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Abstract: South Africa is endowed with a wealth of coal-fired power stations that can produce
extremely high volumes of fly ash per year exceeding 34 million tonnes. The use of high-volume fly
ash (HVFA) binders in the construction sector has the capacity to significantly reduce greenhouse gas
emissions associated with traditional cement production and offset the carbon footprint of Eskom. The
excessive production of fly ash by Eskom warrants the need for developing ultra-high-volume fly ash
binders (UHVFA, fly ash/binder > 60 wt%). Nonetheless, fly ash (FA) replacement of cement is still
largely limited to 35% regardless of more ambitious research indicating the potential to surpass 60%.
In view of the urgent need for South Africa to offset and reduce its carbon footprint, this work reviews
and summarises the literature on the performance of HVFA binders with a focus on two specific areas:
(i) strength and (ii) durability. On HVFA binder strength, the focus is drawn on work that analysed
the compressive strength, flexural strength, and split tensile strength. This review focuses on the
extant literature analysing the durability of HVFA binders using various tests, including sorptivity,
resistivity, permeability, tortuosity, rapid chloride penetration tests, resistance to sulphate attack,
and microstructural analysis. As the FA content increases towards optima, i.e., 50–80%, the most
indicative composite characteristics of the strength and durability properties are UCS (30–90 MPa)
and permeability (low). This review reveals the leading methodologies, instrumentation, findings,
challenges, and contradictions.

Keywords: high-volume fly ash; binder; cement; mortar; durability; compressive strength; sorptivity;
resistivity; permeability; tortuosity; chloride penetration

1. Introduction

High-volume fly ash (HVFA) binders involve the replacement of Portland cement (Pc)
with fly ash (FA), often exceeding 50% by weight [1]. Mehta (2017) [1] defines HVFA as
containing a minimum of 50% FA, low water content (<130 kg/m3), and cement content
less than 200 kg/m3 for concretes [2]. Ultra-high-volume fly ash (UHVFA) binders may
contain FA exceeding 60% by weight [3–6]. Fly ash is a pozzolana; therefore, by itself, it
possesses little to no cementitious value and cannot react with water alone [7–9]. Generally,
it has been reported that Pc replacement with HVFA improves binder workability and
durability and reduces drying shrinkage and matrix toughness [5]. Its contribution to
strength is mixed.

Fly ash, the fine, powdery residue derived predominantly from coal combustion, has
long been an intrinsic byproduct of the global energy landscape. Nowhere is this more
evident than in South Africa, a nation endowed with a wealth of coal-fired power stations
that produce 34 million tonnes of fly ash per year. While fly ash has often been perceived as a
residual environmental challenge, it also presents an unparalleled opportunity. Harnessing
the potential of fly ash, particularly in the realm of construction materials, not only aligns
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with the principles of sustainability but is increasingly vital in the context of a world that
must ardently strive to limit global temperature increases. Geopolymer binders are getting
traction as an eco-friendly alternative to Portland cement binders for applications in the
construction industry [10]. Geopolymer binders are made from rich silica and alumina
source materials such as fly ash, calcined kaolin, and blast furnace slag.

Fly ash binders offer reduced CO2 emissions of up to 80% relative to Portland cement
binders. Further, FA binders are primarily based on the use of other industrial wastes or
clays, granulated ground blast furnace slag (GGBFS), and metakaolin [10]. The urgency of
addressing climate change and the imperative to ensure that global temperatures remain
within a safe threshold of 2 degrees Celsius above pre-industrial levels (and an even
more ambitious target of keeping it below 1.5 degrees Celsius) have been unequivocally
underscored by the international scientific community. In this regard, South Africa’s
unique position as both a coal-dependent nation and a signatory to international climate
agreements warrants special attention. The vast quantities of fly ash produced by its coal
power stations are not only emblematic of the nation’s energy landscape but also a resource
with transformative potential for the construction sector. High-volume fly ash binders,
when used effectively, have the capacity to significantly reduce greenhouse gas emissions
associated with traditional cement production and offset the carbon footprint of Eskom.

Given correct mix design and formulation development, geopolymer binders derived
from fly ash can exhibit superior chemical and mechanical properties compared with
ordinary Portland cement [10]. Apart from their potential to surpass Portland cement-
based binders, fly ash binders can be highly cost-effective. However, the performance of FA
binders depends on the composition, fineness, mineralogy, and particle morphology of the
precursor materials selected. The properties and performance of the FA binders can vary
significantly depending on the mix ratios [11]. Durability is a paramount consideration in
the context of construction materials, and it is particularly salient when it comes to fly ash-
based binders. The durability of these binders can significantly influence the performance
of the structures they support [12].

This systematic review aims to rigorously investigate the existing corpus of the lit-
erature on ultra-high and high-volume fly ash binders with a specific focus on their per-
formance and durability. The research seeks to answer the following questions: (i) How
does the addition of FA > 50% (wt) in HVFA and UHVFA binders affect their mechanical
properties (compressive, flexural, and tensile strength)? (ii) How do the HVFA and UHVFA
binders’ durability properties (sorptivity, tortuosity, absorption, Cl− resistance, resistance
to chemical attack, etc.) change as the FA content approaches optima? (iii) What are ma-
jor research trends on additives and measures incorporated in developing mechanically
high-performing and durable HVFA/UHVFA binders? By consolidating the available
knowledge and insights, the research aims to elucidate the current state of understanding
and highlight areas for further research and development. The implications extend beyond
the realm of construction in South Africa; they resonate with the global imperative to trans-
form a once problematic byproduct into an indispensable solution, all the while advancing
the cause of climate action and the pursuit of durable, sustainable infrastructure. In doing
so, we strive to underscore the crucial role that high-volume fly ash binders can play in
offsetting coal-fired power stations’ carbon footprint, particularly in South Africa.

2. Materials, Methods, and Content Analysis

Although there is a vast literature on fly ash binders, this review was limited to the
literature specifically investigating the strength and durability of high-volume fly ash
binders exceeding 50% FA content by weight. This review uses Elsevier’s Scopus, Web
of Science (WoS), and Google Scholar-the leading scientific databases of citations and
summaries of peer-reviewed literary work. For instance, the search prompt below was
used to extract 223 articles from Scopus.
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Title-abs-key ((“high volume fly ash*”) AND (“binder” *) OR (“cement” *) OR (“mor-
tar”*) AND (“strength”*) OR (“performance”*) AND (“durability”*)) and (limit-to
(subjarea, “engi”) or limit-to (subjarea, “mate”) or limit-to (subjarea, “envi”) or limit-to
(subjarea, “ener”) or limit-to (subjarea, “eart”)).

