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Abstract: The increase in cement production as a result of growing demand in the construction sector
means an increase in energy consumption and CO2 emissions. These emissions are estimated at 7%
of the global production of CO2. Ultra-high-performance concrete (UHPC) has excellent mechanical
and durability characteristics. Nevertheless, it is costly and affects the environment due to its high
amount of cement, which may reach 800–1000 kg/m3. In order to reduce the cement content, silica
fume (SF) was utilized as a partial alternative to cement in the production of UHPC. Nevertheless, SF
is very expensive. Therefore, the researchers investigated the use of supplementary cementitious
materials cheaper than SF. Very limited review investigates addressed the impact of such materials
on different properties of UHPC in comparison to that of SF. Thus, this study aims to summarize
the effectiveness of using some common supplementary cementitious materials, including fly ashes
(FA), ground granulated blast furnace slag (GGBS), metakaolin (MK) and rice husk ashes (RHA) in
the manufacturing of UHPC, and comparing the performance of each material with that of SF. The
comparison among these substances was also discussed. It has been found that RHA is considered
a successful alternative to SF to produce UHPC with similar or even higher properties than SF.
Moreover, FA, GGBS and MK can be utilized in combination with SF (as a partial substitute of SF) as
a result of having less pozzolanic activity than SF.

Keywords: ground granulated blast furnace slag; metakaolin; rice husk ashes; silica fume; ultra-high-
performance concrete

1. Introduction

The increase in CO2 emissions is a concern of scientists at the present time, due to
its negative impact on the environment and global warming. One of the main industries
contributing to the increase in these emissions is cement production. Ultra-high perfor-
mance concrete (UHPC) or identified as reactive powder concrete (RPC) point to a new
category of materials based on cement that exhibited exceptional mechanical and dura-
bility characteristics [1–5]. The compressive strength of 200–800 MPa was obtained for
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UHPC worldwide [6–11]. UHPC is designed with a very low water/binder proportion
(<0.2) and an appointed amount of reinforcing fibers, depending on the fundamentals
of tightening packing between particles of each ingredient [12,13]. The typical mixture
of UHPC comprises cement, supplementary cementitious materials (SCMs, including fly
ashes, metakaolin, silica fume, etc.), sand (fine sand), glass or quartz powder, high-range
water-reducing admixture (HRWR), low water content and steel fibers [14–17]. Coarse
aggregate is eliminated in most UHPC mixtures [14,18–20] to increase the homogeneity,
overcome the weakness at the interfacial transition area between the coarse aggregate and
paste matrix, as well as remove the stress concentration at the contact points between the
coarse aggregate particles [21–23].

Different curing systems were applied for UHPC such as water (standard), steam and
autoclave (accelerated) curing, which achieved various compressive strengths [9,24–26].
By applying the autoclave, an increase in compressive strength by 20–30% is recorded, and
thus it is thought to be the best type of curing for UHPC [24,27]. Nevertheless, using such
accelerated curing may restrict the field production of UHPC and increase its cost [28–30].

Recently, the use of UHPC in various applications has increased to include bridges,
building components, off-shore structures, architectural features, utility towers to oil and
gas industry applications, repair and rehabilitation, overlay materials, hydraulic structures
and windmill towers [31,32]. Nevertheless, the major challenge that still limits the wide
application of UHPC is the high cost of its production [33–36].

The cement content in UHPC may reach up to 800–1000 kg/m3, which indicates high
hydration heat, shrinkage problems and a high cost of production [37]. Additionally, a
high amount of carbon dioxide is emitted into the atmosphere [38]. The carbon dioxide
produced in the cement industry is estimated at 7% of global production annually [39–43].
Silica fume (SF) is usually utilized to partially replace the cement (and thus reduce the
cement content) to enhance the cement matrix characteristics in UHPC [44]. The typical
content of SF in UHPC is approximately 25% (by binder materials weight) [45,46]. SF,
which was initially considered industrial waste, has become one of the best industrial by-
products for the production of cement and concrete materials, and its required quantities
are constantly increasing [1,47]. Nevertheless, SF is very expensive [48]. Hence, there is
an urgent requirement to search for possible lower-cost alternative materials in UHPC
preparation [1]. It seems that substituting cement with mineral additives and reducing
SF amount represents a possible solution to these issues [49–54]. Some common SCMs
utilized in UHPC as alternatives to SF were fly ash (FA), ground granulated blast-furnace
slag (GGBS), metakaolin (MK) and rice husk ash (RHA) [55–59].

Much research regarding the raw materials and mix design [3,60], as well as the
microstructure and properties [22,61–64] of UHPC, have been performed in the past years.
The most recent reviews discussed the performance evaluation [65] and the UHPC behavior
under high temperatures [66]. Limited investigates summarized the performance of SCMs
(other than SF) as alternatives to SF in UHPC and their impact on its different properties
in comparison to SF. Most of the previous reviews discussed the general characteristics
obtained when using SCMs in UHPC, and did not clearly address the comparison among
the performance of these materials and to that of SF. SF is an expensive material, which
in turn affects the total cost of UHPC. Thus, it is worthwhile to study the feasibility of
the other SCMs that are cheaper than SF to be used as successful alternatives in terms
of the different properties of the resulting UHPC. Thus, this paper discussed the use of
four commonly utilized materials (FA, MK, GGBS and RHA) in the manufacturing of
UHPC as a partial or full replacement of SF. The overall comparison among these materials’
performance was also addressed.

2. Critical Evaluation of State-of-Art

In this study, the production of UHPC using SCMs other than silica fume is divided
into four groups: utilization of FA in the production of UHPC; utilization of GGBS in the
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production of UHPC; utilization of MK in the preparing of UHPC; and utilization of RHA
in the production of UHPC. The environmental impact of these SCMs were also included.

2.1. Utilization of FA in the Production of UHPC

FA is a waste substance that is generated in the power generation industry from coal
combustion processes. Unlike lime and cement, fly ash has no cementitious characteristics
that enable it to harden by its own properties [67]. FA is a fine powder substance, and its
particles are circular in form and almost glassy in nature, formed in a hollow or solid-state
for the rest. Nevertheless, the incomplete incineration materials in the FA also had an
angular form. Based on the form of fired coal and the combustion rate, the chemical
structure of fly ashes varies. As well as other forms of fly ashes that could exist from
other sectors rather than the power generation sector, there are two major groups of fly
ashes: class F and class C. Silica and calcium amounts in the chemical formulations, along
with iron percentage, is the prevailing factor between classes F and C. Class F fly ashes
is correlated with a lower calcium amount than Class C, as FA Class F does not yet have
a cementitious reactivity, but its amount of pozzolanic materials is adequately high to
enhance the pozzolanic reaction, leading to an increase in the production of cementitious
products, due to an increase in compressive strength [68]. Fly ashes’ performance has
been confirmed to be mainly based on particle size, CaO and iron amount and ignition
losses [69]. The following investigations utilized different types of FA in the production
of UHPC.

Yazici et al. [50] investigated the impact of partial substitution of the SF and cement
by FA and/or GGBFS on the performance of RPC. Results indicated that the compressive
strength of concrete containing mineral additives was 281 MPa. When the external pressure
was applied in the setting and hardening phase, this value increased to 324 MPa. Moreover,
their test outcomes specified that the utilizing of FA alone in RPC is potential without an
essential mechanical behavior loss with increasing the FA content. They also found that the
performance of RPC enhanced for mixtures incorporated GGBFS in combination with FA.

Yazıcı et al. [70] investigated the mechanical properties of RPC made with either
class-C FA or a combination of class-C FA and GGBFS under standard, steam and autoclave
curing systems. The FA was utilized in the percentages of 10%, 20% and 30% (by weight
of cement), while GGBS was utilized in the percentages of 10% (by weight of cement). SF
was utilized in all mixtures (in proportions of about 15% to 26%) together with FA and/or
GGBS. Results indicated that though RPC incorporated less content of cement and SF and
a high volume of FA and/or GGBS comparison with the reference RPC, the compressive
strength exceeded 200 MPa under standard curing. Moreover, SF can be reduced as a result
of using FA and/or GGBFS as a fine silica source. Furthermore, a dense microstructure
was revealed by Scanning Electron Microscopy (SEM). The use of steam and autoclave
curing increased the 28-days compressive strength to 234 and 250 MPa respectively. On the
other hand, accelerated curing reduced the flexural strength and toughness compared to
standard curing.

