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microstructure, reduced porosity and homogeneous mixing are the basic require-
ments of the UHPC design. Though UHPC helps in the preparation of structural
members at lesser size, it requires an enormous amount of cement which is account-
able for a huge CO, emission, abrasion and cracks; hence, supplementary cementi-
tious materials might be utilized as a limited alternative for cement without sacrificing
the strength of concrete at lesser cost. The nanomaterials act as a nucleation site

for the C-S—H gel formation by filling the voids and pores, thereby aiding to attain

a denser microstructure for UHPC and also delaying the nucleation of the cracks

at the nanoscale. The fibres used in the UHPC help in energy dissipation and also pro-
duce a bridging effect for micro- and macro-cracks. Based on the investigations, it
has been found that the usage of medium hooked-end steel fibres and a hybrid
combination of fibres with nanomaterials helps in improving several properties

of the UHPC.
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Introduction
Ultra high-performance concrete (UHPC) is a special concrete with superior properties
and a high cement content, which exhibits a compressive strength which is at least three
times more than conventional concrete. UHPC has extreme durability, which leads to
higher service life and lesser maintenance of the structures. UHPC also has an enhanced
resistance to abrasion and corrosion, which is more suitable for structures like bridge
decks and industrial floors and for structures which are exposed to harsh environments
[1,2].

UHPC also produces a very good resistance against freeze—thaw and chloride due
to its lower permeability because of its denser microstructure [3, 4]. UHPC has lesser
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weight due to the reduced size of the structural member with high strength compared to
the conventional concrete of the same weight and hence can be used where lean struc-
tural members are required [5]. The usage of different fibres, nanomaterials and mineral
admixtures makes a huge impact on the properties of UHPC. It has been suggested in
many literatures that even different types of curing techniques have an impact on UHPC
properties [6—10]. The incorporation of nanomaterials helps in preventing the initiation
of cracks at the nanoscale, and the fibres are capable of mitigating the cracks when it
reaches the micro-scale [11]. UHPC also provides excellent resistance against blast and
impact loads, which is because of its enhanced mechanical properties [12—15]. It is also
used in nuclear reactors in many countries due to its excellent radiation shielding capa-
bility [16].

The application of UHPC in various structures has been reported in different countries
in the world. US Army engineers were the first to use UHPC in the late 1980s, and later,
it was used in Canada for a Sherbrooke foot bridge around 1997. Although UHPC is
extensively used in many countries with some design guidelines, it still lacks with proper
framework of design and mix procedure [17]. Further development of a widely accepted
design code might encourage the industry to implement UHPC in large-scale applica-
tions. Several investigations were being done to create a mix procedure for the UHPC,
which is eco-friendly and cost-effective. UHPC has a very less water-cement ratio mostly
lesser than 0.20, which leads to the usage of a large quantity of cementitious materials
and superplasticizers to increase the workability of the concrete. UHPC is also manu-
factured without coarse aggregates, and in some studies, quartz sand was used instead
of coarse aggregates [1, 3]. UHPC can be utilized with a variety of fibres to increase the
concrete’s tensile, flexural, shrinkage, toughness, ductility and post-cracking strength
which enhances the properties of the UHPC greatly.

In India, the evolution of the UHPC is still in the early stage although there are some
reported investigations from the researchers. The usage of various fibres on UHPC was
also been reported by some academic researchers and is still in development for indus-
trial use.

The objective of the work is to perform a detailed survey on the UHPC, their raw
materials like different types of fibres, nanomaterials, supplementary cementitious mate-
rials and their field applications. The mechanism of each fibre and nanomaterial may be
different due to their individual properties. The usage of fibres and nanomaterials on the
UHPC is currently under investigation stage but will surely result in a major advance-
ment in the near future.

Raw materials of UHPC

UHPC requires many special raw materials and mix procedures to attain an enhanced
performance of the properties. The materials which can be used in UHPC are shown in
Fig. 1.

Fibres in UHPC

The usage of fibres for construction has a long history back from the 1900s. Fibres tend
to increase the structural strength, tensile strength, shrinkage, spalling resistance, tough-
ness, ductility and post-cracking properties. UHPC also improves the performance in
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Fig. 1 Raw materials
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Fig. 2 Fibres utilized as a reinforcement in UHPC

terms of the durability of the concrete. Fibres are classified as micro- and macro-fibres
based on their size, which creates a bridging effect on the concrete when the crack
reaches micro- and macro-scale. The optimum volume fraction of fibres in concrete may
also vary based on the density and size of fibres. Each fibre has a different effect on the
concrete based on its aspect ratio and properties. Some of the fibres which are mostly
used in concrete are detailed in Fig. 2.

Steel fibres

Steel fibres are available in diverse shapes and sizes. Properties of the steel fibre-
reinforced concrete may differ based on their aspect ratio, size and shape. A higher
aspect ratio steel fibre may reduce the workability, however increases the strength
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properties of the concrete. Steel fibres might create a linking effect on the concrete
and prevent the development of cracks; however, smaller size fibres are effective
at arresting smaller cracks at an earlier stage of cracking. A major disadvantage of
steel fibre is corrosion; however, Valcuende et al. [1] performed a corrosion resis-
tive analysis on UHPC reinforced with different fibres. The results reported that
there was no corrosion even after 1 year of accelerated carbonation testing, which
was achieved with the optimum usage of steel fibres and the denser microstructure
of the UHPC. Steel fibres influence resistance against chloride in two ways, one is
by controlling shrinkage cracking on the cement paste and the other is by creating
weakened points with which the chlorides permeate easily through the interphases
among the materials. Hence, more usage of fibres in concrete may create pores
inside them. It was also revealed that even after exposure at 1000 °C, 69% of the orig-
inal compressive strength was kept, and the split tensile strength began to fall after
400 °C exposure, however retained 41% of the split tensile strength even at 800 °C.
Degradation of the steel fibre was reported above 600 °C and weighed largely on the
drop of tensile strength at fibre-reinforced UHPC [18]. The triangular steel fibres
when twisted provide better results than the straight steel fibres due to their better
anchorage effect [19].

Steel fibres also prevent spalling by linking the plate and the UHPC cover. Abbas
et al. [3] studied the effects of steel fibres in the concrete at varying lengths of 8 mm,
12 mm and 16 mm at dosages of 1%, 3% and 6% by mixture volume. The results show
that incorporating short steel fibres of 8 mm and 12 mm at 6% of volume showed
enhanced results in compressive, tensile and flexural strength than long steel fibres
of the same volume. An increase in peak load carrying capacity of up to 37% was also
noticed in UHPC. No deterioration in UHPC was reported due to the exposure of
chloride ions solution.

Isa et al. [20] focussed on producing an eco-efficient UHPC with recycled tyre
steel cords and recycled tyre steel fibres. Their performance was based on the length
of the fibres. Recycled tyre steel cords with a length of 12 mm and 15 mm produced
a superior strength and post-cracking stiffness while the recycled tyre steel cords
with 9 to 15 mm produce 50% more flexural strength. They conclude that the recy-
cled tyre steel fibres provide a better performance like manufactured steel fibres;
however, the usage of recycled tyre steel fibre reduces the workability, fresh density,
compressive strength and modulus of elasticity but offers significant cost and envi-
ronmental benefits than recycled tyre steel cords or manufactured steel fibres.

Ashkezari et al. [21] analysed the effects of ultra high-performance concrete with
the reinforcement of steel fibres. In the results 3% of 12-mm straight steel fibres pro-
duced a maximum compressive, split tensile and flexural strength at percentages of
81%, 228% and 180%, respectively, as shown in Fig. 3. Taekgeun et al. [22] aimed
to enhance the interfacial bond and tensile performance of UHPC with steel fibres.
So, they modified the fibre surface using ethylene diamine tetra acetic acid (EDTA)
electrolyte solution and nanosilica coating. The surface roughness of the steel fibre
increases due to the EDTA solution and nanosilica properties. He concluded that
the EDTA-treated fibre provides the best tensile strength, strain capacity, pull-out
resistance, bond strength and g-value.
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Fig. 3 Tensile and flexural strength at various steel fibre contents [21]

Glass fibres

Glass fibres used in concrete are in either continuous or discontinuous form. Various
types of glass fibres are available to use; however, AR glass fibre is the most commonly
used fibre due to its resistance against alkali attack. Mohammed et al. [23] worked
with a high volume of micro-AR glass fibres. The behaviour of ultra high-performance
fibre-reinforced concrete and their results concluded that a better mechanical perfor-
mance was recorded for the mixtures with 1.5% of micro-glass fibres. Rigaud et al.
[24] researched on UHPC with glass fibres as a reinforcement. Durability and ductil-
ity are well maintained during the accelerated ageing tests at 50 °C water. The flexural
strength, elastic limit and maximum stress were enhanced with a glass fibre of 6 mm
length and 0.15 mm diameter used in a quantity of 2.5% in concrete.

