % CP for silica sand. These findings added another
option for the development of eco-friendly and cost-effective UHPC
mixtures by valorising locally available waste materials, contributing to
a more sustainable construction industry.
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