Among the recent review papers published on fly ash research, Herath et al. (2023) [13]
investigated the durability of HVFA binders with 65% and 80% FA blended with nano
silica and hydrated lime, exposed to aggressive solutions for 2 years. Sugandhini et al.,
2023 [14] studied the effect of blending 20% Pc with 80% FA and polypropylene fibres of
between 0.6 and 1.0% in corrosive environments. Yu et al. [7] investigated the hydration
and physical characteristics of HVFA binder systems with low water/binder (w/b) ratios
and a widespread range of FA replacement from as low as 20% FA to almost 100% FA
by weight. Provis et al., 2009 [4,15] investigated the durability of alkali-activated binders
using X-ray microtomography (µCT) for the first time to provide direct insight into the FA
binder’s 3D pore structure and microstructure using a synchrotron beamline instrument to
analyse metasilicate-activated fly ash blends. Donatello et al. (2013) [16] investigated the
resistance of UHVFA binders activated by Na2SO4 and ASTM-compliant seawater after
90 days of immersion. Hemalatha and Ramaswamy (2017) [17] reviewed the characteristics
of fly ash for use in sustainable concrete. In their review, they focus on concrete and the
characteristics of FA [17]. Swathi and Asadi (2022) [18,19] experimentally investigated the
mechanical strength and durability of HVFA (70%wt) to understand the performance, and
microstructure characteristics using the rapid chloride penetration, water absorption, and
sorptivity tests. Other reviews are brief in nature, summarizing, and do not necessarily
focus on HVFA. The development of HVFH (>50% FA by weight) and UHVFA presents
a unique opportunity for coal-rich countries like South Africa, which is endowed with
large FA dumps to offset its carbon footprint from its use of over 100 million tonnes of
coal per annum. Therefore, this review aims to provide a single exhaustive research study
summarizing the durability and strength findings related to HVFA to serve as a ready
reference and guide for researchers working on HVFA and UHVFA binders. The literature
collected for this review is used to reveal the leading methodologies, instrumentation,
findings, challenges, and contradictions.

3. Results
3.1. High-Volume Fly Ash Binder Strength
3.1.1. The Split Tensile Strength

Split tensile strength is tested based on the IS: 5816-1999 standard procedure or in
accordance with ASTM C496-11 [20]. Cylindrical specimens are water-treated for hydration,
and specimen dimensions and weight are measured before tests. Specimens are subjected
to a gradual load at a rate of 0.6 to 1.5 MPa/m until they reach the breaking point. The
split tensile strength of HVFA samples is tested under constant load under a split tensile
machine. Figure 1 summarizes research findings on the HVFA binder’s split tensile strength.
It is clear from Figure 1 that there have been major strides to increase FA dosage in HVFA
binders towards optimum. However, the drop in split tensile strength with an increase in
FA dosages remains problematic as seen in Figure 1. Further, most studies are limited to
dosages between 50–60% with very few seldom exceeding 80% FA dosages.
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Figure 1. Research findings on HVFA binder’s split tensile strength [18–27].

Swathi and Asadi (2020) [19] observed that the optimum split tensile strength is
obtained when 50% FA is used in HVFA binders (see Figure 1 above). It was reported
that at 90 days, 50% yielded a split tensile strength of 6.23 MPa and started decrement
thereafter [24,25]. Babu et al. [25] investigated the tensile strength behaviour of HVFA
binders blended with quarry dust (0.14%) and reported that the 28-day tensile strength of
Pc binders was lower than that of HVFA binders (FA at 50%) blended with quarry dust at
2.1 MPa and 2.2 MPa, respectively, while at FA content of 60%, the HVFA tensile strength
was reported to be 2.07 MPa.

Maurya and Kothiya (2023) [27] reported consistent observations on the drop of tensile
strength with increased content of FA without additives. At 50% dosage of FA, they
reported that HVFA binders’ tensile strength was about 1.7 MPa lower than that of Pc at
28 days of age. However, they also reported that graphite oxide as an additive significantly
increased the tensile strength for dosages between 0.005 and 0.02 by weight % of binder
beyond which the tensile strength dropped [27]. A dosage of 0.02% graphite oxide achieved
tensile strength of about 5 MPa, which was slightly above that of Pc binders at 90 days
of age. This was attributed to the formation of the chemical bond between the graphene
oxides containing oxygen functional groups and the CSH/CH hydration product. Maurya
and Kothiya (2023) [27] reported that a drop in compressive strength of HVFA binders FA
can be eliminated by blending with graphite oxide at 0.02% by weight.

3.1.2. Flexural Strength Test

The flexural strength test is often performed using the two-point constant loading
based on the ASTM C78 standard. Table 1 provides a summary of research findings on the
HVFA binder’s FA/Pc ratio and flexural strength. Swathi and Asadi (2022) [18] reported
that the maximum flexural strength is observed at 50% FA at 8.58 MPa after 90 days [20].
While most authors seem to argue that optimum strength is achieved between 50–60% FA,
it is clear from Table 1 that recent research indicates the possibility of almost similar results
for FA dosages within the range of 70–80% FA [7,28].
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Table 1. Literature review of HVFA binders FA/Pc ratio and flexural strength [7,17,18,21,23–34].

FA Content % Flexural Strength (MPa) Source

50 8.58 Swathi and Asadi (2002) FA50
50 5.0 Li et al. (2019) FA50
55 5.6 Rafat et al. (2009) FA55
60 15.3 Babu et al. (2017) FA60
60 8.2 Kumar and Ragul (2018) FA60
60 5.37 Jayalin et al. (2019) FA60
60 6.1 Katoh et al. (2006) FA60
65 5.1 Hafiz (2016) FA65
70 4.6 Altis (2003) FA70
70 9.28 Turk and Nehdi (2018) FA70
80 5.07 Myadaraboina et al. (2022) FA80
80 5.5 Haung et al. (2013) FA80
80 9.8 Yu et al. (2017) FA80
80 4.88 Atis (2002) FA80
80 3.4 Amassi and Ragul (2017) FA80

However, the review noted that the drop in flexural strength due to an increase in FA
content is still a concern in HFVA binders regardless of the promising findings illustrated
in Table 1. For instance, Babalu et al. (2023) [35] reported results indicating an increase in
flexural strength with FA content but only up to 30 wt% FA, beyond which they noted a
drop. Kumar et al. (2005) [36], whose results were consistent with the finding of Babalu
et al. (2023) [35] and other studies that reported a 3.75% and 7.30% flexural strength drop
for mixes containing 50% and 60% FA, respectively [7,37]. In Babalu et al. (2023) [35], a
90-day drop in flexural strength at 50% and 60% FA was reported as 4.5% and 11.93%,
respectively, while in Siddique (2003) [1,38], a 43.63% drop in flexural strength was reported.
The consistent drop in flexural strength from various findings has been attributed to the
high-quality and dense C–S–H gel produced by blending FA of 30%. However, in pastes
containing FA content above 30%, it is alleged that there is a significant lack of CH, which
reduces the overall strength of the binder [35]. Yu et al. (2017) [7] reported that when FA is
blended with silica fume, the flexural strengths of UHVFA exhibit significant improvement
with an increase in curing time. As seen in Figure 2, the use of silica fume in UHVFA
binders with FA dosages as high as 80% was reported to achieve a flexural strength higher
than that of Pc binders [7]. It is clear from Figure 2, that while the flexural strength of Pc
binders tends to be high from the onset and constant throughout the period, HVFA binders
achieve significantly low flexural strength at 1 day old. Interestingly, the flexural strength
of silica fume containing HVFA binders rises to match that of Pc binders within 2 days and
almost doubles that of Pc binders at 28 days of age (see Figure 2).