Meng et al. [25] present the mechanical performance of a glass fibre-reinforced pol-
ymer (GFRP). The utilization of glass fibre-reinforced polymer on UHPC enhanced
the flexural properties of the panels. The use of GFRP in a single layer and double
layer had made an increase in flexural capacity to almost 25% and 49%, respectively.
A decrease in the first cracking load of 15% and 19% was observed due to the usage
of single and double-layered GFRP, respectively. The energy dissipation was improved
up to 12 and 17 folds because of the usage of single-layer GFRP and a double-layer
GERP, respectively.

Synthetic fibres

Synthetic fibres are polymer-based materials which are created by the process of
polymerization. They are known for their long-term alkaline resistance in concrete.
Zhau et al. [26] worked on UHPC by employing nanosilica particles to treat polyvinyl
alcohol fibres using a sol-gel method. The physical friction and interlocking effect
were improved, as the nanosilica particles improve the surface roughness of the poly-
vinyl alcohol fibres. New calcium silicate hydrate gels are also formed which fills the
crack, which might be because of the reaction of nanosilica with calcium-containing
phases in the cementitious matrix. The compressive and flexural strength was also
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Fig. 4 UHPC with nanosilica-treated polyvinyl alcohol fibres [26]
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Fig.5 Compressive and flexural strength of polypropylene fibre-reinforced UHPC [29]

improved based on the study as discussed in Fig. 4. The spalling resistance on the
UHPC was also improved by the polymer fibres [27].

The impact of ultra-fine palm oil fuel ash combined with shredded recycled waste
bottle in the form of polyethylene terephthalate (PET) on UHPC was explored by Alani
et al. [28]. It was discovered that a total cement binder with 1% PET fibre had the highest
compressive strength. In addition to that lower porosity, water permeability and rapid
chloride permeability were also recorded. With the inclusion of UPOFA, additional
C-S—H gel was formed, which improves the adhesive strength between PET fibre and
the constituents of the concrete by decreasing the void values.

Yan et al. [29] aimed to enhance the ductility characteristics of the UHPC with poly-
propylene fibres at various volumetric fractions. The compressive property of the con-
crete improves at 0.5% of polypropylene fibre by 5.78%. The flexural strength, modulus
of rupture and toughness index was also improved by 26.9%, 24.92% and 4.75%, respec-
tively. The effect of compressive and flexural strength at different proportions was
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discussed in Fig. 5. Rios et al. [30] suggest that the incorporation of polypropylene fibres
significantly enhances the maximum pore size and porosity. The use of polypropylene
fibre reduces the thermal damage due to the partial melting of the polypropylene fibres
in combination with the rise in porosity.

Yu et al. [31] studied the effects of UHPC with polyethylene fibres and concluded that
the tensile strength, modulus of rupture and compressive strength increased signifi-
cantly. Spalling tests, permeability measurements, and microscopic characterizations on
frequently used polymer fibres such as low-density polyethylene, ultra-high molecular
polyethylene, polypropylene, polyamide and polyester fibres were conducted by Zhang
and Tan [32] and concluded that the low-density polyethylene, polypropylene and pol-
yamide could prevent spalling in UHPC, while ultra high molecular polyethylene and
polyester fibres are not effective in spalling prevention. Thermal expansiveness of the
polymer fibres is a major property which enhances the spalling resistance.

Carbon fibres

Raw carbon fibres are produced from either polyacrylonitrile or petroleum coal. Carbon
fibres are lighter and stronger than steel. They can be used either directly with concrete
or in the form of external wrapping sheets. The diameter of carbon fibres was mostly
5-10 pm, and they are composed mostly of at least 92% of carbon from its weight. Fer-
rier et al. [33] tried to make a type of UHPC which provides enhanced performance
than the conventional. The aim is to create a light weight beam with high compres-
sive strength, tensile strength, shear resistance and to be able to withstand significant
bending moments. Their findings show that the using of carbon fibre-reinforced poly-
mer rebar in concrete boosts carbon bending stiffness even in small rebar diameters by
boosting the young’s modulus.

Tian et al. [34] investigated prefabricated grid-reinforced UHPC and concluded that
the use of carbon fibre-reinforced polymer grid could provide more sufficient lateral
confinement to achieve a strain hardening behaviour, increasing the specimen’s ductility
and toughness.

Three distinct fibres were chemically processed with sodium hydroxide, nitric acid
and ammonia acids by Yoo et al. [35]. The outcome states that increasing the carbon
fibre content enhanced conductivity, while chemically treating the carbon fibre resulted
in slightly better conductivity. The UHPC with 0.1% by weight of nitric acid processed
carbon fibres achieved the best shielding efficacy, compressive and tensile performance.
Figure 6 discusses the shielding effectiveness of different acids in UHPC.

Natural fibres

The effect of nanocellulose fibres, which are manufactured from cellulose obtained from
plants, was studied. The maximum compressive value of UHPC was found at 0.05%
nanocellulose, according to the findings. At peak load, nanocellulose in concrete also
improves ductility, energy absorption capacity, toughness index and flexural strength.
It was also determined that the cellulose fibre improves flexural strength [36, 37]. The
shrinkage value was also reduced with an optimum content of cellulose fibres. The
degree of hydration in cellulose fibre is the absorption of water at an earlier stage, but the
absorbed water in the cellulose fibre was released at a later age, promoting a continuous
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Fig. 6 Shielding effectiveness of carbon fibre-reinforced UHPC [35]

100%
90% 1143 10.72 11.51 0.97
80%
70%
60%
50%
40%
30%
20%
10%

0%

Peak Load (N) Residual Flexural  Energy absorption = Toughness Index
Strength (MPa) Capacity (KJ/m3)

H Control M Cellulose Nanofibres-0.5

M Cellulose Nanofibres-1.0 Cellulose Nanofibres- 1.15

Fig. 7 Ultimate load, flexural strength, energy absorption capacity and toughness index of UHPC with
cellulose nanofibres [36]

hydration response. The hydration level was greater than in the control sample, peaking
at 0.9 kg/m>. Cellulose fibres also mitigate autogenous shrinkage by a twofold mecha-
nism and produce a matrix bridging effect due to the nano-reinforcing effect, which also
improves the volumetric stability [38]. The effect of nanocellulose fibres with respect to
conventional concrete was discussed in Fig. 7.

Zhang et al. [39] explore the implementation of natural fibres like jute fibre at differ-
ent volumes on UHPC for the enhancement of compressive properties, permeability and
resistance to spalling. Natural fibres have the tendency of swelling due to the absorb-

ing water and shrinking due to exposure to warm and high temperatures. Due to the
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deswelling and shrinkage of natural fibres at varying temperatures, permeability was
influenced by the space between the fibres and the concrete. The results conclude that
jute fibres when used at an application of 10 kg/m?, eliminate the spalling. The compres-
sive strength and flexural strength was also increased in all dosages.

Natural Sisal fibres were obtained from sisal leaves in the form of vascular bundle
fibres. Ren et al. [40] studied UHPC with varying lengths (6, 12 and 18 mm) and vol-
ume contents of sisal fibres (1.0%, 2.0% and 3.0%). The workability of the UHPC mixture
declines as the length and volume of the sisal fibres rise, according to the experimental
data. Flexural strength and toughness were both improved by 16.7% and 540.0%, respec-
tively, as discussed in Fig. 8. The length of sisal fibres also enhanced the pull-out energy
and pull-out load. UHPC with 6 mm, 12 mm and 18 mm of sisal fibres at 1% by volume
increases the compressive strength at around 3.7%, 8.5% and 15.5% from the reference
specimens. The flexural property and the toughness were improved to the best at 2.0% of
sisal fibres with a span of 18 mm at a percentage of 16.7% and 540.0%.