Yiğiter et al. [10] investigated producing low cement RPC by incorporating high vol-
ume class-C FA (20%, 40% and 60%) as a replacement material for cement. The control
mixture (free of FA) and FA-based RPC mixtures contained 30% SF (by weight of cement).
Different curing systems were considered (autoclave, steam and standard curing). The
fracture energy, the strengths of compressive, flexural and splitting tensile were examined.
Results indicated that the compressive strength of 200 MPa was obtained using high-
volume FA. A value of 400 MPa was achieved for compressive strength for the reference
mixture after pressure application throughout the setting and hardening stage, and then
autoclaving. The corresponding compressive strength value of 60% FA was 338 MPa. More-
over, the flexural strength and splitting tensile strength of FA-based RPC were comparable
to that of the control mix.

Ahmad et al. [44] developed UHPC which included partial replacing of silica fume
and sand by industrial waste and natural materials (locally available in Saudi Arabia).
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SF (40 percent, 60 percent and 80 percent) was partly substituted by fly ashes (FA). In
order to eventually choose certain mixtures that met the UHPC min flow and strength
requirements, the flow and 28-day compressive strength for every UHPC mixture were
specified. The finding of the test indicated that the usage of FA in UHPC output is feasible
with sufficient flow and strength. The compressive strength values were 150, 158 and
143 MPa for replacement levels of 40%, 60% and 80% respectively. Therefore, the optimum
replacing ratio of SF by FA was 60%.

Ferdosian et al. [71] conducted an experimental study to replace the two main con-
stituents of UHPC, cement and silica fume (to reduce the high cost and environmental
impacts of UHPC) by fly ashes. The flowability and compressive strength at 28 days were
investigated. The impact of FA particle size on these characteristics was investigated. FA
was utilized in proportions of 10% to 35% with and without 5% SF and 2.5% MK. Results
indicated that the particle size of FA had an important role in the pozzolanic activity of
FA, where using ultra-fine FA (4.48 µm) in a replacement level of 20% could enhance the
fluidity and compressive strength (153 MPa at 28 days) of UHPC under standard curing.
Furthermore, it was found that adding at least 5% of SF is a prerequisite for increasing the
strength of UHPC paste.

Zhang et al. [72] conducted an experimental study to forecast the UHPC compressive
strength-incorporated SCMs. The microstructure and mechanical characteristics of UHPC
incorporating class-C FA and SF were examined. SF replaced the cement by 5%, 10%,
15% and 20%, while FA replaced the cement by 30%. The results were compared with the
reference mixture, which was made with 5% SF (without FA). Results showed that the
UHPC made with 30% FA and 20% SF gave comparable mechanical characteristics as those
of reference specimens. Additionally, the highest compressive strength was achieved for
UHPC made with 30% FA and 20% SF. The pore volume and microstructure had a strong
correlation with the mechanical properties. Moreover, it was found that the developed
ANN (Artificial Neural Network) model is highly accurate, and can be utilized to forecast
the UHPC compressive strength with SCMs.

Bahedh and Jaafar [73] utilized Class-F fly ashes in proportions of 0% (the control mix)
to 40% in step of 10% as cement replacement in UHPC. The mechanical and permeability
characteristics of UHPC were investigated under water and autoclaving curing situations.
The impact of the autoclave duration was also observed. Results indicated that the higher
the FA dosage, the higher the workability of concrete mixtures. Moreover, the compressive
strength values were increased with the increase of FA content in the mix. The highest
compressive strength (122 MPa) was recorded at 28 days at the highest FA dosage (40%).
Additionally, the water permeability depth was decreased with the increase of FA from 0%
(highest permeability) to 40% (lowest permeability).

Chen et al. [24] explored the impact of autoclave curing and different FA (Class-I
complying with the Chinese Standard GB/T159) dosages on the mechanical characteristics
of UHPC. The FA replaced the cement by (0%, 10%, 20% and 30% by cement weight), while
the SF was utilized in an amount proportion in all mixtures (12.5% of cement weight).
Results indicated that autoclave curing is required for FA-based UHPC to obtain the best
strength. The higher the FA content in the mix, the higher the pressure required in autoclave
curing to acquire the highest strength. Furthermore, the increase of autoclave duration
and the inclusion of FA led to reducing the porosity of the produced UHPC. Additionally,
replacing the cement with FA within the range of 10–30% enhanced the compressive and
flexural strength in both appropriate autoclave and standard curing.

Gamal et al. [74] explored the characteristics of RPC incorporated FA and SF as cement
replacement materials. The investigated mixtures incorporated 10% SF and FA (ranged
from 15% to 25%). Standard and hot water curing were utilized. Results indicated that the
optimum hardened properties were achieved at the replacement ratio of 30% (10%SF+ 20%
FA). Moreover, it was found that using FA alone folded lower strengths compared to that
of SF+FA.
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Alsalman et al. [75] carried out an experimental study to develop economical UHPC.
The impact of binder type (class-C FA and SF) and content, curing regime, mixer type and
the type of aggregate were investigated. SF was utilized in two proportions (5.5% and 20%),
while FA was utilized in the percentages of 0%, 20%, 30%, 40% and 50% as cement-replacing
materials. Results indicated that by utilizing a binder content of 1163 kg/m3 incorporated
40% FA and 5.5% SF (by weight of binder), the cost of UHPC was 283 USD/m3, and
compressive strength of 150 MPa could be gained by applying a heat curing system.

Critical Evaluation of FA-Based UHPC

Through a review of the literature involving the utilizing of fly ashes in the production
of UHPC, it is noted that in most investigations, fly ash has not been utilized as a complete
substitute for silica fume, but rather has been utilized together with silica fume or other
cementitious materials such as metakaolin or GGBS. A summary of the investigates that
incorporated FA in the production of UHPC is presented in Table 1. It could be observed
from Table 1 that limited investigations addressed the use of only FA as SCMs in UHPC.
The reason for this may be due to the low pozzolanic activity of fly ashes compared to
silica fume and other supplementary cementitious materials, especially at early ages [76,77].
Researchers showed that this limitation could be overcome by using accelerated curing,
such as autoclave curing [73]. Despite this, replacing SF with FA was a good option in
terms of reducing the cost of concrete (as FA is much cheaper than SF), as well as that FA
was usually utilized in higher proportions (as seen in Table 1) than that of SF alone. This
contributes to enhance the environment through the use of more proportions of industrial
waste, and thus reduce the content of cement in the UHPC mixture. It can be noticed
from previous work presented by Ferdosian et al. [71] that the particle size of FA utilized
significantly affected the strength gain of UHPC. They recommended using FA with an
average particle size of 4.48 µm.

As stated previously, most investigations blended FA with SF in UHPC, and the results
were compared with that made with SF only. Thus, as can be seen from the previous works
(Table 1), the greater the FA amount, the lower the compressive strength was gained due to
the lower activity of FA related to SF. Nevertheless, the utilization of accelerated curing at
the setting and hardening stages could compensate for the strength decline. There was an
optimum replacement level for FA and SF that was observed in the reviewed investigations
(Table 1). These levels were ranged from 15% to 40% for FA and 5% to 30% for SF. If taking
into account the cost reduction of UHPC (which means lower content for SF and higher
content for FA) and compressive strength no less than 150 MPa with acceptable fluidity,
combination 40% FA + 5.5% SF with steam curing or 20% FA + 5% SF under standard
curing was considered satisfactory.
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Table 1. Investigates on the utilization of FA in the production of UHPC.