3.1.3. Compressive Strength

The compressive strength of HVFA binders is determined using the ASTM C39 2012
standard test method [20] for compressive strength of cylindrical specimens. Tests are
performed on cylindrical specimens at specified ages of the binder, which are days 3, 7, 28,
56, 91, up to day 210 [37]. The pozzolanic nature of FA compromises the strength of HVFA
binders in the early stages due to the slow reaction of HVFA. Several studies have examined
the pozzolanic rate of reaction of HVFA binders by measuring the Ca(OH)2 content within
the binder from day 1 to 91 days of age. Figure 3 provides an overview of the literature
review on the compressive strength of HVFA binders. It can be deduced from Figure 3
that HVFA binders’ optimum compressive strength in extant studies has been limited to
FA dosages between 50 and 60%. Figure 4 provides a comparative illustration of Ca(OH)2
content between Pc and HVFA binders over time. The late-age precipitation of Ca(OH)2 at
the edge of FA particles strengthens the contacts between FA, cement, and other particles
leading to a denser matrix. Ultimately, this results in the late-age compressive strength of
HVFA binders, which is illustrated in Figure 5 [39]. In HFVA systems with 45% to 55% FA
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by weight, more than 80% of the FA will be unreacted after 90 days of curing. Although
FA starts reacting with Ca(OH)2 between 3 and 7 days, high amounts of Ca(OH)2 and FA
will still be unreacted at 90 days of curing [7]. In infrastructure developments that do not
require early-age strength of binders, such as dams, the low compressive strength of HVFA
systems may not be a concern [4,6].
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There have been significant research efforts to improve HVFA systems both in their
early stages and in old age. It has been proved that HVFA systems may surpass the com-
pressive strength of purely Pc systems. This has been achieved by enhancing the hydration
of HVFA systems by lowering the water-to-binder ratio (w/b) [52]; introducing an appro-
priate amount of a silica fume [53]; substituting ordinary Portland cement with high early
strength Pc [7]; replacing part of the FA with rice husk ash, which is more reactive; chemical
activation [54]; incorporating nanomaterials such as nano-SiO2 [55]; accelerated curing
and autoclaving; and grinding. However, accelerated curing and mechanical treatment
are energy-consuming and, therefore, counterproductive in ensuring the ecological sus-
tainability of HVFA binders. Furthermore, chemical activation and use of nanomaterials
are not economically sustainable. Thus, altering the w/b ratio, introducing an appropriate
amount of a silica fume or rice husk ash, and substituting ordinary Portland cement with
high early strength Pc remain the feasible options [7]. Samhitha et al., 2019 [56] developed
a high-strength HVFA concrete of M70 grade. After various trials, they reported that
30%Pc + 70% FA as total powder achieves 70 MPa when blended with 10% silica fume, 30%
lime by weight, and a w/b ratio of 0.3. They also reported that the high-strength HVFA
had a significant drop in water absorption and porosity of 85% and 34%, respectively.
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3.1.4. Effect of w/b Ratio on Strength

Lowering the w/b ratio can lower the expected drop in HVFA binders’ compressive
strength [39,55]. Although replacing Pc with FA is known to lower the early strength within
and up to the first 28 days of age, Lam (2000) [50] observed that at w/b ratios at 0.55 FA/Pc
ratio of w/b ratio of 0.5, the compressive strength fell by 38% at day 28, but at w/b ratio of
0.3, it fell by 28% only [50]. The pozzolanic reactivity of FA is significantly altered by varying
w/b. Table 2 provides a summary of the literature review on various studies that analysed
the effect of the w/b ratio on compressive strength. It can be deduced from Table 2 that w/b
ratios around 0.2 result in optimum HVFA compressive strength. This observation is in
sync with the findings of Yu et al. (2017) [7], who reported that UHVFA binders of 80% FA
content resulted in adequate compressive strength (40 MPa at 7 days and 60 MPa at 28 days)
by lowering the w/b ratio to 0.2 and properly combining raw materials. The low w/b
ratio in HVFA binders results in lower heat of hydration and chloride ingress compared
with pure Pc binders [4,7]. The unreacted Pc and FA particles after 90 days of curing
serve as microaggregates contributing to the strength of the binder [17]. Furthermore, low
w/b ratios equally curb HVFA binders’ weaknesses of delayed setting and low early-age
strength [57]. Although lowering the w/b ratio increases the strength of HVFA binders, it is
also reported to cause cracking in early-age HVFA binders; therefore, it should be applied
carefully [17]. It has been reported that the compressive strength of HVFA contributes to
the compressive strength of concretes more than that of pastes. It has been reported that
while most research has reduced the w/b ratio to a value close to 0.25 as shown in the table
below, the early-age compressive strength results remain significantly low for most studies
and are limited to HVFA binder applications with low early strength demands, such as
waterproofing.

Table 2. Literature review of the effect of w/b ratio on HVFA compressive strength [7,8,18,33,35,40,44,46,56–60].

w/b Ratio 28 dys Compressive
Strength MPa FA/Pc Ratio Source

0.20 65 0.80 Yu et al. (2017)
0.22 80 0.65 Poon (2000)
0.22 45.4 0.80 Leung and Cao (2010)
0.24 25.3 0.85 Yang et al. (2007)
0.25 31.6 0.76 Yang et al. (2007)
0.25 32 0.76 Yu et al. (2017)
0.25 28.2 0.78 Yang et al. (2007)
0.25 41.8 0.80 Zhu et al. (2014)
0.25 25.0 0.80 Zhang et al. (2014)
0.26 25.0 0.81 Huang et al. (2013)
0.26 17.0 0.81 Yu et al. (2015)
0.30 58.9 0.55 Lam et al. (2000)
0.30 70 0.7 Samtitha et al. (2019)
0.30 43 0.70 Swathi and Asadi (2022)
0.35 24.1 0.70 Babalu (2023)
0.40 34.1 0.70 Mohammed et al. (2022)

3.1.5. Effect of Blending FA with More Reactive Pozzolans on Strength

Fly ash is a known pozzolana that possesses little or no cementitious value and cannot
react with water alone. The inability to lower w/b ratios to achieve desirable compressive
strength for applications that require higher early compressive strength necessitates the
incorporation of other more reactive pozzolans, such as rice husk ash. More reactive
pozzolan nanoparticles can be used to accelerate the pozzolanic reaction of HVFA binders
and aid their compressive strength [61]. Rice husk ash has also been studied for its use as a
reactive filler in HVFA binders without heat treatment by replacing inert quartz filler and
increasing amorphous silica content while maintaining the physical role of the micron-sized
quartz filler [61,62]. Due to the high porosity of rice husk ash, internal curing is highly
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effective as it promotes the hydration reaction [63]. It has been reported that an outstanding
compressive strength of 200 MPa at 91 days of natural curing is possible by blending HVFA
with rice husk ash. This was possible due to the promotion of pozzolanic reaction by
adding water and amorphous silica provided by the porous (i.e., internal curing effect) and
reactive filler, respectively; hence, the volume of capillary pores was reduced [64].

Blending HVFA with nanoparticles tightly bonds hydration products, which accelerate
the pozzolanic reaction [27,65]. Yu (2017) [7] studied the compressive strength and tensile
characteristics of fibre-reinforced HVFA systems by reducing the w/b ratio and adding a
small amount of silica fume. The addition of silica fume has been reported to improve the
early-age compressive strength of HVFA binders, modify the interfacial transition zone,
and reduce the sorptivity, permeability, and porosity of HVFA binders [66]. Yu (2017) [7]
established that the compressive strength of HVFA binders of 80% FA, 2% silica fume, 2%
PVC fibre, and 0.2 w/b ratio reaches 47.3 MPa, while HVFA at 0.175 w/b reaches 52.9 MPa
at 28 days.