Hybrid fibres

The combination of the two different types of fibres or a fibre of different shape or size
is called as hybrid fibre. The inclusion of hybrid fibre enhances the energy dissipation
capacity in the concrete than the usage of single-sized fibres. Yu et al. [41] and Kamal
et al. [42] used steel and polypropylene fibres in UHPC to evaluate the behaviour and
effect of concrete beams. They analysed with special focus on the deflection at various
levels of loading, as well as initial cracking, cracking pattern and ultimate load. The steel
fibres are more potent than the polypropylene fibres in raising initial and ultimate loads.
The results concluded that the hybrid combination of polypropylene and steel fibres
increases the compressive strength for 28 days up to 2.5% and 6%. An increase in ulti-
mate load was also reported for both steel and polypropylene fibres at around 48 and 15
percentage, respectively, than the conventional concrete as shown in Fig. 9.
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Reference 1.0 % of Sisal Fibres 2.0 % of Sisal Fibres 3.0 % of Sisal Fibres

==@==Flexural Strength (Mpa) =@==Toughness (kN-mm)

Fig. 8 Flexural strength and toughness of 18-mm sisal fibre reinforced UHPC [40]
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Fig. 9 Compressive strength of steel and polypropylene fibre-reinforced UHPC [42]

Zhang et al. [43] studied the integrated response of steel and flax fibres in resisting
spalling on UHPC. The flax fibre increases the permeability, and the steel fibre provides
a bridging effect on UHPC under elevated temperatures. Natural fibres like flax will not
melt at high temperatures, and the degradation starts well over 300 °C; further, there
might be an interfacial separation due to the expanding responses of flax fibres. There-
fore, the UHPC with only flax fibre provides a passageway for vapour at extreme temper-
atures and increases the permeability. The reports suggest that the steel fibre increases
the strength, and the flax fibre works in reverse by decreasing the strength.

Li et al. [44] explored the utilization of polypropylene fibres, steel fibres and aggregate
size both in the individual and combined forms. Polypropylene fibre helps in preventing
spalling and increases the permeability much more than steel fibres. Higher permeability
was recorded with the combined use of steel fibre, polypropylene fibre and larger aggre-
gates. It was also reported that an increase in the length and dosage of the polypropylene
fibres has more effects on permeability than the diameter of the fibres.

Yan et al. [45] aimed to investigate the ductility characteristics of UHPC with hybrid
fibre combinations. Fibres are added in various dosages, and the observed outcomes
state that the type and amount of included fibres influence the performance of the
UHPC mixtures. With the inclusion of 2.5% fibres, the flexural strength in basalt fibre,
polypropylene fibre and glass fibre was increased by 20.8%, 26.9% and 27.9%, respec-
tively; there was also an increase in modulus of rupture for about 20.4% for the basalt
fibre, 24.92% in polypropylene fibre and 26.05% for glass fibre. When compared with ref-
erence specimens, there was a considerable decrease in fluidity due to the addition of
fibres. The toughness index was also increased in all fibre-reinforced concrete. Improve-
ment in the compressive strength was recorded with the volume of all the fibre content,
less than 0.5%. Glass fibre resulted in the highest peak load and then polypropylene fibre
followed by basalt fibre at the volume of 2.5% based on the load—deflection curve.

Li, Yang and Tan [46] investigated the flexural performance of a hybrid polyethylene—
steel fibre-reinforced UHPC. The hybrid combination of polyethylene and steel fibres
significantly improves the limit of proportionality, modulus of rupture and toughness
index of UHPC. The best flexural performance was demonstrated by UHPC, which
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contains 0.5% polyethylene and 2.0% steel fibres. Polyethylene fibre produces unfavour-
able results on compressive strength, and hence, combined usage of steel and polyethyl-
ene fibre provides a better result.

Sbia et al. [47] incorporate nano- and micro-scale reinforcement in UHPC. They used
carbon nanofibre for nano-reinforcement and polyvinyl alcohol fibre for micro-rein-
forcement. The results indicate that the combined usage of carbon nanofibre and poly-
vinyl alcohol fibre improves flexural strength, maximum deflection, energy absorption
capacity, resistance to impact and abrasion and compressive strength. Feng et al. [48]
aim to study the properties of the hooked-end steel fibre and macro-polypropylene fibre
in concrete. The results concluded that 1.0% of hooked-end steel (HES) fibre with 0.5%
of macro-polypropylene (MPP) fibre shows better results in all terms than the conven-
tional concrete.

Nanomaterials in UHPC

These are the materials of size 0.1 to 100 nm. Nanomaterials increase the longevity of
concrete and resistance to fire and improve the quality of concrete such as self-healing
and self-cleaning. Nanomaterials also improve the flexural and compressive strength in
concrete at an early age; however, dispersion of nanomaterials is a major concern, and
various techniques were followed to disperse the nanomaterials. The different nanoma-
terials which are used in concrete are nanosilica, nanotitanium oxide, nanoaluminium
dioxide, nanocalcium carbonate, nanoclays, nanocellulose, nanorice husk ash, nanoiron,
nanoferrous oxide and carbon nanomaterials like graphene, carbon nanotubes and car-
bon nanofibres (Table 1).

Carbon nanotubes

Carbon nanotube (CNT) is a one-dimensional nanocarbon material which was found
out in 1991, with the structure resembling a rolled-up sheet of graphene, which has a
cylinder cap-like seal on both sides and a hollow interior [49]. They are of two types,
which are single-walled carbon nanotubes and multi-walled carbon nanotubes. Vianna
et al. [50] stated that 0.05 to 0.10% of carbon nanotubes in the weight of cement can
reduce the spalling due to exposure and increase the compressive and split tensile
strength. Carbon nanotubes dispersed in a solution of 0 to 2.0% also improve the electri-
cal resistivity and mechanical properties by pore filling and densification of concrete.
The highest percentage of carbon nanotube was recorded as 0.10% in dispersed solu-
tion [59]. It also improves the hydration properties and bridges the cracking services as
shown in Fig. 10.

Carbon nanofibre

Carbon nanofibre (CNF) is a recent carbon material between graphene and carbon 60.
It has a tensile strength of 2.7 GPa and a modulus of elasticity around 400 GPa with a
diameter around 0.5 to 100 nm [49]. Carbon nanofibres when compared to carbon nano-
tubes offer substantially higher performance and geometric attributes at low cost. Based
on the performance, the optimum percentage of carbon nanofibre in UHPC was 0.04%.
Carbon nanofibre was dispersed with water in the presence of polyacrylic acid at a pol-
ymer-to-nanomaterial weight ratio of 0.1 to 1.0% and should be sonicated for 30 min. A
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Fig. 10 SEM images of UHPC with carbon nanotubes. a CNTs embedded in the hydration products. b CNTs
bridged the cracking surfaces. ¢ CNTs agglomerated on the surface of cement [59]

well-dispersed carbon nanotubes will have a uniform dispersion in the microstructural
analysis as shown in Fig. 11. Carbon nanofibre surfaces form a bond with C-S—H as it is
highly hydrophilic and effectively combines with the cementitious matrix [51].

Graphene

A single-layer stripping approach was used first to make graphene by Novoselov and
Geim in the University of Manchester in 2004. Graphene is a type of 2D honeycomb
crystal framework carbon material made with single-layer carbon atoms. An optimum
mixing concentration with 0.05-0.07% of graphene by volume of cementitious materi-
als improves the performance of the concrete in all mechanical and durability aspects.
It was also concluded that graphene-reinforced UHPC possesses outstanding properties
like high electrical conductivity, high thermal conductivity and high mechanical strength
at an optimum percentage of 0.07% of graphene by volume; however, higher usage of gra-
phene on concrete limits the enhancement of mechanical properties due to the impact
of the van der Waals force on the sedimentation of the suspension which steers to the
bad dispersion and also decreases the fluidity of the concrete. The microstructural analy-
sis of the UHPC with graphene nanoplatelets presented in Figs. 12 and 13 also ensures
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Fig. 12 Graphene nanoparticles

the enhancement of the calcium silicate hydrate gel into petal-like hydration products;
however, increased usage of graphene nanoplatelets may lead to extremely high concen-
trations of graphene nanoplatelets dispersion, and so, it cannot be effectively dispersed
in the concrete [49, 52, 53, 60, 61]. The porosity and electrical resistivity of the UHPC at
0.05% of graphene nanoplatelets in volume were lower than the conventional UHPC as
in Fig. 14.

Nanosilica
It is an organic chemical compound, which is non-poisonous, flavourless and devoid
of pollutants. It has a larger surface area which absorbs more water and thus reduces



Anish and Logeshwari Journal of Engineering and Applied Science (2024) 71:25 Page 15 of 40

160
140
120 - B Compressive
100 - Strength (Mpa)
80 - B Flexural Strength
60 - (Mpa)
40 - 1 Porosity (%)
20 -
0 - Electrical Resistivity
R TR (kQ-m)
N & Q Q’Q'

Fig. 13 Compressive strength, flexural strength, porosity and electrical resistivity of UHPC with graphene
nanoparticles [60]

(e) 5000 X (f) 20000 X (2) 5000 X (h) 20000 X

Fig. 14 SEM images of UHPC with graphene nanoplatelets (GNP): UHPC with GNPs of 0% (a, b), UHPC with
GNPs of 0.01% (c, d), UHPC with GNPs of 0.05% (e, f) and UHPC with GNPs of 0.1% (g, h) [60]

the fluidity of the concrete. Yu et al. [54] reported that the inclusion of nanosilica
significantly creates an improvement in the viscosity of UHPC. Nanosilica creates
a nucleation effect which promotes more C-S—H gel, and so, finding an optimum
amount is necessary. In the microstructural analysis of the UHPC with a nanosilica
of 4%, it was observed to have a dense structure with only few air pores, but in the
UHPC with 5% nanosilica, more pores were observed as shown in Fig. 15. The out-
come of the compressive and split tensile properties was observed to be maximum at
around 3.74% (Fig. 16). Sujay et al. [62] studied the properties of nanosilica used at a
combination with ultra-fine fly ash for cement and concluded that 15% of ultra-fine

fly ash as an alternative for cement with 3% nanosilica achieves the highest durability
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(c)

Fig. 15 SEM images. a Control sample. b UHPC with 4% of nanosilica. ¢ UHPC with 5% of nanosilica [54]
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Fig. 16 Compressive and flexural strength of nanosilica-reinforced UHPC [54]
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and reduced porosity and permeability, due to the improved micro- and macrometer
densities of the concrete. A considerable reduction in chloride ion penetration was
also noticed.