Reference SF (%) FA (%) Other Materials Curing Methods Tests Conducted Maximum Achieved
Compressive Strength

[50] 35 10, 20, 40 and 60 GGBFS (10%) Autoclave curing Compressive strength and SEM
248 MPa for mixtures with 20% FA
and 262 MPa for mixtures with 10%

FA and 10% GGBFS

[70] 15–26 10, 20 and 30 GGBFS (10%) Standard, autoclave and
steam curing

The strengths of compressive
and flexural, toughness

and SEM

268 MPa for mixtures with 20% FA
and 270 MPa for mixtures with 10%

FA and 10% GGBFS under
autoclave curing.

[10] 30 20, 40, 60 - Standard, autoclave and
steam curing

Compressive strength, splitting
tensile strength, flexural
strength, fracture energy

and SEM

270 MPa for mixtures with 20% FA
under autoclave curing.

[44] 4, 8, 12 and 20 4, 8 and 12 - Standard water curing Flow and compressive strength 157 MPa for mixtures with 60% FA

[71] 0 and 5 10–35 MK (0% and 2.5%) Standard water curing Flow and compressive strength 153 MPa for mixtures with 20% FA

[72] 5, 10, 15 and 20 30 - Standard water curing Compressive strength,
pore-volume and SEM

140 MPa for mixtures with 30% FA
and 20% SF after 365 days.

[73] - 10, 20, 30 and 40 - Standard water and
autoclave curing

Flow, compressive strength and
water penetration 122 MPa for mixtures with 40% FA

[24] 12.5 10, 20 and 30 - Standard water and
autoclave curing

The strengths of compressive
and flexural, mercury intrusion

measurement (MIP),
fracture toughness

X-ray diffraction (XRD)
and SEM.

168 MPa for mixtures with 30% FA
after 10 h of autoclave curing.

[74] 10 15, 20 and 25 - Standard water and hot
water curing

Density, the strengths of
splitting tensile, flexure strength
and compressive strength; and

Slump flow

93.33 MPa for mixtures with 20% FA

[75] 5.5 and 20 20, 30, 40 and 50 - Heat-curing Compressive strength
148 MPa for mixture with 40% FA and
5.5% SF after 28 days of heat curing at

90 ◦C.
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Furthermore, most previous research utilized Class-C FA as a substitute for cement
together with SF. This may be because Class-C has more calcium content than that of
Class-F [78,79] which means higher strength gain at early ages. Despite that, extensive
experimental investigations should be performed to compare the performance of the
two classes in UHPC production, especially at different curing systems (standard and
accelerated curing), as well as at early and later ages.

2.2. Utilization of GGBS in the Production of UHPC

GGBS is one of the known viable alternatives materials to cement in different appli-
cations. GGBS is a by-product material of iron or steel extracted from blast furnaces in
water or steam. After that, it will be dried and ground in a rotating ball mill into a very fine
powder of GGBS [42]. The GGBS has two different phases: the first one is the glassy phase,
which is responsible for the cementitious characteristics of GGBS, while the second phase is
the crystalline phase, which is responsible for hydration [80]. GGBS has many advantages
relative to cement, such as: enhancing durability; improving workability; and reducing the
risk of damaging internal reactions such as the Alkali-Silica Reaction (ASR) [42]. As GGBS
has a very finely glassy powder, it increases the bond between particles and minimizes the
permeability of concrete, which makes the concrete more resistant to chloride ingress, and
protects the internal reinforcement from corrosion [81]. The following are investigations
that utilized GGBS in the production of UHPC.

Yazıcı et al. [82] researched the mechanical characteristics of RPC incorporated with
a high volume fraction of GGBS (20%, 40% and 60%) as a substitution of cement. The
results were compared with the control mixture, which was made with 30% SF by weight
of cement (about 23% of the total binder). Results indicated that compressive strength
of over 250 MPa was produced for GGBS-based RPC after autoclaving. Moreover, the
compressive strength might reach up to 400 MPa when pressure was applied during
the setting and hardening stages. Furthermore, it was revealed that SF amount could
be decreased with the increase of GGBS content in the mix, which consequently led to
reducing the superplasticizer demand significantly.

Ghafari et al. [83] investigated the use of GGBS as SF replacement to reduce the au-
togenous shrinkage of UHPC. The reference mixture was designed to include 24% SF by
weight of cement. The other mixtures included the full replacement of SF with GGBS.
Results indicated that GGBS-based mixtures revealed comparable mechanical characteris-
tics and volume of permeable pores as that for the reference mixture (containing SF). The
highest compressive strength was obtained after combining GGBS and SF under ambient
temperature (the combination percentage was approximately 1.2). Additionally, results
showed GGBS could reduce the autogenous shrinkage of UHPC, as a result of their role in
refining the pore structure.

Wang et al. [84] investigated the strength and fluidity of UHPC made from SF (10%),
GGBS (20–40%) and limestone powder (LP) (20–40%) as cement replacement materials.
Results indicated that combining 50% cement, 10% SF, 20% GGBS and 20% LP, together with
a water/binder ratio of 0.16 and an adequate amount of superplasticizer, were necessary to
prepare successful UHPC with a maximum slump of 268 mm and compressive strength of
175.8 MPa and 182.9 MPa at 90 and 365 days, respectively.

Gupta [85] developed UHPC that included a blend of GGBS and SF in different
proportions as a replacement of cement. GGBS was utilized in three proportions, 40%,
60% and 80%, while SF was utilized in proportions of 0%, 10%, 15% and 20%. Three
fineness grades were utilized for GGBS (403, 605 and 797 m2/kg) and SF (19,000, 25,000
and 30,000 m2/kg). The study looked to develop UHPC in which the cement could replace
with a high content of GGBS and SF combinations. Results indicated that the combination
of these two materials enhanced the early and later strength of UHPC by 10% and 17%,
respectively, compared to the control mix (without replacement). Furthermore, it had also
been found that although the strength increased with an increase in the fineness of the
pozzolanic materials, this was not necessarily true in the case of mixing two pozzolanic
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materials. Where it was found that when the highest fineness of SF and GGBS was utilized,
the strength was reduced from its maximum value by about 13%.

Randl et al. [86] investigated the impact of using fine GGBS and extra-fine GGBS on the
workability and mechanical performance of UHPC. During this investigation, the cement
was replaced by 45% of fine GGBS or extra-fine GGBS. The reference (without GGBS) and
GGBS mixtures contained 17% SF. The results indicated that mixtures incorporated fine
GGBS or extra-fine GGBS resulted in a higher slump flow diameter, while it caused a slight
reduction in the compressive strength by about 16% and 2%, respectively. Additionally,
the authors reported that replacing the cement with GGBS could significantly enhance the
durability and increase the lifetime of UHPC.

Kim et al. [87] sought to produce UHPC with a high compressive strength reach of
150 MPa and high flowability using industrial GGBS. The GGBS was utilized to partially
replace the cement with four replacement levels (0%, 15%, 30% and 50%). SF content in
all mixtures was 25% (as cement replacement material). It was found that the flowability
increased with increasing the replacement of cement with GGBS. The results also showed
that increasing the GGBS content resulted in lower compressive strength relative to the
control mixture. The maximum loss in the compressive strength was 10.9% reported for
the mixture with 50% GGBS. Additionally, it was found that increasing the GGBS content
resulted in the lower strength development of the UHPC.

Gupta [88] explored the impact of fineness and content of GGBS on the workability,
strength and durability of UHPC. GGBS of three different specific surface areas, 400 m2/kg,
556 m2/kg and 750 m2/kg, were added at two different cement replacement percentages:
20% and 60% by weight. A flow table test was conducted to study the impact of fineness
and content of GGBS on the workability of UHPC. Compressive and flexural strength
tests have been conducted to study the rate of strength development at different ages of
UHPC, while water penetration and chloride migration tests were conducted to estimate
the durability of UHPC. The results from the flow table test indicated that increasing the
content of GGBS with specific surface areas of 400 m2/kg and 556 m2/kg enhanced the
flowability of the UHPC, while the GGBS with specific surface areas of 750 m2/kg resulted
in reduced flowability relative to the control mixture made with 100% cement. The results
also indicated that the highest compressive strength and flexural strength were achieved
for the GGBS, with specific surface areas of 556 m2/kg at both percentages of replacement.
The results of the durability tests indicated that the resistance of water penetration of
the UHPC enhanced with increasing the fineness of the GGBS, as finer particles tend to
reduce the porosity of the matrix. Additionally, the results from the chloride migration test
indicated that UHPC incorporated GGBS with the fineness of 556 m2/kg has very high
to extremely high chloride migration after 28 days and 90 days of curing, respectively, for
both levels of replacement. Finally, the author concluded that using 20% GGBS fineness of
556 m2/kg was ideal to enhance the early and long-term characteristics of UHPC.