Nano silica is leading among reactive pozzolans used to blend HVFA [51,67]. Supit
and Shaikh (2015) [65] reported that the addition of nano silica to HVFA binders increases
the compressive strength in early ages between 1 to 3 days. Incorporating 2% nano silica
in HVFA significantly improved the early compressive strength, while no significant late
strength was gained. Supit and Shaikh (2015) [65] reported that the reactivity of nano silica
is higher in HVFA systems containing 38% FA than those containing 58%. Nano silica
particles tend to agglomerate when used in high content forming weak zones that prevent
the formation of homogenous hydrate microstructures [65,68]. Nano silica and silica
fume are considered the best fillers due to their fineness because they increase the packing
density [29]. Similarly, it has been reported that incorporating 2% silica nanoparticles HVFA
into cement mortar at 40% FA and w/b ratio 0.25 accelerated the hydration process by
shortening the dormant period. Solikin et al. [69] experimentally investigated the influence
of incorporating ultra-fine FA in HVFA binders and reported that the 28-day and 56-day
strength improved by almost 6% and 4%. Similarly, Fu et al (2021) [70] reported a 32, 52, and
40% higher compressive strength at 7, 28, and 56 days, respectively, and a 61 and 42% higher
flexural strength at 28 and 56 days. The findings were also in sync with what Shaikh et al.
reported on the influence of ultra-fine FA on HVFA binder strength [65]. Similarly, nano
silica particles have experimentally proved to enhance HVFA binder strength as shown
in Table 3 below and Figure 5. Notably, both Figure 5 and Table 3 illustrate the gradual
increase in compressive strength of HVFA binders owing to the late-age precipitation
of Ca(OH)2.

Table 3. Literature review on the influence of nano silica, ultra-fine fly ash, silica fume, slag, and
hydrated lime on HVFA binder strength [17,65,69–77].

Source Mix
X-Days Strength Improvement as a Percentage

1 3 7 28 56 90 360

Li (2004) 50% FA, 4% Nano Silica 81 59 69 39 19 - 10
Zhang et al. (2012) 50% FA, 1% Nano Silica 62.2 24.3 17.1 6.9 - 4.4 -
Zhang et al. (2012) 50% FA, 2% Nano Silica - 30 25 13 - 18 -
Shaikh et al. (2015) 70% FA, 2% Nano Silica - - - 56 * - - -
Shaikh et al. (2015) 60% FA, 1% CaCO3 - 25 - 15 - 8 -
Hemalatha et al. (2017) * 60% FA, 1% CaCO3 - - - 43 - 8 -
Hemalatha et al. (2017) ** 60% FA, 1% CaCO3 - - - 11 - 26 -
Ramaswamy et al. (2017) 57% FA, Silica Fume 5 22 39 12 12 25 6
Zhang et al. (2012) 50% FA, 1% Silica Fume 14 15 10 4 1 -
Hassan et al. (2013) HVFA, 10% Silica Fume 67 - 35 - 30 - -
Rashad et at (2014) 70% FA, 10% Silica Fume - 6 - 40 - - -
Silikin et al. (2013) 50% FA, hydrated lime - - - 11 - 14 -
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Table 3. Cont.

Source Mix
X-Days Strength Improvement as a Percentage

1 3 7 28 56 90 360

Roychand et al. (2008) Hydrated lime + Nano Silica - - −20 −4 - - -
Roychand et al. (2008) Hydrated lime + Silica Fume - - 43 117 - - -
Solikin et al. (2011) Ultra Fine Fly Ash - - 6 4 - - -
Ling et al. (2004) Ultra Fine Fly Ash - - 32 52 40 - -
Jia et al. (2012) 50% FA, 10% Slag - - −10 −10 - - -

* Flexural strength. ** Splitting strength.

3.1.6. Chemical Activation of HVFA Binders to Enhance Strength

Chemical activation of HVFA binders can be achieved through alkali or sulphate
activation. Researchers have investigated the effect of chemical activators such as NaCl and
Na2SO4. Shi and Day (1995) [78] reported an increase in compressive strength from 22 MPa
at 0% Na2SO4 to 37 MPa at 4% Na2SO4 on day 98 and from 3% to 17% after 1 day [41]. This
indicates that the inclusion of Na2SO4 as an activator result in significant improvement
of compressive strength, particularly at an early age. On the contrary, as Shi and Day
(1995) [78] reported, the use of NaCl2 as an activator in smaller dosages (1–2%) lowered
the compressive strength of HVFA binders while a dosage above 3% resulted in improved
compressive strength. Small dosages of Na2SO4 and CaC12 can increase the pozzolanic
reactivity of HVFA binders. Na2SO4 significantly improves compressive strength at an
early age; however, its effect at a late age depends on the dosage and type of FA. CaCl2 has a
varying effect on HVFA binders’ compressive strength at both early and intermediate ages
but significantly improves the late age strength for dosages exceeding 3% [79]. Similarly,
CaSO4, NaOH, and sodium silicate activation of HVFA using accelerated curing, including
direct electric curing, was reported to yield a large amount of ettringite and early-age
strength [24,53].

Alkali activation breaks the glass phases of FA to increase the pozzolanic reaction
while sulphate activation reacts the SO4 with Al2O3 in the FA glass phase to produce
ettringite. FA alkali activation is a physicochemical process that gives HVFA substantial
cementitious and bonding properties. The extent of alkali activation is governed by vitreous
phase content, particle size distribution, and the proportion of reactive silica in the FA,
which will react with alumina and alkalis [80]. For optimum alkali activation, the following
specifications should be considered:

• The content of unburnt material in the HVFA must not exceed 5%.
• Fe2O3 content must not exceed 10%.
• Reactive silica content should be above 40% and below 50%.
• Percentage passing of FA particles below 45 micro metres should exceed 80% [53,80].

3.2. Durability of High-Volume Fly Ash Binders

Durability refers to the capability of HVFA to resist weathering, chemical attacks, and
abrasion while maintaining its properties. It has been investigated using various methods
that are discussed in this section, including permeability, sorptivity, tortuosity, chloride
penetration resistance, resistance to sulphate attacks, etc. To understand the durability
characteristic of HVFA binders, this section further reviews the literature pertaining to the
durability of HVFA binders in corrosive environments.

3.2.1. Water Absorption, Permeability, and Sorptivity

The sorptivity test is a measure of the binder’s capillary suction when in direct contact
with water. Sorptivity is evaluated using the ASTM C 1585 standard [20] after passing
90, 180, and 270 days of water curing followed by drying until reaching constant mass.
Sorptivity was fully modelled by Hall (1989) using a square-root-time relationship. HVFA
binders are placed in contact with water on one surface (<5 mm deep) while the other
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is sealed to allow for uniaxial water absorption only, and the mass gain is measured at
definite intervals for the first six hours. The rate of sorption is the gradient of the line of
best fit drawn on the plot of absorption against the square root of the period [81,82]. The
values of sorptivity can be computed using the following equation.
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(1)

where S is the coefficient of sorptivity in mm/min1/2), i = ∇w
A∗d , A is the surface exposed

to water in mm2, t is the time in minutes, ∇w is a change in weight, and d is the density
of water in g/mm3 (Swathi and Asadi 2022) [18]. Figure 6 illustrates that the sorptivity of
binary mixes of HVFA binders without additives is significantly higher at both early age
and late stages compared with Pc systems. At 60% FA dosages, the sorptivity is almost
twice that of Pc binders. Although nano silica mix designs may significantly lower the
sorptivity of ternary blends of FA and Pc, the drop at FA dosages above 50% is insignificant
as seen in Figure 6. However, at lower FA dosages below 40%, nano silica particles of 2%
dosage have a significant effect [65,68].