Nanocalcium carbonate

Nanocalcium carbonate is a low-cost material, which is made from natural calcite,
marble and limestone. Camiletti et al. [55] used nanocalcium carbonate in the study
as a partial replacement for cement at various percentages. From performance and
economic points of view, efficient improvement in concrete properties was attained
at 5% by volume and not more than 10% was advised. Wu et al. [56] reported that the
optimum dosage of nanocalcium carbonate to amplify the compressive and flexural
strength was 1.6 to 4.8% by the mass of cementitious materials. Nanocalcium car-
bonate reacts with C;A to form calcium aluminates which is a substance with high
permeability in fresh state, which makes ions and water diffuse into internal struc-
ture more easily and reduces the concentration of Ca*", thus accelerating the hydra-
tion. Nanocalcium carbonate accelerates the hydration reaction of UHPC because of
its nucleation effect, decreases flowability and increases the amount of autogenous
shrinkage of the UHPC. It also enhances the mechanical properties and produces a
denser microstructure. Li et al. [57] blended nanosilica and nanocalcium carbonate
and concluded that the optimum combined usage of nanosilica and nanocalcium car-
bonate was 1.0% and 3.0% as discussed in Fig. 17. Nano-CaCOj, reduces the initial and
final setting time which also aids in increased shorter setting time. The microstruc-
tural analysis in Fig. 18 states that the nanocalcium carbonate can enhance the pack-
ing density and fill the hollow space leading to a dense microstructure [58].

160

140

120 -
E 100 + m Compressive
= Strength(MPa)
=
E" B Flexural
o Strength(MPa)
)

0.00% 0.50% 1.00% 1.50% 2.00%

Nano-Calcium carbonate content in %
Fig. 17 Compressive and flexural strength of nanocalcium carbonate-reinforced UHPC [57]
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Fig. 18 a UHPC with 0% nanocalcium carbonate content. b UHPC with 2% nanocalcium carbonate content
(58]

Nanowaste materials

Nanowaste materials include fly ash, silica fume, coal, metakaolin, glass waste and rice
husk ash in nanoform that might be utilized in concrete. High-energy ball milling tech-
niques were used to change the waste materials from micro- to nanosize. Faried et al. [4,
63] used nanorice husk ash, which was burned at different temperatures and concluded
that nanorice husk ash burned at 700 °C for 5 h shows the best results when used at 3%
by mass of cementitious materials. Tawfik et al. [64], with the utilization of nanoclay,
nanofly ash, nanosilica and nanosilica fume at 2%, 4%, 3% and 4%, respectively, by weight
of cementitious materials concluded that there was a considerable improvement in
mechanical and non-destructive properties in concrete. The results concluded that there
was an enhancement in compressive strength by 17%, 24%, 14% and 13% and a decrease
in sorptivity by 48%, 60%, 60% and 84% for nanoglass waste, nanorice husk ash, nanome-
takaolin and nanosilica fume, respectively. Nanometa clay shows lower workability due
to the clay properties and ultrafine size as compared to the OPC to metakaolin. Nano-
metaclay also produces a retardation effect at early ages, however increases more than
the conventional at later ages [65, 66].

Supplementary cementitious components in UHPC
UHPC consumes a large amount of cement, which is mostly around 800-1100 kg/
m?>, The huge usage of cement in UHPC influences the production cost, hydration and
dimensional stability. Hence, alternatives to lessen the usage of cement content are of
main concern. The most commonly used cementitious components and their impact on
UHPC will be explored in the following sections.

Ground granulated blast furnace slag

Ground granulated blast furnace slag (GGBES) is used as a substitute for cement
for many decades to reduce environmental issues and production costs in the con-
crete industry. GGBFS has a particle size of 31-50 um. GGBES is one of the materi-
als which possess mechanical and durability performance in UHPC. The hardened
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Fig. 19 Compressive strength of UHPC with GGBFS under standard water curing and oven curing [67]
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Fig. 20 Tensile strength of UHPC with GGBFS at various proportions under standard water curing and oven

curing [67]

properties of GGBES were significant up to 40% replacement for cement in stand-
ard curing conditions and up to 60% replacement for cement in the case of elevated
temperature curing. The microstructural properties presented in Fig. 21 also con-
firm that the denser microstructure of the UHPC was due to the high volume of
GGBFS. The hydraulic and pozzolanic activity of GGBES creates more C-S—H gel
formation than conventional, as noticed in the SEM images. GGBES also signifi-
cantly improves the fracture energy up to 60% replacement for cement. Durability
properties are improved due to the enhanced pore structure by the incorporation of
GGBFS in UHPC, which also produces a better resistance for chloride ingress and
water absorption [67]. The improvement of the strength properties at various pro-

portions of GGBEFS was discussed in Figs. 19, 20, and 21.

Page 19 of 40



Anish and Logeshwari Journal of Engineering and Applied Science (2024) 71:25 Page 20 of 40

00KV Signal Aw SE2 Dalo 12 W 2018 |z
WD = 186 mm Meg= 3B9KX Time :17:1539 F——— wo-18smm Meg= 3B9KX Timo 17-17:14

10pm EHT = 1000 KV Signel A= SE2 Dato 12 Jul 2018

(a) (b)

Fig. 21 SEM images of UHPC (a). Conventional (b) with 60% of GGBFS [67]

Fly ash

Fly ash is a spherical particle, which is a by-product of the coal industry. Fly ash is
mostly used in combination with other materials like GGBES, silica fume, metakaolin
and steel slag. Hasan et al. [68] targeted to produce an eco-friendly reactive powder
concrete (RPC) with 50% of the cement replaced by cementitious components and
concluded that the fresh properties of the concrete were improved. Yazici et al. [69]
used fly ash, GGBFS and silica fume at the UHPC and concluded that the strength
improves at an optimum percentage of 10% fly ash and 10% GGBEFS with 35% silica
fume. The microstructural analysis also concluded a denser microstructure, which is
suitable for the improvement in strength properties. Tahwia et al. [70] studied the
impacts of fly ash and silica fume as a partial substitution for cement and concluded
that the 30% substitution of cement by fly ash and 15% by silica fume improves the
compressive performance, sulphate and chloride resistance in concrete.

Granite powder

Ground granite powder is an industrial waste produced from a stone processing plant.
It was then processed in the laboratory to attain in a dry powder form. The particle
size of granite powder utilized in the study mainly ranges from 10 to 100 pm. It has
a very low CaO (2.31%) compared to the cement (53.32%); however, SiO, in granite
powder is three times more than the SiO, in cement. Zhang et al. [71] experimentally
investigated the granite powder as a substitute for cement. They studied the hydration
products, pore structure, strength properties and chloride permeability at the macro-
scale. Studies concluded that the optimum replacement of ground granite powder for
cement was 5%, 10% and 15% under various curing conditions like standard curing,
curing by warm water and autoclaved curing.

Nanocotton stalk

Nanocotton stalk is an agricultural ash made from the process of combustion, which
yields an ultra-fine material suitable for supplementary cementitious components.
The nanocotton stalk ash and palm leaf ash, when used as an alternative for cement in
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UHPC, a reduction in slump flow was recorded. The largest slump flow was observed
at 30% of palm leaf ash and 10% of nanocotton stalk, when used as a partial substitute
for cement. The mixture containing 20% of palm leaf ash with 5% of nanocotton stalk
ash achieves the highest strength properties and elastic modulus [72].

Limestone powder

It is a non-pozzolanic material which improves the fluidity of the concrete and produces
a positive effect on C-S—H gel. Limestone powder was also effective in mitigating autog-
enous shrinkage [62]. It was also concluded based on past studies that an appropriate
content of limestone powder at around 50% might contribute to higher properties. A
secondary pozzolanic hydration, which can boost the potentiality of the concrete’s devel-
opment of strength at a later age, was noticed. Limestone powder also helps in making
an eco-friendly and minimal-cost UHPC. Based on the investigations, around 20% of
limestone powder gives the best result compared to conventional concrete as studied in
Fig. 22, which also helps in making an eco-friendly and minimal-cost UHPC [73].