Wu et al. [89] carried out an experimental study to investigate in flexural characteristics
of UHPC with GGBS under various curing systems (normal, hot water and steam curing).
Each material was utilized as cement replacement by 20%, 40% and 60%. SF was utilized
together with GGBS, as well as in the control mixture (without GGBS) in a proportion
of 25% of the total binder. Results indicated that the higher the GGBS content in the
mix, the higher the flowability. In terms of curing type, it was found that GGBS had
a limited, or even negative impact on the compressive strength of UHPC. Moreover,
for flexural strength, optimum content should be utilized as 40% GGBS. Beyond that
dosage, the flexural characteristics, toughness and strength could be dropped. Furthermore,
though the accelerated curing utilized increased the compressive and flexural strengths
properties, nevertheless, at optimum content of GGBS, comparable flexural strength and
toughness with that of standard (normal) curing were recorded at 28 days. Thus, the
authors concluded that when an appropriate content of GGBS was utilized, the standard
curing was adequate to produce UHPC with satisfactory flexural characteristics.
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Ganesh and Murthy [90] discovered the durability characteristics and tensile behavior
of UHPC using GGBS in proportions of 0%, 20%, 40%, 60% and 80% (by weight of cement)
as cement replacement material. The control (without GGBS) and GGBS-based mixtures
incorporated 15% SF by weight of cement. Two curing regimes were taken into account:
standard and elevated temp. Flowability, compressive strength, split tensile strengths,
fracture, direct tensile strength and durability characteristics (rapid chloride penetration
test and water sorptivity) were examined. Results showed that the fluidity of UHPC was
enhanced by adding GGBS as a result of its particle surface characteristics and better
dispersion. Moreover, the hardened characteristics of UHPC were significantly enhanced
up to 40% GGBS (as cement replacement) under standard curing, while the elevated temp
enhanced its performance up to 60% replacement percentage.

Nadiger et al. [91] investigated the impact of replacing cement with SF or ultrafine
GGBS. The replacement level for each material was ranged from 0% to 15%. GGBS was
utilized to replace SF for its economical availability. Results indicated that GGBS had the
same characteristics for SF in terms of mixing and workability, nevertheless, the strength
was reduced by 5.2% compared to that of the SF replacement. Moreover, the cylinder
compressive strength, split tensile strength and flexural strength were enhanced by 40–50%
after the addition of GGBS compared to the control mix (without replacement).

Critical Evaluation GGBS-Based UHPC

A summary of the investigates that incorporated GGBS in the production of UHPC
is presented in Table 2. Regarding the above literature, it can be seen that the fineness of
GGBS had an important impact on the flowability and hardened characteristics of UHPC.
The increase of GGBS fineness (especially when combined with SF) up to a certain level
enhanced the characteristics of UHPC, beyond which the enhancement was dropped. This
also means there is an optimum fineness for GGBS when present together with SF in UHPC.
This characteristic of GGBS was noted when it was utilized alone [88], or even combined
with SF [85] in the production of UHPC.



Energies 2021, 14, 8291 10 of 26

Table 2. Investigates on the utilization of GGBS in the production of UHPC.

Reference SF (%) GGBS (%) Other Materials Curing Methods Tests Conducted Maximum Achieved
Compressive Strength

[82] - 20, 40 and 60 - Standard, autoclave and
steam curing

Flexural strength, compressive
strength, toughness, fracture

energy and SEM

378 MPa for mixtures with 40% GGBS after
the application of 30 MPa pressure for 8 h

[83] 0 and 11.5 10 and 23 - Standard and steam
curing

Compressive strength, flexural
strength, autogenous shrinkage,
Water absorption and volume of

permeable voids

162 MPa for mixtures with 23% GGBS and
11.5% SF under steam curing 90 ◦C.

[84] 10 20 and 40 Limestone powder
(0%, 20% and 40%) Standard water curing Fluidity, compressive strength

and SEM

178 MPa for mixtures with 20% GGBS and
10% SF and 182.9 MPa for mixtures with
20% GGBS, 10% SF and 20% limestone

powder after 365 days of curing

[85] 0, 10, 15 and 20 40, 60 and 80 - Sealed curing, air curing
and moist curing

Compressive strength and
flexural strength

165 MPa for mixtures with 60% GGBS and
181 MPa for mixtures with 60% GGBS and

10% SF after 90 days of curing

[86] 17 45 - Standard water curing Flow and compressive strength 163.5 MPa for mixtures with 45% extra
fine GGBS

[87] 25 15, 30 and 50 - Standard water curing Flow and compressive strength 160 MPa for mixtures with 15% GGBS after
28 days of curing

[88] - 20 and 60 - Standard water curing

Flow, compressive strength,
flexural strength, water

penetration and
chloride migration

146 MPa for mixtures with 20% GGBS after
90 days of curing

[89] 25 20, 40 and 60 - Standard water, hot
water and steam curing

Flow, compressive strength,
flexural strength and toughness

182 MPa for mixtures with 20% GGBS
using hot water curing and steam curing.

[90] 15 20, 40, 60 and 80 - Standard water and
oven curing

Flow, compressive
strength, tensile strength, fracture,
rapid chloride penetration, water

sorptivity and SEM.

167.95 MPa for mixtures with 40% GGBS
under oven curing at 150 ◦C.

[91] - 5, 10 and 15 -
Standard water curing,

preheat curing and
post-heat curing

Workability, compressive strength,
split tensile strength, flexure

strength and XRD

165 MPa for mixture with 10% GGBS after
post-heat curing
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According to Table 2, a wide range of replacements (0% to 80%) of cement with GGBS
was found for making UHPC in previous investigations. GGBS in most of these investigates
was combined with SF. This may be attributed to the slow hydration rate of GGBS, which
leads to slow strength enhancement [92,93]. This claim is supported by Beushausen’s [94]
findings, which stated that the GGBS-based mortar had a longer setting time and lower
early heat and strength development than conventional mortar (without GGBS). Thus, it is
believed that GGBS was combined with SF to overcome this shortage.

On the other hand, it can be observed from previous investigations that there is a
fluctuation about the best ratios for replacing cement with GGBS; where some researchers
recommended 20% [84,88], others said 40% [89,90] (by weight of cement). A replacement
level of 60% was also considered in previous works [85]. This difference among researchers
in the proportions of substitution cement with GGBS may be caused by the difference in the
pozzolanic activity of the SCMs utilized and their chemical composition, as well as their
differences in fineness. Additionally, the percentage of combinations between GGBS and
SF also differs. As a summary, and regardless of that, to choose a practical percentage, the
combination ratio of GGBS/SF will be adopted as a criterion for choosing the appropriate
percentage for both substances. Accordingly, regarding the above literature (Table 2), the
suitable GGBS/SF ratios for producing UHPC without harming (or even improving) its
fresh and hardened characteristics are within the range 1.2 to 2.

The impact of curing type (standard, hot water, steam and autoclave) on GGBS-based
UHPC was also discussed in the above literature. The accelerated curing could increase
the replacement level of GGBS, as revealed by Ganesh and Murthy [90]. On the other hand,
according to Wu et al. [89], although the accelerated curing had a role in increasing the
strength of UHPC, to reduce the cost of production and energy conservation, when suitable
proportions of materials and an adequate amount of superplasticizer were utilized, the
standard (normal) curing is considered satisfactory for GGBS-based UHPC.