CivilEng 2024, 5, FOR PEER REVIEW 11 
 

 

• The content of unburnt material in the HVFA must not exceed 5%. 

• Fe2O3 content must not exceed 10%. 

• Reactive silica content should be above 40% and below 50%.  

• Percentage passing of FA particles below 45 micro metres should exceed 80% [53,80]. 

3.2. Durability of High-Volume Fly Ash Binders 

Durability refers to the capability of HVFA to resist weathering, chemical attacks, and 

abrasion while maintaining its properties. It has been investigated using various methods 

that are discussed in this section, including permeability, sorptivity, tortuosity, chloride 

penetration resistance, resistance to sulphate attacks, etc. To understand the durability 

characteristic of HVFA binders, this section further reviews the literature pertaining to the 

durability of HVFA binders in corrosive environments. 

3.2.1. Water Absorption, Permeability, and Sorptivity 

The sorptivity test is a measure of the binder’s capillary suction when in direct con-

tact with water. Sorptivity is evaluated using the ASTM C 1585 standard [20] after passing 

90, 180, and 270 days of water curing followed by drying until reaching constant mass. 

Sorptivity was fully modelled by Hall (1989) using a square-root-time relationship. HVFA 

binders are placed in contact with water on one surface (<5 mm deep) while the other is 

sealed to allow for uniaxial water absorption only, and the mass gain is measured at def-

inite intervals for the first six hours. The rate of sorption is the gradient of the line of best 

fit drawn on the plot of absorption against the square root of the period [81,82]. The values 

of sorptivity can be computed using the following equation. 

𝑆 =
  𝑖 

√𝑡
   (1) 

where S is the coefficient of sorptivity in mm/min1/2), 𝑖 =  
 ∇𝑊 

𝐴∗𝑑
 , A is the surface exposed 

to water in mm2, t is the time in minutes, ∇w is a change in weight, and d is the density of 

water in g/mm3 (Swathi and Asadi 2022) [18]. Figure 6 illustrates that the sorptivity of 

binary mixes of HVFA binders without additives is significantly higher at both early age 

and late stages compared with Pc systems. At 60% FA dosages, the sorptivity is almost 

twice that of Pc binders. Although nano silica mix designs may significantly lower the 

sorptivity of ternary blends of FA and Pc, the drop at FA dosages above 50% is insignifi-

cant as seen in Figure 6. However, at lower FA dosages below 40%, nano silica particles of 

2% dosage have a significant effect [65,68] . 

 

Figure 6. A comparative analysis of behaviour of sorptivity in Pc, HVFA, and nano silica containing
HVFA binder systems (Modified from Supit and Shaikh 2021) [83].

Swathi and Asadi (2022) [18] reported results indicating that HVFA binders absorbed
around 30% of the total water absorbed by Pc binders (see Figure 7). Figure 8 shows porosity
findings by various authors and, also, illustrates a trend indicating a significant drop in the
porosity of HVFA binders with an increase in FA dosages. Yu et al. (2017) [7] also noted that
compared with Pc binders, HVFA binders containing 80% FA have low initial rates of water
absorption and high late-stage water absorption [7]. This was attributed to early-age low
w/b ratio and high FA content in late age. Similarly, Palla et al. [51] reported that at 7 days,
adding HVFA binders with very little (0.05%) or no nanoparticles resulted in higher water
absorption and permeable pores due to the insignificant presence of hydration products,
which renders the matrix porous and less dense. Palla et al. (2017) [51] reported that the
incorporation of 2% of nano silica particles in HVFA binders reduced the permeable pores at
7 days and 28 days by 19% and 28%, respectively. Resultantly, the binders exhibited a drop
in water absorption of 24% and 44%, respectively. Yu et al. [7] reported similar results after
blending HVFA with 2% silica fume and concluded that blending HVFA with silica fume
significantly reduced sorptivity. Yu et al. [7] reported a decline in water absorption and
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sorptivity of silica nanoparticle (2%)-blended HVFA binders of 20% and 46%, respectively.
Palla et al. (2017) [51] reported that silica nanoparticles reduced porosity, sorptivity, and
water absorption up to 25–40% and densified the interfacial transition zone. The drop in
water absorption was attributed to the reduced number of capillary voids and a denser
microstructure of HVFA blended with nano silica. Higher sorptivity in the absence of
nano silica was attributed to a higher pore density in the matrix, while in the case of 2%
nano silica-blended matrix, the sorptivity drop was due to a denser microstructure and a
resultant drop in interconnected capillary voids. The void drop was influenced by the early
pozzolanic activity of nano silica particles and the late age pozzolanic activity of FA, which
resulted in a dense microstructure [7,65].
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Figure 8. Literature review of HVFA binders’ porosity at age 28 days indicating a general grad-
ual increase in porosity from 40–50% FA dosages and a decline in porosity for dosages above
50% [81,84–89].

These findings are consistent with observations made by (i) Li et al. [90], indicating
a drop in absorption by 26.8% at the incorporation of 2% nano silica [41]; (ii) Shirgir et al.
(2011) [91], indicating a drop in absorption by 23% at the incorporation of 5% of micro silica;
(iii) Li, indicating a drop in water absorption by 84.4%, 82.1%, 75.3%, and 74.3% with 0.25%,
0.30%, 0.35%, and 0.40%, respectively, by simultaneously incorporating 10% micro silica
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and 2% micro silica; (iv) Rahmat et.al, indicating a drop in absorption by 60%, 57%, and 41%
after the incorporation of 3% nanoparticles of CuO, SiO2, and Fe2O3, respectively [84]; and
(v) Jalal et al. [92] indicating a drop in water absorption of 46% and 50% at the incorporation
of 2% nano silica and 10% silica fume simultaneously [92]. This has been attributed to the
nanoparticles’ size gradient, which enables them to occupy micro/nano-sized voids and
enhance the structure and density of binders.

Permeability is the ability of water and other aggressive ions, such as Cl and SO4,
to penetrate concrete and corrode HFVA binders. Low permeability slows acidic ions’
penetration into the HVFA matrix, thus improving resistance to chemical attacks. Resistance
to chemical attack highly depends on matrix porosity, permeability, and CH content. Assi
et al. (2016) [30] investigated the effect of geopolymers containing an FA/Pc ratio of 85/15
and concluded that HVFA systems blended with silica fume can competitively replace
Pc. Assi et al. (2016) [30] reported that there was a 7.03% drop in the void ratio and an
18.9% drop in absorption after the immersion when Pc content in the geopolymer was
reduced from 15% Pc to 0%. Hossain et al. (2020) [47] studied the water absorption and
sorptivity of alkali-activated binders by blending rice husk ash, fly ash, and slag activated
with 2.5 M NaOH solution. It was reported that water absorption and sorptivity of the
early-age alkali-activated FA binders were significantly higher than those of Pc [41,47].