Silica fume

Silica fume is a waste product from the industries, which produces ferro silicon alloys,
with a diameter of around 0.2 pm and is an essential constituent for UPHC. Liu et al.
[74] concluded that the replacement of 20 to 30% of silica fume for cement possess supe-
rior mechanical and fracture properties on the UHPC. The influence of silica fume in
concrete depends on the amount in concrete. Various other researchers also conclude
that the optimum percentage of silica fume in UHPC was around 20 to 35%; however, it
was extremely based on the water-cement ratio in concrete. Figure 23 explains the reac-

tion of silica fume at various contents in concrete.

Phosphorous slag

Phosphorous slag is a by-product of the industries involved in the production of yel-
low phosphor. The primary constituents of the phosphorous slag are silicon dioxide
and calcium carbonate, which states that phosphorous slag has a potential reactivity.
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Fig. 22 Compressive strength of UHPC with limestone powder [73]
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Fig. 23 Compressive performance and elastic modulus of UHPC with silica fume [74]

A study on UHPC by incorporating high-volume phosphorous slag with a particle size
of around 10 um was done, which states that the addition of phosphorous slag reduces
the autogenous shrinkage at an early age and enhances the flowability. Phosphorous slag
also improves the compressive strength up to 40% of the replacement for cement and
above that reduces the strength below the reference. The early age strength development
was also less though it produces a comparable compressive performance at 28 days. The
microstructural analysis also validated that the phosphorous slag lengthens the inert
period of cement hydration in UHPC [75].

Metakaolin

Metakaolin is manufactured by the dehydroxylation of the clay mineral kaolinite, which
has a reduced particle measure and a higher surface area, when compared to Portland
cement. Alharbi et al. [76] investigated the response of metakaolin as an available alter-
native for silica fume, which is a typical constituent of UHPC. The results concluded that
the metakaolin can be replaced by up to 50% of silica fume in concrete. A reduction in
mechanical performance was noticed due to the usage of metakaolin; however, the easy
availability and the low cost of metakaolin would favour its usage in UHPC. Combined
usage of metakaolin and nanomaterials can enhance the compressive strength, elastic
modulus, sorptivity, porosity and absorption properties of the UHPC.

Expanded perlite powder

It is an amorphous volcanic glass, formed by the hydration of the obsidian. Wang et al.
[77] investigated the effects of UHPC containing expanded perlite powder as a sub-
stitution for cement. The results indicated that a significant durability and a slightly
lesser strength were obtained up to 60% of expanded perlite powder as a substitution
for cement. The replacement of cement with expanded perlite powder results in an
increased slump flow and reduces the viscosity of the UHPC. Microstructural analysis
indicated that expanded perlite exhibits a pozzolanic activity and promotes the early
hydration process.
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Aggregates

Generally, coarse aggregates are not used in UHPC, in order to produce a denser micro-
structure. Fine river sand, quartz sand, recycled glass powder, artificial aggregates,
crushed basalt, marine clay, steel slag and Aeolian sand are mostly used in investigations.

In most of the studies, two types of river sand from 0 to 0.6 mm and 0.6 to 1.25 mm
were utilized as fine aggregates [74, 78, 79]. Shi et al. [80] used quartz sand of three types,
which were coarser particles with 0.4—0.8 mm, average particles with 0.18—0.8 mm and
small sand with 0.1 to 0.18 mm. Refined quartz with a size lower than 0.6 mm was mostly
used in various studies. Very fine quartz sand from 0.1 mm to 50 um was also used by
some researchers [70]. Alharbi et al. [76] used quartz sand of size ranging from 150 to
600 pm as fine aggregates in their research.

Amin et al. [72] used recycled coarse aggregates of 4.75 to 19 mm and concluded bet-
ter results. Crushed granite of 6 mm diameter was also used in some studies [81]. Dixit
et al. [82] used marine clay and quartz as an aggregate in the investigation. Reduction
in compressive strength was noticed in his work; however, addition of biochar com-
pensates the degradation in strength due to the usage of marine clay. Li et al. [83] used
coarse basalt aggregates with a maximal size of 8 and 16 mm for the analysis. Reduction
in strength properties was observed high if the size of basalt aggregates was increased.
Jankovic et al. [84] stated that the combination of quartz and barite aggregates at 50:50
will produce better results than the concrete made only with quartz sand or barite
aggregates.

Jiao et al. [85] evaluated the effective utilization of glass sand as aggregates in UHPC.
The results concluded that the glass sand when replaced with quartz sand up to 75%
results in improved compressive strength; however, there is no significant effect on split
tensile and flexural strength. The usage of waste glass as aggregates in concrete might
also reduce the environmental pollution due to landfill. It also increases the workability
and the rheological properties. Chu et al. [86] address the possibility of utilizing Aeolian
sand in UHPC. The findings noted that the UHPC with Aeolian sand produces around
163.9 MPa, 18 MPa and 49.3 MPa of compressive strength, flexural strength and young’s
modulus, respectively. This suggests that the Aeolian sand can also be used in UHPC as
a fine aggregate.

Superplasticizers in UHPC

Water plays a major role in concrete by initiating a reaction when it is added to cement.
It also establishes bonds and reduces the abrasion between the cement, aggregates and
the admixtures. It is also responsible for the process of hydration which generates the
hardening process of the concrete to form structures for various utilizations. Water is
also responsible for the fluidity in the concrete, which makes the concrete easy to mix
with less abrasion in the machines and mould into different shapes. However, excessive
usage of water in concrete may reduce the performance of the concrete and increase the
chances of bleeding, drying shrinkage, loss of abrasive resistance, permeability, dusting
and scaling. In the case of UHPC, developing an exceptionally dense interfacial transi-
tion zone with less porosity and voids is required, which leads to the diminished usage
of water in UHPC. The low water-cement ratio in the range of around 0.20 has made
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superplasticizers a major typical constituent at UHPC to improve the workability and to
minimize the negative effects due to the excessive usage of water. In most of the studies
superplasticizers were used in the range of 0.5 to 2.0% by the weight of the total cement;
however, the usage of superplasticizers depends on various materials and requirements
in UHPC. Polycarboxylic-based superplasticizers were the most commonly used super-
plasticizer in various studies. The dispersing ability of the superplasticizers was mainly
dependent on the chemical structure and absorption ability of the particles in UHPC
[87]. Schrofl et al. [88] demonstrate that allylethal-based polycarboxylic ether (PCE)
sample preferably absorbs on silica fume whereas methacrylic acid-based PCE sample
strongly interacts with the surfaces of the hydrating cement. Due to the different par-
ticulate matter, different surfaces occur, which provides anchoring sites for the super-
plasticizers. The type of surface which provides the best match with the molecular
configuration of the PCE will attract more PCE than others. Hence, blends of chemically
different polycarboxylates exhibit more performance than individual polycarboxylates.
Superplasticizers also have some disadvantages, which should be considered during the
construction. The usage of superplasticizers will certainly add some additional costs to
the concrete. They might also tend to make the concrete mix stickier, which may create
a problem while finishing the concrete. The slump loss and air entrainment will also be
higher in the concrete with superplasticizer than the conventional concrete and hence
optimum usage of Superplasticizer is also necessary.

Mix procedure

A mix of UHPC should be done by considering the requirements of the UHPC like
workability and strength. As of now, UHPC does not have any framed guidelines for mix
procedure. In some studies, mix proportions were made using the experimental trial and
error method because of no standard procedure. Ozersky et al. [89] suggested a mixing
process where all the dry components are dispersed and uniformly distributed within
the mixture succeeded by the inclusion of water and chemical additives. The altered
Andreasen and Andersen model equation which might be used to design the UHPC is
shown as follows:

p(D) = D4 — quin/quax — D%nin

where P(Di) is the fraction of the total solids being smaller in size than Di, Di is the size
of the particle (um), D,,,, is the maximum size of particles (um), D,;, is the minimum
size of particles (um) and ¢ is the distribution modulus [90].

Hunger et al. [91] recommend a g value of 0.22-0.25 and determine that it is a propor-
tion between the finer and coarser particles. The proportions of each type of material in
the mixture are done by an optimization algorithm, which was based on the least square
method (LSM) to obtain a perfect fit within the created mixture and target curves as

follows.
n ; . 2
55 0, (e (0) 2 (1)
where P, is the possessed mix, and P, is the target grading measured from the

equation.
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The mixture design technique can even be done using software such as Matlab, and
then it can be verified by experiments. Yu et al. [90] created a close-packed and homo-
geneous skeleton of UHPC using the defined Andreasen and Andersen particle packing
model with comparatively low binder content. The packing density can be increased by
the reduction in the proportion of the little to massive particles. Most of the empirical
findings conclude that the real filling response of RPC was relatively effective with low

water-cement ratio only.