2.3. Utilization of MK in the Production of UHPC

Metakaolin is a pozzolanic material developed from the heat treatment of one of the
most common substances contained, a natural form of clay named kaolin. Kaolin is a fine
powder historically utilized by the Chinese for the manufacture of porcelain and coating
material for papers. [95]. MK is typically rich with SiO2 and Al2O3, along with other oxides
existing in minor amounts such as MgO, CaO, TiO2 and Fe2O3 [96]. MK particles typically
have a diameter of 0.5 to 5.0 microns, which is smaller than cement particles and greater
than silica fume (SF) particles. In general, various forms of MK are based on the sources
of their kaolin clay and the applied heat remediation. MK is a cement additive that has a
positive impact on the efficiency of mortars and concrete. The following are investigations
that utilized MK in the production of UHPC.

Rougeau and Borys [97] utilized MK in the production of UHPC. The ultrafine materi-
als/cement ratio was 20% (about 16.7% of the total binder weight). Fluidity, pore structure,
compressive and flexural strengths and water absorption tests were performed. Results
indicated that SF showed better performance relative to MK. Moreover, MK awarded white
surface color which was considered as an important advantage compared to the dark-grey
surface color of SF concrete.

Staquet and Espion [98] utilized a combination of SF and MK in the production of
UHPC to minimize the autogenous shrinkage. Two curing temps were applied after two
days of casting: 20 ◦C and 42 ◦C. Results indicated that at 20 ◦C curing, the MK-based
UHPC showed lower autogenous shrinkage than other mixes. On the other hand, the
UHPC at 42 ◦C revealed negligible total shrinkage compared to other mix proportions.

Tafraoui [99] investigated the use of MK instead of SF in the production of UHPC to
overcome the high cost of SF, its color and the lack of availability, as well as the availability
of kaolinite in most countries. The MK was utilized with 20% of the total binder. Results
indicated that the weight-by-weight replacing of SF with MK imparted an equivalent
mechanical performance for UHPC. Nevertheless, the mixing time was increased slightly
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for MK-based UHPC. Additionally, heat treatment had a major role in enhancing the
compressive and flexural strengths of the UHPC.

An experimental and theoretical (using ANSYS computer program) study was car-
ried out by Al-Azzawi [100] to understand the behavior of UHPC made with 15% MK.
Experimental results indicated that lower compressive strengths values were achieved for
UHPC made with MK compared with that made with SF. Additionally, for compressive
stress-strain relationships, results demonstrated that the stress of UHPC made with MK
was lower than that of SF at any given strain.

Rabehi et al. [48] explored the impact of three kinds of Algerian calcined clays
(metakaolin) on the performance of UHPC. The three types of MK were calcined silt
of dams, incinerated waste paper sludge and calcined clay of Djbel Debbagh quality 3
(available in eastern Algeria). Each material was utilized in the percentage of 25% of the
total binder. Results indicated that the substitution of SF by Djbel Debbagh MK led to a neg-
ligible decrease in compressive strengths (2.3%) and a slight increase in flexural strengths
(13%). Nevertheless, other additions affected the compressive strengths unfavorably with
a slight decrease in flexural strengths. It was concluded from that study that the Djbel
Debbagh MK could be utilized as pozzolanic material in the production of UHPC.

In a related study, Amanjean and Vidal [101] replaced the SF with MK to produce
low-cost UHPC. Two cement replacement levels for MK (20% and 24% of the total binder
weight) were utilized. Results indicated that the MK mixture showed a slight reduction in
compressive strengths (5%) than that of the reference mixture, but nevertheless the material
cost of UHPC per cubic meter was reduced by 10%. The packing density results revealed
that the optimum MK to cement ratio was 0.3, instead of 0.25, for the SF to cement ratio.

Li [102] made an experimental study to investigate and predict the paste fraction
drying shrinkage of UHPC having ternary and binary combinations of MK, FA and cement.
Results indicated that the MK-cement binary combination paste had lower drying shrinkage
than the paste produced with pure cement.

Tafraoui et al. [103] explored the durability performance of UHPC containing MK
instead of SF in the proportion of 25% by cement weight. Results indicated that the
accelerated carbonation, the migration of the chloride ions and the permeability of oxygen
diffusion assured good durability characteristics of UHPC-incorporated MK. Furthermore,
these durability tests did not permit discrimination from different pozzolanic additions.

Huang et al. [104] replaced the silica fume in UHPC with two calcined clay grades
(MK with 95% kaolinite and calcined clay with 79% kaolinite) to explore their impact on
the hydration and microstructure characteristics of the resultant UHPC. The cement had
already been substituted (by volume) with 54% of limestone with the same particle size
distribution. The calcined clay content was 9% by weight of the total binder. Results of
MK-based UHPC showed a 10.4% reduction in compressive strengths compared to SF mix
at 28 days. While calcined clay with 79% kaolinite reduced the compressive strengths by
2.3% at the same age. It was also found that the cement hydration was hindered in calcined
clay-based mixtures in comparison to SF mixture due to the less free water obtainable for
cement hydration, especially for mixtures containing MK. Due to the reduction of free
water, the portlandite formation was also reduced in calcined clay mixtures compared to
the SF mix. Additionally, results demonstrated that though that the replacing of SF with
calcined clay refined the critical radius pores in UHPC, the compressive strengths did
not enhance.

Šeps et al. [105] explored the impact of substitution cement with metakaolin on the
mechanical-physical characteristics of UHPC. MK material replaced the cement by 10%,
20% and 30%. Results indicated that compressive strengths increased as the MK amount
increased in the mixture up to 20%, and it was then decreased lower than that of the
control mixture. Nevertheless, flexure strengths values were decreased with the increase
of MK percentage up to 20%. After that (at 30% MK), the flexure strengths was enhanced.
Density results showed that 20% of MK increased the density compared to the reference
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mixture. Contrarily, for 10% and 30% MK, the density values were lower than that of the
free-substitution mix.

Critical Evaluation of MK-Based UHPC

A summary of the investigates that incorporated MK in the production of UHPC is
presented in Table 3. Obviously, from a literature survey, it can be seen that the number of
investigates that employed MK instead of SF in the manufacturing of UHPC was limited;
this may be due to the fluctuation of the results of the characteristics of UHPC containing
MK compared to SF as can be seen in Table 3. This fluctuation in MK concretes can be
attributed to the difference in the characteristics of the material utilized such as fineness,
particle size distribution, chemical composition, pozzolanic activity and the method of
production of MK (for example calcined temp and soaking duration). Additionally, the
workability characteristics (which are affected by MK water demand) of the fresh UHPC
mixtures which inspire the compactness, and consequently the density of the interfacial
transition zone (ITZ) of UHPC has an important role. Furthermore, the percentage of
substitution of cement with MK in the mixture impacts its behavior in the produced UHPC.
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Table 3. Investigates on the utilization of MK in the production of UHPC.

Reference SF (%) MK (%) Other Materials Curing Methods Tests Conducted Maximum Achieved Compressive
Strengths

[97] - 16.7 - Fog room

Flow flexural strengths, compressive
strengths, Mercury Intrusion Porosimetry

(MIP), water absorptions and
accelerated carbonation

170 MPa after 90 days of curing

[98] 9 15 - Curing at 20 ◦C and a
heat curing at 42 ◦C Compressive strengths and shrinkage 148 MPa after 2 days of heat curing at

42 ◦C.