3.2.2. Resistivity

Resistivity is directly related to the HVFA matrix microstructure [7]. Surface electrical
resistivity is an indirect measure of the porosity, diffusivity, microstructure, and chloride
ion penetration [93]. An increase in the matrix porosity ultimately yields increased pore
water and reduced resistivity. Surface resistivity can be conducted using the AASHTO
TP 95 standard procedure. Du et al. studied the resistivity of HVFA mortars of 84, 75,
and 60% FA by weight, and all the HVFA binders exhibited a high surface resistivity from
40.7 and 138.6 kΩcm, which falls under the very low chloride permeability group of the
AASHTOT59 standard [71]. Other HVFA studies of chloride penetration has shown that
it drops with an increase in FA dosage [94]. It has been reported that HVFA binders in
early stages between 1 to 3 days and up to 14 days depict higher resistivity at 2% nano
silica-blended matrixes compared with binders without nano silica. At 0 to 0.5%, nano
silica-blended HVFA specimens exhibit lower resistivity due to reduced hydration and a
porous matrix. Higher resistivity at 2% nano silica blending of HVFA is attributed to the
combined pozzolanic reactivity of nano silica and FA in both early and late stages, resulting
in dense, less porous matrices [7].

Maurya and Kothiyal (2023) [27] investigated the effect of incorporating graphite oxide
(0.005 to 0.04%) on HVFA binder electrical resistivity [27]. They reported that the matrix
resistivity gradually increases with an increase in graphite oxide dosage throughout the
life of the mortar. The optimum resistivity increment was reported as 0.04% graphite oxide
content at 90 days. Duran-Herrera et al. (2019) [93] investigated the effect of replacing Pc
with FA of up to 60% by weight and concluded that electrical resistivity drops with an
increase in FA dosage in early ages (see Figure 9) [93]. Late-stage electrical resistivity of
HVFA binders was reported to rise significantly above Pc due to the late pozzolanic reaction
of FA, which densifies binder matrixes [57,93]. Current flow through the hydrated binder
is caused by the electrolytic flow of ions present in the pore solution. Pc replacement with
FA reduces the concentration of alkali ions (Na+; K+), leading to a lower ionic conductivity
and a higher electrical resistivity [93].
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3.2.3. Durability of HVFA Binders in Corrosive Environments 

The durability in acidic medium has been studied in detail by various authors [17,95]. 

Sulfuric acid has very little deteriorating effect on HVFA binders [1]. It has been reported 

that HVFA binders are more acid-resistant compared with Pc binders. Mehta et al. (2017) 
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3.2.3. Durability of HVFA Binders in Corrosive Environments

The durability in acidic medium has been studied in detail by various authors [17,95].
Sulfuric acid has very little deteriorating effect on HVFA binders [1]. It has been reported
that HVFA binders are more acid-resistant compared with Pc binders. Mehta et al. (2017) [1]
reported that HVFA binders gain mass within the first month when exposed to 2% sulphuric
acid and that HVFA binders experience mass loss proportional to the concentration of
sulphuric acid. Mass gain within the first 28 days is attributed to the absorption of sulphuric
acid in the pores within the HVFA binder. Hashimoto et al., 2017 [96] reported that HVFA
pastes are highly resistant to the sulfuric acid solution at temperatures between 60 ◦C
and 220 ◦C. Exposure of HVFA to sulfuric acid exceeding 4 days results in the formation
of natroalunite crystals, which adds to the dense matrix of the binder and increases the
compressive strength [79]. Similarly, Hashimoto et al. (2017) [96] concluded that 5% Na2SO4
has no deteriorating effect on HVFA binders whereas MgSO4 has an acute decalcification
effect yielding gypsum as a product. HVFA binders are satisfactorily resistant to chloride
attacks with short exposures characterised by no major change in compressive strength [55].
Donatello et al. (2013) [55] studied the durability of HVFA binders with an FA/Pc ratio of
80/20 in aggressive solutions activated by Na2SO4. Shane reported that the overall 90-day
resistance of the HVFA binder was satisfactory in Na2SO4 solutions at 4.4% and in ASTM
seawater. The HVFA binders exhibited significant initial resistance to an HCl (0.1 M) attack
of a very aggressive concentration. However, prolonged exposure of 90 days reduced the
compressive strength by 90%. On the contrary, 90-day exposure of HVFA binders to 4.4%
Na2SO4 solution resulted in enhanced compressive strength by 25% [55].

3.2.4. Chloride Permeability

Chloride permeability can be investigated using the ASTM C1202-07 standard pro-
cedure [20], the diffusion tank test. Chloride tests seek to establish the HVFA resistance
to chloride diffusion or ingress. Water-saturated specimens are subjected to an electric
current and the chloride penetration is expressed as the total charge passed during the
test after 6 h. The results can be interpreted using Table 4. The smaller the charge, the
lower the chloride penetration. Generally, any value lower than 2000 coulombs depicts
high chloride resistance, a value of 2000 to 4000 coulombs indicates medium resistance,
and a value higher than 4000 coulombs depicts lower resistance [37,65]. Swathi and Asadi
(2020) [19] observed the passage of Cl− through mortar specimens of FA content ranging
from 0% to 70% over 28 days of curing. They noted the least passage of Cl− in binder
samples of 50% FA by weight at 1458 coulombs compared with binders containing 0, 25,
and 70% FA. Overall, Swathi and Asadi (2022) [18] reported that Cl− penetration decreases
with an increase in the FA dosage due to the formation of a denser microstructure and the
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release of C–S–H gel. Similar results were reported by Supit and Shaikh as illustrated in
Figure 10 below, indicating that nano silica containing HVFA ternary mix designs could
achieve Cl− penetration resistance almost similar to that of Pc systems at dosages close to
60% FA. This is consistent with the findings illustrated in Figure 11 from the analysis of
various articles on charge passage through HVFA binders at 28 days. It is observed from
Figure 11 that although most authors whose mix designs incorporated FA dosages above
60% indicate a fall within the high permeability zone, other authors reported results within
low to medium permeability at FA dosages greater than 50% [24,97].

Table 4. Interpretation of rapid chloride test charge penetration (Haque et al., 1998) [98].

Charge (Coulomb) Permeability of Chloride Ion

>4000 Permeability is High
2000–4000 Permeability is Moderate
1000–2000 Permeability is Low
100–1000 Permeability is Very Low

<100 Negligible Permeability
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Nath and Sarker (2011) [104] reported that FA binders proved to have better resistance
at both early and late ages. They observed that Cl− resistance increased with an increase in
FA content. FA-based binders depicted high and moderate resistance to Cl− penetration
at 28 and 180 days of age, respectively. Nath and Sarker (2011) [104] concluded that
FA resulted in up to 45% drop in Cl− permeability at 28 days and up to 70% drop at
180 days [33]. The findings are consistent with Jalal et al.’s observations that even binders
containing FA content of 15% result in a 24% increase in Cl− resistance. Jalal et al. [92]
investigated the effect of nanoparticles on Cl− penetration and established that nano silica
(10%) and silica (2%) fumes improved the Cl− resistance of FA-based binders. Wongkeo et al.
(2013) [99] also established that at an equal w/b ratio, Pc binders exhibited lower resistance
to chloride penetration compared with HVFA. However, Yu et al. (2017) [7] reported that a
Pc binder containing nanoparticles exhibited higher Cl− resistance compared with HVFA
binders without nanoparticles. Furthermore, Yu et al. [7] observed that early-age and
late-stage HVFA Cl− penetration increased compared with Pc binders.