Curing techniques

It is clearly known by various studies that the properties of concrete were also based on
the temperature, duration of curing and the techniques used for curing. Autoclave cur-
ing produces the ultimate strength followed by warm curing, curing by heated water,
curing by hot air and standard curing. The following sections briefly discuss the curing
techniques used in UHPC.

Standard room curing

This is the usual and inexpensive process which is very practical to use; however,
researchers suggest that when the curing was at room temperature, the pozzolanic activ-
ity was weak. The compressive property of the UHPC may even go higher up to 200 MPa
if there is a prolonged curing age [6].

Heat curing

It has been reported in studies that a 15-30-MPa compressive strength might be further
attained at 24 h, when compared to the 28-day strength test at standard room tempera-
ture curing [6]. The temperature of steam curing in several literature studies varies up to
90 °C, and the duration of the steam curing varies from 12 h to 7 days. The best strength
was achieved with the steam curing at 90 °C for 12 days, as compared to normal room
temperature curing [7]. The increase in curing temperature can influence the micro-

structure and the chemical reactions of the mineral admixtures used in UHPC.

Autoclave curing

Autoclave curing was mostly applied from 8 to 24 h, which produces results superior
to both standard and steam curing. An 8-h autoclave curing of UHPC with fibres can
increase the compressive strength up to 200 MPa [8]. The compressive and flexural
strength of the UHPC with mineral admixtures were reported as higher even in a time
limit of 8 h and 3 h of curing with high-pressure steam at a temperature of 210 °C, when
compared to the standard room temperature curing [7]. Shrinkage and creep of the
UHPC were also influenced by the curing regimes. With the accelerated rate of early
hydration at enhanced temperatures, autogenous shrinkage occurs up to 87% during the
thermal treatment [9]. Autoclave curing produces higher strength properties than other
types of curing; however, there is a limitation on its application during practice due to
the difficulty in operation and high energy consumption of autoclave curing [10].
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Applications of the UHPC

UHPC has various applications in the field of the construction industry like blast and
impact load-resistant structures, radiation shielding structures, dams, bridges, multi-
storeyed buildings, prefabricated structures, marine structures, treatment plants, seis-
mic-resistant structures and prefabricated structures.

Blast-resistant concrete

Xu et al. [12] tested concrete beams of ultra high-performance concrete reinforced with
fibres in a series of explosion tests. From each of the specimens, reflected overpressures
and deflections at the column in the centre and near the supports were among the data
acquired. The results of the study revealed that fibre-reinforced UHPC columns exhib-
ited an outstanding performance, when subjected to blast load resistance. The results
also showed that CaCO; particles could improve the material’s performance. UHPC
with the reinforcement of fibres and CaCO; can effectively resist overpressure and
shockwaves due to the high explosives than other concrete.

Aoude et al. [13] present an analysis of the performance of ultra high-performance
fibre-reinforced concrete under blast loads. The specimens were evaluated under stimu-
lated blast loading and a variety of blast pressure combinations by using shock tubes.
The findings show that the fibre characteristics, content, seismic details and longitu-
dinal reinforcement ratio are all key aspects that can affect the blast-resistant perfor-
mance and breakdown of UHPC columns. Up to 4% fibre content in concrete increases
blast performance and the capacity to maintain high blast pressure before failure. The
use of fibres with optimal qualities, such as enhanced aspect ratio and tensile strength,
improves the UHPC’s blast performance. The usage of fibre-reinforced UHPC with
15-M bars prevents the tension steel from rupturing. The fibre-reinforced UHPC with
seismic detailing improves blast performance by reducing displacement at an equivalent
blast pressure and allowing for higher blast pressures to be sustained.

Li et al. [92, 93] have done an investigation into the response of a set of reinforced
concrete slabs to explosive loading conditions. The explosive charges were tested at
scaled distances, and the UHPC slabs were found to be effective against blast load in
tests. To replicate the field blast testing on UHPC slabs, numerical models were created
in LS-DYNA. The field test results and numerical results were compared, demonstrat-
ing the possibility and validity of numerical forecasts in the UHPC slab reactions. It was
also found that 70% of the loading capability was retained after a TN'T detonation of
35 kg at a standoff distance of 1.5 m in a UHPC column reinforced with 2.5% nanocal-
cium carbonate and with the reinforcement of micro-steel fibres. With advancements in
nanotechnology, steel fibre-reinforced concrete can be re-engineered through nanoscale
particle addition. According to the findings of field tests and numerical calculations, the
UHPC material with nanoadditions has a strong blast load-resisting capacity.

Yi et al. [94] conducted an experiment to see if ultra high-strength concrete (UHSC)
and reactive powder concrete (RPC) might be used in concrete structures that are vul-
nerable to accidental impacts. The blast damage and failure modes of reinforced panel
specimens were recorded. The results reveal that UHSC and RPC are much more resist-

ant to blast explosions than conventional strength concrete, which might be due to the
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presence of rebar and steel fibres, which offer enough ductility, energy absorption capa-
bility and crack control to the UHSE and RPC.

The dynamic increase factor (DIF) of both flexural and shear high-speed loading of
ultra high-performance fibre-reinforced blast-resistant concrete was examined by Mil-
lard et al. [95]. The findings demonstrate that at high loading rates, no DIF should be
utilized for boosting shear strength. With the usage of 6.0% hybrid steel fibres, the high-
est static flexural tensile strength and quasistatic shear strength were achieved. The
dynamic increase factor was recorded as lowest, when using the combination of hybrid
long and short steel fibres. Studies also revealed that, when the fibre percentage grows
from 0 to 6%, the strain rate for the flexural strength of UHPC decreases. By establishing
a bridging effect on the low-strength locations, the fibres in the UHPC restrict the lateral
growth of microcracks.

Impact-resistant concrete

Cao et al. [14] used repeated low-velocity drop load impacts to study the dynamic
resistance of layered UHPC with fibres. The outcome indicates that a superior resist-
ant capacity was achieved at double-layered fibre-reinforced UHPC, when compared
to its single-layered counterpart. Double-layered beams absorbed more impact force
because of the improved fibre utilization efficiency. With the usage of hooked-end steel
fibres and hybrid fibres on both one- and two-layered UHPC, which improves the peak
response force and resistance to impact, the impact energy in the double-layered beam
was up to 28% more than in the similar single-layered UHPC with the same quantity
of steel fibres. Liu et al. [96] experimentally examined the UHPC with 3% ultra-high-
molecular-weight polyethylene (UHMWPE) fibres and 3% by volume of steel fibres for
their impact responses. UHPC reinforced with fibres outperformed plain concrete with-
out fibres in terms of DOP, crater diameter, volume loss, tensile strength, toughness and
bridging effect. Steel fibre-reinforced UHPC provides superior results than the UHPC
reinforced with UHMWPE fibres.

Li et al. [46] analysed the flexural responses of a hybrid steel-polyethylene fibre-rein-
forced ultra high-performance concrete. Results indicate that, there was an enhance-
ment in the limit of proportionality, modulus of rupture and toughness index at UHPC
due to the combination of hybrid polyethylene (PE) and steel fibres. The best flexural
performance and toughness were shown in the UHPC with 0.5% of polyethylene fibres
by volume and the steel fibres of 2.0% by volume in the study. The flexural perfor-
mance of PE-steel hybrid fibre-reinforced UHPC was drastically degraded due to expo-
sure to extreme temperatures. Figure 24 explains the toughness of concrete reinforced
with polyethylene and steel fibres at different proportions, when subjected to varying
temperatures.

Wei et al. [97] explored hybrid fibre-reinforced UHPC to enhance its performance,
particularly its crack restraint capability and flexural property. The test results revealed
that all the specimens suffered minor damage as a result of the flexural reaction. UHPC
beams reinforced with hybrid fibres outperform single long fibre reinforcement in terms
of impact resistance. A mixture of hybrid long and medium fibres has a residual dis-
placement which was 16.08% and 23.95% below that of long fibre reinforcement alone.

Improved flexural strength, fracture energy and impact resistance were observed with
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Fig. 25 Toughness of hybrid fibre-reinforced UHPC [97]

steel fibres of long and short sizes at a percentage of 1.5 and 1, when compared to the
other proportions of fibres. UHPC reinforced with long steel fibres of 1.5% and medium
steel fibres of 1% gives the maximum toughness as discussed in the Fig. 25.