[99] - 20 - Standard water curing,
thermal water curing

Flexural strengths and
compressive strengths

243 MPa for mixtures subjected to
thermal water curing at 150 ◦C

[100] 10 15 - Standard water curing Compressive strengths 198 MPa for mixture with 10% SF
after 28 days of curing

[48] - 25 - Standard water curing Flow, compressive strengths and
flexural strengths

163.5 MPa for mixtures with 45%
extra fine GGBS

[101] 20 20 and 24 - Standard water curing Flow, slump, compressive strengths and
flexural strengths

172 MPa for mixture with 20% SF
after 28 days of curing

[102] - 5, 10 and 20 FA (0, 5, 10, 15, 20
and 30%) Moist room Flow and drying shrinkage -

[103] - 25 - Standard water curing

Compressive strengths, flexural strengths,
porosity, Permeability to oxygen,

diffusion and migration of the chloride
ions; absorption of water by capillarity;
accelerated carbonation; leaching, XRD

and SEM

146 MPa after 28 days of curing.

[104] - 9 Limestone (54%) Sealed curing at 20 ◦C Compressive, differential
thermogravimetry (TGA), MIP and SEM. 142 MPa after 56 days of curing

[105] - 10, 20 and 30 - Air curing
Density, compressive strengths

and flexural
strengths

110 MPa for mixture with 20% MK
after 28 days of curing
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It can be seen from the previous works that when SF was compared with MK, SF had
better performance than MK in most investigations [48,97,100,101,104], while only one piece
of research showed that MK had an equivalent performance to SF [99]. The compressive
strengths value (which is considered the essential characteristic of UHPC) was the main
comparison parameter in most investigations between SF- and MK (as replacement of
cement)-based UHPC. Nevertheless, as stated previously, one of the significant aims for
using MK instead of SF in the production of UHPC is to reduce the cost of materials.
Additionally, the cement content in UHPC may reached as high as 800–1000 kg/m3 [37,70].
Furthermore, It was reported that the cost of 1 tonne of SF in the USA (for example) is
about US$879, while it is about US$500 for MK [106]. Accordingly, the “compressive
strengths/cost of production per 1 m3” should be considered as the governing parameter
for comparison between SF and MK, rather than just the compressive strengths. Moreover,
by using MK, the resultant concrete achieved the ultra-high performance of UHPC with
compressive strengths reaching more than 140 MPa at 28 days [103]. Otherwise, it is known
that the packing impact in the UHPC matrix is a remarkable issue. Furthermore, as reported
by Amanjean and Vidal [101], the packing density of MK/cement was 0.3, compared to
0.25 for SF/cement. Therefore, the comparison of equal weight between the two materials
(SF and MK) is not quite true due to the packing density impact. The kaolinite content in
the calcined clay had also an essential parameter. As demonstrated by Huang et al. [104],
the calcined clay with a lower kaolinite percentage had better performance than that of
those with the higher percentages.

According to Table 3, the percentages of substitution for MK ranged from 5 to 30% of
the cement weight. The average substitution level of MK was 25% of the cement weight.
This proportion was based on the performance comparison with SF. Nevertheless, if the
MK performance was compared with the neat cement (without replacement), the MK
replacement level should not exceed 20% of the cement weight. Nevertheless, practically,
the UHPC is included cement replacing (with SCMs) in its production to reduce the high
content of cement. Thus, the substitution of cement with 25% of MK is suitable to obtain
UHPC with an equivalent or a slight reduction in mechanical performance compared to SF.

2.4. Utilization of RHA in the Production of UHPC

Rice Husk Ashes (RHA) is a waste material produced from the burning process of
rice husk, which is utilized as fuel in the boilers for processing of paddy or for power
generation. RHA is a super-pozzolanic material due to its high silica content (85% to
90%) [107], and thus it could be utilized as an alternative to SF in the production of UHPC.
The following are investigations that utilized MK in the production of UHPC.

Tuan et al. [108] explored the impact of RHA on the autogenous shrinkage of UHPC.
The compressive strengths and microstructure were also investigated. RHA replaced the
cement in two ratios (10% and 20%), and its performance compared with the control mix
(without replacement) and others made with 10% and 20% SF as cement substitution. The
particle size ranges of the RHA were 5.6 µm to 9.0 µm. Results indicated that the autogenous
shrinkage dramatically declined at the replacement ratio of 20% of RHA, and was even
eliminated at later ages. The authors attributed this behavior to the pozzolanic reaction,
pore refinement and internal curing provided by RHA. Moreover, at this replacement ratio
(20%), the compressive strengths development was more pronounced than that of SF.

Tuan et al. [109] explored the hydration and microstructure of UHPC-utilizing RHA
as a cement replacement. The results were compared with the control mixture (without
replacement) and SF containing mixture. RHA and SF replaced the cement by 20%. Results
indicated that the RHA enhanced the cement hydration degree at later ages. The water
uptake of the porous structure of RHA led to internal curing of the RHA-based mixture.
Furthermore, it was found that at seven days, the compressive strengths of the RHA
mixture was higher than that for control and SF mixtures. Additionally, RHA refined
the pore structure and decreased the calcium hydroxide content of UHPC, but was less
important than SF.
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Tuan et al. [2] utilized RHA as a cement substitution in the production of UHPC. It
was stated that if RHA was utilized in percentages less than 30%, it did not significantly
decrease the compressive strengths compared to that of SF. Additionally, in comparison
to SF, the fineness of RHA played a remarkable function in the compressive strength
development of UHPC. The compressive strengths development of RHA-based UHPC was
higher than that for SF. The optimum average particle size of RHA was found to be 5.6 µm.
Moreover, it was revealed that the combination of 10% SF and 10% RHA (the optimum
synergic impact) imparted higher compressive strengths than that for the control specimen
(without RHA or SF).

Tian et al. [110] explored the characteristics of UHPC which was made by replacing the
SF (partially or completely) with low-temp rice husk ashes (LRHA). SF or L-RHA replaced
the cement within the range of 10% to 30%. Mixtures contained SF+ L-RHA combinations
were also executed. Results indicated that the adsorption capacity and pozzolanic activity
of L-RHA were more than that for SF as a result of its amorphous SiO2 and porosity.
Moreover, the compressive strength was increased by the filling impact, as well as the
hydration rate for L-RHA, compared to only the filling impact for SF. Furthermore, the
blending of L-RHA and SF gave higher compressive strengths compared to that of each
material alone.

Van et al. [111] explored the performance of UHPC mixtures made with RHA with and
without GGBS and compared them with those made with SF. The autogenous shrinkage,
compressive strengths and Portrandite content were tested. Results indicated that at the
same superplasticizer dosage and water content, the RHA-based UHPC had comparable
workability and compressive strengths to that of SF. The UHPC autogenous shrinkage was
lessened after using RHA. The combination of RHA and GGBS enhanced the aforemen-
tioned characteristics of UHPC. It was concluded from that study that RHA could act as an
internal curing agent, as well as highly pozzolanic material in UHPC.

Asteray et al. [112] conducted an experimental investigation to explore the impact of
full replacement of SF in RPC by RHA-waste glass powder (WGP) combinations. A mixture
containing 25% SF as cement replacement material was utilized as control. The RHA-WGP
combinations (by weight of SF) were 75–25%, 50–50% and 20–80%, respectively. The quartz
powder in RPC was fully replaced with waste ceramic powder. The compressive strengths
at 7, 14 and 28 days were examined using standard curing. Findings showed that the
best compressive strengths (with an enhancement ratio of 9.5% compared to the control
mixture) was achieved after replacing the SF with 80% RHA and 20% WGP.

Huang et al. [113] conducted experimental work to investigate the impact of RHA on
the strengths and permeability of UHPC. The RHA was prepared by burning rice husk at
500 ◦C for 2 h, then was utilized as SF replacement in different percentages (0% to 100%
by weight of SF). The reference mixture incorporated 23% SF as a cement replacement
material. Results indicated that the UHPC fluidity was decreased while the entrapped
air was raised with the increase of RHA content. The best enhancement in compressive
strengths, impermeability and pore refinement was achieved at the 2/3 replacement ratio
(SF/RHA). At this ratio, the compressive strengths values were enhanced by 9.76%, 14.50%,
10.02% at 3, 28 and 120 days respectively.

Amin [114] investigated the characteristics of UHPC made with RHA alone or mixed
with either SF or GGBS as a replacement of cement. Flow, mechanical and permeability
characteristics of UHPC were observed. It was found out that the workability of UHPC was
increased with the increase of RHA content in the mix. Findings indicated that regarding
all hardened tests performed in that study, the 20% replacement level was the optimum
percentage for RHA. Additionally, results showed that the RHA has lower pozzolanic
activity than SF.