Nonetheless, Yu et al. [7] concluded that when blended with nanoparticles, the Cl−

resistance of HVFA surpasses even that of Pc binders with the same proportion of nanoparti-
cles. Results from Yu et al. [7] exhibited that at 2% nano silica blending, the Cl− permeability
dropped by 38%. Yu reported that HVFA binders of 58% FA and 2% NS achieve high Cl−

permeability, indicating a more connected pore structure. Yu et al. [7] argues that it is
possible to attain medium resistance to Cl− penetration in HVFA systems if proper nano
silica content is used to replace Pc [7]. This is consistent with several reports indicating
that silica fume incorporation reduces Cl− penetration and porosity, thus improving the
durability of HVFA by modifying the interfacial transition zone [9,65]. The incorporation
of FA and micro silica in binders is one of the best ways to achieve a superior resistance to
ion penetration. Cl− penetration can also be determined by exposure to powdered samples
of the binder at a specific depth and by measuring the total chloride content using Volhard
titration. Specimens are coated on all five sides except the one through which the chloride
ingress is allowed. The procedure is outlined in the NT Build 443 (1996) for bulk diffusion
as a transport mechanism to determine resistance to chloride penetration. After exposure
to a corrosive environment, the specimens are drilled to a specific depth to determine the
total chloride content using Volhard titration.

3.2.5. Microstructural Analysis

The mineralogical and microstructural characteristics of materials and samples of the
HVFA binders can be analysed using various methods, including the scanning electron
microscope (SEM), backscattered electron imaging (BSE), X-ray diffraction analysis (XRD),
and mercury intrusion porosimetry (MIP). Observed presence or absence of a dense mi-
crostructure of HVFA binders can be used to confirm and explain observations made in
sorptivity, permeability, and Cl− penetration tests. It is possible to investigate the hydration
products in HVFA binders formed at various stages. To identify the morphology and
chemical composition of formed hydrated products, SEM images and energy dispersive
spectrum (EDS) can be used [10,105].

Supit and Shaihk (2015) [65] reported that the reaction between nanoparticles and CH
crystals in HVFA binders containing nanoparticles generated a dense microstructure that
reduced capillary pores, water permeability, and CL penetration based on SEM analysis.
SEM analysis has been used to explain the early-age lower compressive strength of HVFA,
which is attributed to the porous microstructure [65]. BSE analysis is used to identify
constituent phases in pastes based on their brightness. The diverse hydration products are
identified from the varying brightness of unhydrated cement particles, calcium hydroxide,
other hydration products, CSH, and voids [10]. White sections show the unhydrated
cement particles, black sections show voids or cracks, and grey sections show CH, other
hydration products, and CSH.
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Mercury intrusion porosimetry (MIP) was used by Supit and Shaihk (2015) [65] to
investigate the durability of HVFA binders containing nano-silica after 28 days. The MIP
analysis examined pores whose diameter ranged between 0.01 and 100 micrometres. The
pores are broadly classified as large capillary, medium capillary, and gel pores based on
their diameters of 0.05–10, 0.01–0.05, and <0.01 micrometres. Gel pores are micropores
with no impact on permeability or strength, and they form a part of CSH. Capillary pores
influence strength and durability; however, they decrease with hydration. MIP analysis
of HVFA binders indicates more capillary pores than in Pc, which is attributed to slow
hydration and generation of CSH due to the pozzolanic reaction of FA. Small amounts of
nanoparticles create a larger surface area and more CSH is generated, thus lowering the
concentration of capillary pores. Supit and Shaihk (2015) [65] reported that 2% nano silica
HVFA can achieve a 25% lower cumulative pore volume than Pc. At 60% FA content, nano
silica lowered the cumulative pore volume by 56%, respectively.

Swathi and Asadi (2022) [18] performed microstructural analysis through X-ray diffrac-
tion and (SEM) using the Rigaku mini flex 600 equipment of 40 kV, 15 mA, and a scanning
range of (2θ) from 30◦ to 90◦ at 100 degrees per min [24]. They reported that at lower FA
content, the samples (ranging from 0% to 70% FA) exhibited a significant frequency of mi-
crocracks and pores. Maurya and Kothial (2023) [27] reported that analysis of HVFA mortar
using SEM shows a higher content of unreacted FA particles and that a microstructure
density increases with FA until 50%, beyond which a loose matrix is observed [35]. They
reported the presence of unhydrated FA spheres weakly attached to the hydrated cement
products and, later, a decrement of FA particles with time and the production of CSH at
90 days [35].

Supit et al. (2014) [103] onducted an SEM microstructural analysis of 28-day-old HVFA
pastes containing ultra-fine fly ash. They observed several white and black areas in the
SEM images showing unhydrated products and voids, respectively, in HVFA pastes at
40–60% FA dosage. They also reported that very few black areas and white sections were
noticed in pastes where there was an 8% dosage of ultra-fine ash replacement. Using
BSE image analysis, Supit et al. (2014) [103] observed that the incorporation of UFFA, as
a partial cement replacement in HVFA pastes, densified the microstructure, which led
to the improvement of compressive strength. It is suggested that the particle packing
effect of UFFA plays an important role in reducing the volume of pores and, ultimately,
an improvement in the early-age compressive strength. They concluded that the strength
development of mortars is largely influenced by the dosage of ultra-fine fly ash, which has
finer particle sizes compared with the coarser class F fly ash.

Maurya and Kothial (2023) [27] investigated the microstructure of carbon-optimised
HVFA binders using SEM. Functionalised carbon (0.005%) was blended with high-volume
fly ash-based cement mortar at 50% FA dosage. At 90 days of age, they observed that
SEM images of carbon-based HVFA showed hydrated FA, dense CSH gel, and CH crystals
compared with that of Pc binders and HVFA binders without carbon, which showed
irregular loose CSH gel and unhydrated FA and CH crystals, respectively. Similarly, Rakic
et al. (2023) [106] used SEM to investigate the effects of Na2SO4, Na2CO3, and Na2SiO3
as chemical activators in HVFA binders containing 70% FA dosages. Using SEM image
analysis, they observed that the HVFA pastes were significantly more porous than Pc
binders. They reported the presence of unreacted clinker minerals observed as large
irregular areas that appeared light grey in the SEM BSE images, similar to the observations
of Supit et al. (2014). Rakic et al. (2023) [106] also reported that the hydration products
of the HVFA binders were a mix of CASH, CSH, and aluminosilicate gels of different
compositions. Using XRD analysis, Supit et al. (2014) [103] observed that the ultra-fine
fly ash can effectively increase the CH consumption level of HVFA pastes and, hence, the
production of additional CSH gels due to the higher amorphous SiO2 content in UFFA [10].
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4. Discussion

The research trends indicate a negligible decrease in compressive strength at 35%
FA but a considerable drop between 35% and 55% FA from 10% and 46% in compressive
strength. Early strength has been noted to drop by over 60% at 70% FA and more. However,
when additives are added to HVFA binders, performance is improved both in early and late
stages. The inclusion of nanoparticles has been noted to reduce the drop in compressive
strength to below 15%. HVFA binder incorporation of high FA content, e.g., 70% to 100%
replacement of Pc, is still very difficult due to high carbonation, slow strength development,
increased shrinkage, and other challenges highlighted in this research. The results revealed
that in most of the findings, reduction in early-age tensile strength of HVFA and UHVFA
binders has been observed, fluctuating from 11% to 26% at 40 to 70% FA. Additives have
proved to enhance tensile strength in a similar manner as with compressive strength. A drop
in tensile strength for 40 to 70% FA has been noted to follow an almost linear trend. While
the inclusion of additives is important for enhancing the durability and strength properties
of HVFA binders, a precise understanding or analysis of the FA used is crucial. This is
even more important given that not only the FA varies based on the broad FA classification
(Type F and C) but their properties also vary greatly within these classifications.