Yu et al. [98] deal with the green UHPHFRC for their static and impact-resistant prop-
erties. It was reported that, with the usage of an enhanced packing model, UHPHFRC
with comparably less binder amount can be generated, making the concrete more eco-
friendly. The interaction with long and short steel fibres results in improved workability,
increased static mechanical performance and resistance to impact. Though long steel
fibres dominate in terms of resistance to impact, a combination of steel fibres of long size
at 1.5 percentage and steel fibres of short size at 0.5 percentage results in the best overall
performance. The principle behind the enhanced impact resistance is the bridging abil-

ity of the short steel fibres for microcracks and the long steel fibres for macrocracks.
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The hooked-end medium steel fibres in combination with long steel fibres also improve
the energy dissipation capacity of UHPHFRC than conventional concrete or the UHPC
reinforced with single fibres [99]. Lee et al. [100] examined the static and dynamic flex-
ural performance of ultra high-performance fibre-reinforced concrete and concluded
that with the inclusion of steel fibres and stirrups, an enhancement in the static and
resistance to impact for the fibre-reinforced UHPC beams in terms of greater load with-
standing capacity, higher energy dissipation capacity and lower maximum and residual
displacements as discussed in Fig. 26 was noticed. Brittle shear failure was seen on spec-
imens without steel fibres and stirrups under static and impact loading conditions.

Li et al. [99] investigated the impact performance of UHPC with three types of steel
fibres and coarse aggregates. The results concluded that fibre-reinforced UHPC with
coarse aggregates has somewhat lower mechanical strength than fibre-reinforced UHPC
with only fine aggregates; however, lesser cement was utilized. Because of the reduction
in flexural toughness and impact resistance, coarse aggregate sizes should not exceed
25 mm, and steel fibre lengths should not be more than 2 to 5 times the size of the max-
imum aggregate. By observing the flexural and impact properties, it was assured that
the medium and long steel fibres contribute excellent properties than short ones. The
medium fibres are more compatible with fine aggregate and the long fibres with coarse
aggregate produce a more harmonious response on flexural and impact properties. The
hooked-end steel fibres of 30 mm achieved the best flexural, tensile and impact perfor-
mance followed by 60-mm-long 5D fibre and 13-mm short steel fibres; however, short
fibres due to their homogeneous mix in UHPC produce a good performance on com-
pressive strength.

Rong et al. [101] investigated UHPC with waste residues like fly ash, silica fume and
slag as a substitution for a large quantity of cement and by substituting ground fine
quartz sand instead of river sand with different steel fibre quantity fraction. The results
concluded that, with the improvement of steel fibre quantity, the impact resistance of

16
m 0% of Steel fibre

m 0.5 % of Steel fibres(19.5
mm)

m 1.0 % of Steel fibres(19.5
mm)

1.0 % of Steel fibres (19.5
mm) & 0.5 % of 13mm stee
fibres

W 0 % of steel fibres with
stirrups

m 0.5% of Steel fibres(19.5
mm) with stirrups

Energy dissipating Ductility index (Ap/Ay)
capacity(kJ)
Fig. 26 Energy dissipation capacity and ductility index of UHPC with fibres [100]
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concrete was improved. Four per cent of steel fibre performs the best with enhanced
impact resistance, dynamic compression behaviour and toughness. According to ACI
recommendations, Liu et al. [102] used a hammer of 10 kg to evaluate the drop load
impact resistance of the UHPC. The researchers created 40 cylindrical specimens of
three different mixture types: conventional concrete, nonfibrous UHPC matrix and
UHPC-containing fibres. Under impact loads, UHPC without fibres failed at a lower
rate than regular concrete with coarse particles. The test results concluded that the
steel fibres with 2% by volume produce a first crack impact resistance which is 23 times
and 36 times greater than the conventional concrete and the UHPC without fibres. The
reason for the greater resistance to impact in the conventional concrete with coarse
aggregates, when compared to the UHPC without fibres is the coarse aggregates in con-
ventional concrete will create a torturous path for the crack to move around the aggre-
gate to the weaker portion. The UHPC with fibres reached triple the quantity of loading
drops than the number of initial crack drops, which shows the ductile behaviour of the
UHPC with fibres; however, the post-crack impact response is negligible in the case of
conventional and the non-fibrous UHPC due to only two or three drops to complete
failure from the initial crack. Steel fibres also improve the quasi-static tensile properties,
post-peak ductility and dynamic flexural strength when it was improved from 1.0 to 3.0%
by volume [103].

Liu et al. [96] target the usage of ultra-high molecular polyethylene fibres and steel
fibres at UHPC. It was concluded that the steel fibres by volume of 3% perform well in
compressive, flexural, toughness, absorption of energy capacity and resistance to impact
than the concrete reinforced with ultra-high molecular polyethylene fibres. Jabir et al.
[104] explored the capability of UHPC reinforced with fibres against impact perfor-
mance by drop mass impact test with three types of fibres at a volumetric content of
2.5%. According to the findings of the tests, 15-mm micro-steel fibres at 2.5% produced
the strongest impact resistance, followed by a combination of 2.0% of 15-mm steel fibres
with 0.5% of polypropylene fibres as shown in Fig. 27. In the hybrid usage of 6-mm
steel fibres and 15-mm steel fibres at a quantity of 1.25% each obtained, the maximum
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Fig. 27 Impact-resistant performance of the fibre-reinforced UHPC [104]
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compressive strength than the 15-mm steel fibres and the hybrid fibres with polypro-
pylene and micro steel fibres. The highest split tensile strength was obtained at 2.0% of
15-mm steel fibres, when combined with 0.5% polypropylene fibres.

Li et al. [105] develop an UHPC, which was functionally graded by implementing the
composite concepts. The composite beam, which was functionally graded has a lower
layer with slurry-infiltrated fibrous concrete and a top layer with conventional concrete
in two stages. The bottom layer consists of steel fibres, and the top two layers are filled
with coarse aggregates as seen in Fig. 28. Gravity pressure was employed to cast inject
UHPC slurry into the voids. The results show that FGCB has better flexural charac-
teristics and impact resistance than the other materials. The maximum efficiency was
achieved by using 3% of 30-mm hooked-end steel fibres. An excellent interfacial bond,
lesser cement consumption, huge efficiency in the usage of steel fibre, flexural bearing
capacity and an excellent impact resistance were achieved by the anchorage effect of
hooked-end shape in steel fibres, preplaced stiff skeleton of the steel fibres and coarse
aggregates with less shrinkage.

Su et al. [106] developed a UHPC with nanomaterial additions, due to the advance-
ments in nanotechnology, and it was discovered that the strength improves as strain
rates and nanomaterial dosage increase in UHPC. Nanotitanium dioxide has the high-
est dynamic compressive strength at 3% by volume, whereas nanocalcium carbonate
has the highest dynamic tensile strength at 3% by volume. Wei et al. [15, 107] proposed
three designs to enhance the impact-resistant performance of the UHPC. A reinforced
concrete (RC) beam with layers of UHPC retrofitted on the tension sides, on both the

Fig. 28 Cross-section of the FGCB with layers [105]
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compression and tension sides, the UHPC layers attached with a gap of 5 mm between
the interfaces and are not directly to the tension surface are the three designs. The
results concluded that the UHPC layers with nano-addition and steel fibre-reinforced
beams produce a better impact performance. The impact resistance was also signifi-
cantly increased if the spacing is not more than 5 mm between the RC beam and the
UHPC layer, and more than 10 mm spacing is not advised between the reinforced con-
crete beam and the UHPC layer. A better impact resistance can also be achieved if the
thickness of the UHPC layer was increased. Wei et al. [15] performed a dynamic analysis
on the UHPC loaded axially and ordinary concrete against the impact loading with low
velocity. The specimens were casted in square and circular cross-sections. Brittle failure
and shear plug development were detected in the RC columns, while flexure response
and minimum damage were found in the UHPC columns at severe impact loads. Nan-
oparticles used in the study produce a nanoscale filling and a pozzolanic effect. The
results concluded that the reinforced UHPC columns with steel fibres and nanoparticles
show the highest impact resistance. In the impact scenario, a minimal flexural damage
was noticed in the square and circular columns made by UHPC, whereas a brittle shear
failure was experienced in the case of RC columns.

Othman et al. [108] investigated six doubly reinforced concrete plates with uniform
top and bottom orthogonal steel reinforcement mats. All plates were reinforced longitu-
dinally with 10-mm CSA standard deformed steel bars of grade 400. In comparison with
high-strength concrete (HSC), UHPC with fibres has a stronger compressive and tensile
response. Improvement in post-peak ductility was noticed by the rise in the quantity of
short steel fibres. The concluded results indicate that the UIHPC with fibre-reinforced
concrete plates produces better damage-resistant characteristics in comparison with
the high-strength concrete. Steel fibres at an optimum of 3% in the same impact loads
increase the ability to withstand impact load before failure. It also increases dynamic
performance with lower peak and residual displacements even when the impact loads
are the same. No spalling, scrabbing and significant large fragmentations were observed.
The largest cumulative residual displacement of 65 mm with only bending cracks and
significant punching shear cracks were observed under all ultra high-performance fibre-
reinforced concrete plates at repeated impact forces, regardless of the fibre volume
dosage.