Vigneshwari et al. [115] investigated the potential use of thermally treated RHA as
SF replacement in the manufacturing of RPC. RHA was produced by burning it under
different controlled temps (550 ◦C to 700 ◦C) and durations (1 h to 4 h). RHA, which
had higher silica content and an amorphous state, was chosen to be utilized in RPC. XRD
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results showed that all prepared RHA was in an amorphous state. Finally, RHA with
89.9% silica content which was prepared under 600 ◦C for 3hrs was chosen to be utilized in
UHPC. One control mixture incorporated 24% SF as cement replacement and five mixtures
in which the SF was partially replaced with 10%, 20%, 30%, 40% and 50% RHA. Results
indicated that higher splitting tensile, flexural and compressive strengths were achieved at
30% replacement of SF with RHA. After this ratio, the strengths were reduced but remained
greater than that for the control mixture. The porosity and chloride penetration, as well as
resistance to an aggressive environment, were enhanced with the increase of replacement of
SF with RHA. Moreover, results demonstrated that RHA could be utilized as an alternative
to SF in RPC as a result of its satisfactory mechanical and durability characteristics under
standard and steam curing.

Kang et al. [116] prepared and utilized RHA as a partial replacement of SF in UHPC
under standard curing (without heating). The results compared with the control mix which
contained 20% SF as cement replacement. Results indicated that RHA with an amorphous
silica content of 92% at a burning temp of 650 ◦C for 1 h was obtained. UHPC results
revealed that an outstanding strength of about 190 MPa at 91 days was achieved under
standard curing. The authors explained that prominent strengths to the additional water
provided by the porous structure of RHA (internal curing) promoted the hydration process
for long period, its pozzolanic reactivity and the reduction of the capillary pores in the
produced UHPC.

Critical Evaluation of RHA-Based UHPC

A summary of the investigates that incorporated RHA in the production of UHPC is
presented in Table 4. It can be noticed from the above literature that RHA is considered
as a promising alternative material for SF in the production of UHPC, as it had a similar
chemical composition (amorphous silica with silica content might exceed 90%), high
pozzolanic activity and better performance than SF at later stages. The porous structure of
RHA gave it the ability to uptake water, which will be provided for prolonging hydration
at later stages. The particle size of RHA had a remarkable impact on the characteristics of
UHPC, as was revealed previously [2,108] that RHA with a particle size of 5.6 is suitable for
UHPC. It was noted that the silica content of the prepared RHA is affected by the burning
temp and soaking period. Some investigations indicated that burning of rice husk at 600 ◦C
for 3hrs could produce a high-purity RHA (silica content is about 90%) with amorphous
silica, while others stated that it could be produced at a higher temperature (650 ◦C) and
lower burning time (1 h) with higher silica content (92%). It is believed that the use of
local materials and different chemical compositions of the rice husk utilized explained
these differences.
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Table 4. Investigates on the utilization of RHA in the production of UHPC.

Reference SF (%) RHA (%) Other Materials Curing Methods Tests Conducted Maximum Achieved
Compressive Strengths

[108] - 10 and 20 - Fog room Compressive strengths, autogenous
shrinkage, SEM, MIP and TGA

185 MPa for mixtures with 20% RHA after
91 days of curing

[109] - 20 - Fog room Compressive strengths, SEM, MIP
and TGA

185 MPa for mixtures with 20% RHA after
91 days of curing

[2] 0, 5, 10 and 15 5, 10, 15, 20 and
30 - Fog room

Flow, compressive strengths,
autogenous shrinkage, Portrandite

content, SEM and XRD.

210 MPa for mixtures with 10% RHA and
10% SF after 91 days of curing

[110] 10, 20 and 30 10, 20 and 30 - Standard water curing Pozzolanic activity, adsorption
capacity and compressive strengths

180 MPa for mixtures with 10% RHA and
10% SF after 28 days of curing

[111] - 17 GGBS (0% and
20%)

Air curing and
heat curing Flow and compressive strengths

212 MPa for mixtures with 17% RHA and
20% GGBS after 360 days of curing at both

air curing and heat curing at 60 ◦C

[112] - 4, 10 and 15 WGP (5%, 10% and
16%) Standard water curing Compressive strengths 57 MPa for mixtures with 4% RHA and 16%

WGP after 28 days of curing

[113] 4, 8, 12, 16 and 19 4, 8, 12, 16, 19
and 23 - Fog room Flow, flexural strengths, compressive

strengths, permeability and MIP
137.2 MPa for mixtures with 16% RHA and

8% SF after 120 days of curing.

[114] 0, 10 and 15 10, 15, 20 and 25 GGBS (0, 10% and
15%) Standard water curing

Water Permeability, elasticity
modulus, the strengths of (bond,

flexural, splitting tensile and
compressive), air content and Slump

202.3 MPa for mixtures with 20% RHA after
91 days of curing.

[115] 12, 14.4, 16.8, 19.2
and 21.6

2.4, 4.8, 7.2, 9.2
and 12 - Standard water and

steam curing

Compressive strengths, flexure
strengths, splitting tensile strengths,
porosity, rapid chloride penetration

and XRD

230 MPa for mixtures with 7.2% RHA and
16.8% SF after 28 days of steam curing.

[116] 0, 9, 10 and 17 9, 10 and 17 - Air curing Compressive strengths, TGA, XRD,
SEM and MIP.

190 MPa for mixture with 17% RHA and
17% SF after 91 days of curing



Energies 2021, 14, 8291 19 of 26

Moreover, it is clear that the UHPC made from RHA had less autogenous shrinkage
than SF. This behavior can be attributed to RHA acting as an internal curing agent [117–119],
thus reducing the self-desiccation of UHPC and consequently, causing the autogenous
shrinkage to decline.

Furthermore, the combination of RHA and SF might impart better performance in
UHPC than that of RHA or SF alone. The best combination ratio provided by the previous
works (Table 4) was 1/1 (10% for each material) [2,110] or 2/3 [113] (SF/RHA).

Additionally, it is observed that there is an absence of investigates addressed the
long-term performance (more than one year) of RHA-based UHPC. Additionally, limited
research discussed the production cost of UHPC-incorporated RHA and compared it with
that produced with SF.

2.5. Carbon Footprint and Energy Consumption of Mineral Admixtures-Based Concrete

As mentioned earlier, the cement industry produces high amounts of carbon dioxide.
Among the effective technologies to reduce these emissions are the reduction of the content
of high-energy clinker in Portland cement through the use of waste from other industries,
the development of production technology, the use of alternative fuels and increasing the
content of alternative cementitious materials [120]. Among these technologies, the use
of cement mixed with SCMs (such as SF, GGBS, FA and RHA) is the most practical and
economical method, and it can be directly applied in the field of ready-mix concrete [121].
In general, the CO2 emissions associated with cement production is about 0.930 (ton/CO2
eq./ton) [122], while the emissions of GGBS, FA, SF, and MK related to their replacement
levels from cement are (0.052–0.143), (0.004–0.027), (0.028) and (0.330–0.423) at typical
replacement levels of (40%), (20%), (5–10%) and (8–20%), respectively [123].

From the above table, it is noted that the carbon emissions of metakaolin are signifi-
cantly higher than the rest of SCMs, which are about half of those coming from the cement
industry. The reason for this is due to the high temperature used in calcination, which is
estimated at 750 ◦C [124].

On the other hand, the environmental impact of these materials in concrete was
addressed by several investigations. For instance, Wu et al. [122] studied the energy
intensity and CO2 emission of high-performance green cement containing high volumes
of GGBS and FA (ranged from 0 to 90%) and superfine cement. Results indicated that the
green cement that contained 70% mineral admixtures showed energy consumption and
CO2 emission of 47.3% and 40.9%, respectively, of that of the Portland cement.

Shi et al. [125] investigated the preparation of UHPC with a low environmental
impact. SF, FA, GGBS and nano silica (NS) were used as cement replacement materials.
Results indicated that it is possible to produce UHPC with less than 200 kg/m3 cement
by optimizing the binder content and curing systems. The embodied CO2 of this concrete
was 3 kg/MPa.m3, compared to 5.5–7 kg/MPa.m3 for conventional UHPC. Moreover,
the environmental impact of low-cement-UHPC was significantly improved when GGBS
was added compared with FA. Furthermore, the ternary blend of GGBS, FA and SF led to
another reduction in the carbon dioxide index.