Smith-Gillis et al. [109] attempted to revamp the flexural and impact performance
by the external reinforcement, which was applied in two different ways. The first was
one-directional E-glass fibre-reinforced (PETG) tapes that are organized in layers and
thermoformed to the panels made with UHPC, and the next was E-glass fibre woven
fabrics that are bonded by methyl methacrylate with vacuum diffusion and are posi-
tioned on the panel faces. The results concluded a 150 to 180% improvement in peak
load capacity and toughness for both thermoplastic composite reinforcements. Con-
tinuous fibre-reinforced thermoplastic composite (CFRTP) additions reduced both the
residual deformation by 60% and the change in specimen compliance by up to 80 to 95%,
which indicates an enhancement in damage resistance. The thermoforming method
can be more preferred due to its simplicity, though both the reinforcement fabrication
techniques provide good performance. The results suggest that a better characterization
with an appropriate material model of the concrete and CFRTP bond is required, which
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grant us to fine-tune both CFTRP fibre layups and processing parameters for even better

resistance in further development.

Radiation shielding concrete

Rashid et al. [16] investigated the UHPC’s radiation shielding capabilities after being
exposed to high temperatures. Both types of UHPC examined exhibited a 76-82%
improvement in the half-value layer and tenth-value layer that was attributable to the
significant spalling and cracking involved. The results conclude that for radiation shield-
ing, magnetite was slightly better than silica sand and the utilization of steel and pol-
yvinyl alcohol fibres reduces the Excessive spalling. Khalaf et al. [110] conducted an
experiment with eight concrete proportions that were created with an aggregate of steel
furnace slag as the essential aggregate and a nanosilica slurry of 3% in blend with (0—3%)
nanocalcium carbonate as additive materials. The mechanical analysis, fluid transport
and C-ray shielding capabilities of hardened concrete samples were assessed. With the
impact of 3% nanosilica and 2.0% nanocalcium carbonate, the compressive and gamma-
ray defending capabilities of conventional concrete were improved by 10.3% and 3.4%,
respectively. The concrete’s other mechanical and fluid transport qualities were also
greatly improved. The results also concluded that there was an enhancement in the
mechanical performance and C-ray defending potentiality of the concrete due to the uti-
lization of nanomaterials in the concrete.

Gokce et al. [111] investigated the reactive powder concrete (RPC) on their gamma ray
and neutron mitigation, when the standard aggregates were supplemented with heavy
weight aggregate barite. The optimal RPC mix for concurrently defending against neu-
trons and gamma rays was discovered to comprise 40% barite aggregates of total aggre-
gate volume in combination with 60% quartz sand. As the study object, Azreen et al.
[112] chose steel fibre-reinforced UHPC specimens with various inert components, such
as silica sand, amang and lead glass, which were evaluated experimentally. Even though
it was adequate as a gamma ray shield, UHPC with lead glass lost compression strength
with time, while UHPC with amang caused a problem with radiological safety. Because
of the availability and cost-effectiveness of the material, the usage of UHPC with silica
sand is furthermore practicable for the erection of nuclear plants.

Khan et al. [113] investigated heavy-weight ultra high-performance concrete
(HWUHPC) by substituting sand instead of haematite powder with ultrafine particles,
which was heavier than sand roughly two times. The dry density of HWUHPC mixes
ranges between 2600 and 2900 kg/m?, meeting the criteria for a minimum dry density to
be classified in the heavy-weight category. Despite the fact that the HWUHPC combina-
tions had various densities, the mechanical characteristics did not change appreciably
and indicated no damaging consequences owing to the substitution of sand. Due to the
enhancement in the dry density of HWUHPC, an increase in radiation shielding capabil-
ity was noticed. The radiation shielding in the HWUHPC was reported to be 40% greater
than that of ordinary concrete with the equivalent dry density, demonstrating that the
density of the microstructure, in addition to the density of concrete, increases the radia-
tion shielding.

Jankovic et al. [84] evaluated the usage of nanosilica as a substitution for cement (2%
or 5%) and the aggregates in the combination of 50:50 by volume of quartz and barite on
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the study of UHPC. The radiation shielding capabilities of UHPC were further improved
by combining nanosilica, barite and quartz aggregate as a composite with better pore
size distribution, which further improves the potential usage of UHPC in hospitals and
nuclear facilities.

Conclusions

A detailed study on UHPC and its effects on fibres, nanomaterials and the supplemen-
tary cementitious components were made. The utilization of the UHPC in the con-
struction industry with various techniques, which were used to improve further the
properties according to the requirements, was also investigated. Based on the previous
works, the following conclusions were made.

The usage of fibres in UHPC clearly enhanced the strength properties especially the
tensile and flexural strength. The UHPC with fibre reinforcement also improves the
property of energy dissipation, which further increases the impact resistance and exhib-
ited a better residual performance after impact damage. Based on the various reviews,
hooked-end steel fibre produces the best bonding and anchorage effect than the other
types of steel fibres due to its shape.

The hybrid usage of fibres provided a greater performance than the single usage of
fibres. The combination of various fibres with different properties may create a concrete
with enhanced properties. The combined usage of high-modulus fibres like steel and
low-modulus fibres like basalt produces an outstanding impact resistance in many stud-
ies. The usage of long and short steel fibres also helps in the bridging effect of micro and
macro cracks at many investigations.

Nanomaterials aid in providing reinforcement at a nanoscale filling effect by the den-
sification of concrete. It also helps in upgrading the strength and durability performance
of the concrete with a reduction in porosity and permeability. It also interacts with the
cement particles and creates a nucleation effect to improve the C-S—H gel formation.

The various supplementary cementitious materials used in UHPC mostly improve
the properties of the concrete up to some extent and aid in the reduction of the usage
of cement at the UHPC, thereby assisting in producing a sustainable concrete without
compromising on their properties.

UHPC with the usage of fibres, nanomaterials and some limited supplementary
cementitious materials improves the blast load resistance, impact load resistance and the
radiation shielding capability of the concrete structures. Spalling or crushing was not
noticed, and the ultimate deflection was also recorded less in the UHPC with fibres and

nanomaterials.

Scope for future work
As UHPC is a recently developed material, it still lacks proper mix procedure and framed
rules; hence, framing a proper mix procedure with various special materials is essential.
Detailed research on the utilization of nanomaterials, fibres, aggregates and the alterna-
tive cementitious materials in the UHPC is required to lower the usage of cement and
sand and to amplify the properties of UHPC.

The fibres mostly used in UHPC are of various types of steel fibres; however, studies
related to the usage of hybrid fibre reinforcement and other types of fibres like glass,
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polymer, carbon and natural fibres are very less and the improvement of the UHPC with
the various types of fibres and hybrid fibres can also be investigated. In-depth research
on UHPC related to their improvement of impact, radiation shielding and durability
properties can also be done as the UHPC has a very good performance in all aspects.

The investigations related to the usage of discarded or waste steel, polypropylene
and plastic fibres in UHPC are mostly unavailable, and hence, the usage of waste fibres
on UHPC should be investigated more to lessen the environmental pollution and ini-
tial expense of the structure. Studies on the ultra high-performance concrete with steel
mesh, glass mesh, rubber mesh and carbon fibre-reinforced polymer mesh in layered
concrete is also very limited; however, the usage of various types of mesh and layered
concrete might increase the properties of the UHPC. Limited investigations are only
available on wrapping with various types of external sheets like steel and glass with
epoxy resin on UHPC; hence, investigations on UHPC with different meshes, layered
concrete and external sheeting might also be done.

Limitations
As with the majority of the studies, there might be some possible limitations to be con-

sidered as follows:

+ Mix proportioning of the UHPC with various special materials is a big question
because of the limited design codes and no standard procedure.

+ The initial cost of manufacturing the UHPC might be costlier because of the special
constituent materials used for the performance enhancement in the UHPC.

+ Skilled workmanship and quality control are required as the manufacturing of the
UHPC is complicated and requires special attention.
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MPP Macro-polypropylene fibre

CNT Carbon nanotube

CNF Carbon nanofibre

GNP Graphene nanoplatelets

GGBFS Ground granulated blast furnace slag
PCE Polycarboxylic ether

UHMWPE  Ultra high-molecular-weight polyethylene

UHPHFRC  Ultra high-performance hybrid fibre-reinforced concrete
FGCB Functionally graded composite beam

RPC Reactive powder concrete

HWUHPC  Heavy weight ultra high-performance concrete
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