Yang et al. [121] studied the reduction of carbon dioxide emission of SCMs (such as
GGBS, SF and FA) from ordinary Portland cement (OPC) in concrete based on a Korean
lifecycle inventory. Results showed that the OPC-based concrete had the highest CO2
intensity. Contrarily, concrete comprised of OPC+ GGBS+ FA had the lowest CO2 intensity
compared to all other types of concrete. Additionally, it was recorded that the higher the
SCMs, the lower is the CO2 intensity up to 15–20% of SCMs. After that, the reduction rate
was gradually slow.

Henry and Lynam [126] studied the embodied energy of RHA for the manufacturing
of sustainable cement. They found that using RHA as a partial substitution of cement could
reduce the carbon footprint which was emitted during cement manufacturing. Moreover,
using RHA as cement replacement material minimized the embodied energy and led to a
more sustainably built environment.
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3. Discussion

Regarding the four SCMs (FA, MK, GGBS and RHA) considered in this study and
their impact on different characteristics of UHPC relating to SF, it can be noted from the
literature that SF had better strengths (especially compressive strengths property) than FA,
MK and GGBS. Therefore, they are often blended with SF in the production of UHPC. The
application of accelerated curing or combining them with SF may enhance the strength’s
performance. On the other hand, RHA had comparable or even superior strengths relative
to SF. Nevertheless, strength should not be the sole criterion for comparison, as the main
aims of using such materials are manufacturing UHPC with less cost and environmental
impact. Therefore, all benefits should be considered together with other characteristics
of UHPC throughout the comparison process. Moreover, using SCMs other than SF, it
is possible to increase the cement replacement percentages up to 40% or 60% (especially
for FA and GGBS), which means less CO2 emissions into the atmosphere and energy
consumption. It is difficult to reach such substitution ratios with SF due to the restriction
imposed by international standards. Furthermore, FA and GGBS enhanced the fluidity
of UHPC (as compared to SF), which reduces the superplasticizer demand and enhances
the compactness. On the other hand, regardless of the type of SCM, previous research has
agreed that the microstructure of these materials, as well as SF, was dense, and the porosity
had decreased significantly after they were utilized as alternatives to cement.

Otherwise, different replacement ratios for each of FA, MK, GGBS and RHA were
recommended in the previous works. These differences could be explained by knowing
that the impact of SCMs in UHPC is affected by their composition and fineness, as well as
pozzolanic activity. Thus, the best replacement ratio for each material may differ accordingly.

Considering the reviewed investigations, it is noted that for experimental investi-
gations that have utilized RHA as a replacement for SF, there is a lack of information
available about the use of high levels of this substance in UHPC, especially since most of
the previous investigates have proven that it is a successful alternative to SF. Furthermore,
in most of the research that utilized high levels of SCMs, the resulting UHPC alkalinity was
not examined, which is affected by the depletion of calcium hydroxide (as a result of its
reaction with SCMs), which may affect the protection of buried steel fibers within it from
corrosion. Additionally, limited investigations addressed the long-term performance (more
than 180 days) of SCMs in the production of UHPC.

As for the environmental impact, it was found that there are limited studies in the
literature that discussed the comparison between alternative cementitious materials with
silica fume in the production of reactive powder concrete, in terms of their carbon diox-
ide footprint.

In general, however, when comparing carbon emissions in concrete containing these
materials, it is clear that FA and GGBS are less emitting compared to other cement materials,
and that GGBS is less than FA. Nevertheless, the presence of SF with FA and GGBS may
lead to an additional reduction in CO2 emissions.

It is also worth noting that the comparison of SCMs should include not only the
production processes of the material itself, but also the amount of strength produced
and its relationship to the environmental impact, and the type of curing used and the
proportions of cement replacement play an important role in the comparison. Therefore,
comparing the carbon emissions of the various materials used in the production of concrete
powders requires comprehensive life cycle assessment studies, which take into account all
the above-mentioned parameters.

4. Conclusions

This paper reviewed the investigates that utilized SCMs other than SF in the man-
ufacturing of UHPC and comparing their performance in comparison to that of SF. The
following conclusions are drawn:

1. There are few studies that have dealt with carbon dioxide emissions and the energy
consumed for SCMs in the manufacture of UHPC, taking into account materials
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manufacturing processes, the resulted compressive strength, the curing used and
other details of concrete.

2. Among the SCMs that have been studied, GGBS can be considered the lowest envi-
ronmentally impactful in the manufacture of UHPC. The carbon dioxide emissions
are significantly reduced with the combined use of GGBS, FA and SF.

3. The grain particle size and accelerating curing are important parameters in FA-
based UHPC.

4. The FA is usually utilized together with SF or GGBS in the production of UHPC, in
order to compensate for the slow strengths development of FA at early ages.

5. There is a scarcity of information about the comparison in the behavior between the
two types of FA (Type C and F) under the impact of different curing systems.

6. From an environmental point of view and to reduce the cost of concrete, UHPC with
compressive strengths of not less than 150 MPa can be produced by combination FA +
SF (as cement replacement materials) in the percentages of (40% + 5.5%) under steam
curing or (20%+5%) or under standard curing, respectively.

7. The GGBS can be utilized together with SF in the production of UHPC with better
performance and environmental characteristics than SF alone. The recommended
combination dosage ranged from 1.2 to 2 (by weight of cement for both materials).

8. There is an optimum fineness of GGBS when utilized with SF in UHPC, beyond and
before it, the strengths are reduced from its maximum value.

9. The accelerated curing can increase the replacement level of cement with GGBS in
UHPC. Nevertheless, if an appropriate mix proportion is utilized, utilizing normal
curing for cost-end energy reduction purposes is considered satisfactory.

10. The SF has better performance than MK in the production of UHPC.
11. The compressive strengths/cost per 1 m3 and the material/cement packing density

should be taken into account when making a comparison between SCMs in the
production of UHPC.

12. The cement could be substituted with MK in a proportion of 25% (by weight) to
produce UHPC with an equivalent or a slight reduction in the mechanical performance
compared to SF.

13. RHA can replace SF partially or completely in UHPC, as a result of its promising per-
formance in hardened and fresh characteristics and its similar chemical composition.

14. The internal curing characteristic of RHA has made it superior to the performance of
SF in later ages in terms of strengths development and shrinkage reduction.

15. The combination of RHA and SF (10% for each material) can give a better performance
than if each substance was utilized separately.

16. In comparison to all SCMs investigated in this review, SF had the highest strength
among these materials (at the same replacement level) except for RHA. Their com-
binations with SF or applying accelerated curing may limit strength reduction, or
even recover it. Nevertheless, the other benefits such as the possibility of using high
substitution ratios of these materials with cement, cost reduction and improving the
environment should be taken into account during the comparison.

5. Recommendations for Future Works

Based on reviewing and analysis of the previous research, the following recommenda-
tions are suggested for future works:

• Studying the long-term performance of UHPC made from SCMs other than SF.
• Investigation of the impact of using a high volume fraction of RHA on different

characteristics of UHPC.
• Examining the alkalinity of the produced UHPC made with high content of SCMs,

which is affected by calcium hydroxide depletion.
• Performing comprehensive life cycle assessment for UHPC regarding the different

types of SCMs.
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65. Shaikh, F.U.A.; Luhar, S.; Arel, H.Ş.; Luhar, I. Performance evaluation of Ultrahigh performance fibre reinforced concrete—A
review. Constr. Build. Mater. 2020, 232, 117152. [CrossRef]

66. Cao, S.; Hou, X.; Rong, Q. Dynamic compressive properties of reactive powder concrete at high temperature: A review. Cem.
Concr. Compos. 2020, 110, 103568. [CrossRef]

67. Aïtcin, P.-C. Supplementary cementitious materials and blended cements. In Science and Technology of Concrete Admixtures; Elsevier:
Amsterdam, The Netherlands, 2016; pp. 53–73.

68. Benson, C.H.; Bradshaw, S. User Guideline for Coal Fly Ash in Green Infrastructure Construction; University of Wisconsin-Madison:
Madison, WI, USA, 2011.

69. Das, S.K. Yudhbir Geotechnical characterization of some Indian fly ashes. J. Mater. Civ. Eng. 2005, 17, 544–552. [CrossRef]
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