The review shows that there are varying findings pertaining to the performance of
UHVFA and HVFA binders. However, the prospects are promising as the inclusion of
certain nanoparticles and other materials blended with high volumes of FA > 50% has been
shown to be feasible. To achieve this, proper mixes need to be advanced and different FA
types may require their own mix designs. Nonetheless, UHVFA and HVFA binders can
significantly lower CO2 emission by 70%, reduce embodied energy by up to 60%, and lower
material costs by 15% [7]. For civil engineering projects where early compressive strength
is not the determining factor of total performance, the practical application of HVFA is
viable. The current work has described the various characteristics of HVFA binders with
variable FA contents, ranging from close to 90% to 50%. The slow pozzolanic reaction of
FA is the major cause of the HVFA binder’s low early-age strength. Research has shown
the feasibility of enhancing this reactivity by using ultra-fine fly ash. Nano powders of
SiO2 and CaCO3 have experimentally proved to enhance strength by improving hydration
due to their high reactivity and smaller sizes. While industrial byproducts have been
experimentally investigated on their ability to influence reactivity, silica fumes have proved
to improve the reaction by creating a larger surface area.

5. Conclusions and Future Research

Analysis of Cl− penetration results indicates that as FA content approaches optima, the
chloride penetration depth decreases at all stages. FA content of 35 to 55% has decreased
early-age Cl− penetration depth by 1.5 to 1.8 times and 60% FA has been found to be
optimum for Cl− resistance. The inclusion of nanoparticles also proved to enhance Cl−

penetration by lowering it by over 80%. The research also establishes that in general, the
early-age rate of HVFA binder water absorption is directly proportional to the FA content.
As the FA content in HVFA/UHVFA binders approaches optima, the water absorption also
increases significantly. However, the water absorption decreases at a late stage and the
early-stage water absorption can be lowered by as much as 40% by adding nanoparticles.

Overall, mechanical and durability challenges associated with HVFA binders have
been addressable by several measures. However, as the FA content increases, the tech-
niques may be limited, hence the need to further study the development of high-strength
durable UHVFA binders. Numerous measures, such as high-temperature curing, w/b ratio
optimisation, physical or chemical activation treatment, admixing nanomaterials at the
proper dosage, and incorporating fibres, can be used to make up for the loss in mechanical
and durability properties caused by the introduction of HVFA in cement-based materials.
Table 5 presents a summary of common strength and durability tests for HVFA binders.
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Table 5. Summary of common strength and durability tests for HVFA binders.

Test Sample Age of Test Standard Equipment/Materials Used Findings

Compressive
strength

100 mm by
200 mm
specimens

3, 7, 14, 28, 56,
and 90 days ASTM C109 [20]

Cylindrical specimens are placed in a
compression testing machine, and a
gradually increasing load is applied
until the specimen fractures.

• Studies have developed a high-strength HVFA concrete of M70
grade. After various trials, they reported that 30% Pc + 70% FA as
total powder achieves 70 MPa when blended with 10% silica fume,
30% lime by weight, and a w/b ratio of 0.3.

• Lam (2000) [50] observed that w/b ratios at 0.55 FA/Pc ratio of w/b
ratio of 0.5 the compressive strength fell by 38% on day 28, but at 0.3
w/b ratio of 0.3, it fell by 28% only.

• Compressive strength of HVFA binders of 80% FA, 2% silica fume,
2% PVC fibre, and 0.2 w/b ratio reaches 47.3 MPa while HVFA at
0.175 w/b reaches 52.9 MPa at 28 days.

Flexural
strength

prism
specimens
100 × 500
mm.

7, 14, 28, 56,
and 90 days

ASTM C348 [20];
ASTM C78 [20].

A two-point loading is applied to prisms
at L/3 mm until the cracking point.

• Swathi and Asadi (2022) [18] reported that the maximum flexural
strength is achieved as observed at 50% FA at 8.58 MPa after 90 days.

• Babalu et al. (2023) [35] reported similar results on the increase in
flexural strength with FA content but only up to 30 wt% FA, beyond
which they noted a drop.

• Kumar et al. [24], whose results were consistent with the finding of
Babalu et al. (2023) [35], reported a 3.75% and 7.30% flexural strength
drop for mixes containing 50% and 60% FA, respectively.

• The use of silica fumes in UHVFA binders was reported to achieve
flexural strength higher than that of Pc binders (Yu et al., 2017) [7].

Split tensile
strength

100 mm by
200 mm.

3, 7, 14, 28, 56,
and 90 days

IS 5816-1999 [20];
IS 10262-2009 [20].

Cylindrical specimens are water treated
for hydration. Specimen dimensions are
measured and specimens are weighed
before the test. Specimens are placed in
the split tensile machine and gradually
loaded at a rate of 0.6 to 1.5 MPa/m until
breaking.

• Optimum strength at 50% FA is used in HVFA binders. At 90 days,
50% strength and 9.23 MPa, and it decreases for FA > 50% [18,80].

• Quarry dust (0.14%) + FA 50% = 28-day HVFA tensile
strength > Pc [24].

• FA > 50% without additives = HVFA tensile strength < Pc at 28 days
of age; 0.02% graphite oxide + HVFA increases tensile strength
(Maurya and Kothiya 2023) [27].
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Table 5. Cont.

Test Sample Age of Test Standard Equipment/Materials Used Findings

Sorptivity 90, 180, and
270 days ASTM C 1585 [20]

Water-cured samples are dried until
constant mass is achieved and placed in
contact with water on one surface (<5
mm deep) while the other is sealed to
allow for uniaxial water absorption only,
and the mass gain is measured at
definite intervals for the first six hours.

• Li et al. reported a drop in absorption by 26.8% at the incorporation
of 2% nano silica [90].

• Shirgir (2011) indicated a drop in absorption of 23% at the
incorporation of 5% of micro silica [91].

• Li (2017) [62] indicated a drop in water absorption by 84.4%, 82.1%,
75.3%, and 74.3% with 0.25%, 0.30%, 0.35%, and 0.40%, respectively,
by incorporating 10% micro silica and 2% micro silica
simultaneously [90].

• Rahmat et al. (2021) [84] indicated a drop in absorption by 60%, 57%,
and 41% after the incorporation of 3% nanoparticles of CuO, SiO2
and Fe2O3, respectively.

• Jalal et al. [92] indicated a drop in water absorption of 46% and 50%
at the incorporation of 2% nano silica and 10% silica fumes
simultaneously.

Permeability 90, 180, and
270 days

ASTM C 1585 [20]
or other tests Similar to sorptivity

• 2% of nano silica particles in HVFA binders reduced the permeable
pores at 7 days and 28 days by 19% and 28%, respectively.
Resultantly, the binders exhibited a drop in water absorption of 24%
and 44%, respectively [51].

Resistivity 3, 7, 14, 28, 56,
and 90 days AASHTO TP 95 [20]

Two electrodes are placed on opposite
ends of the specimen, and the electrical
resistance between these electrodes is
measured.

• Late-stage electrical resistivity of HVFA binders was reported to rise
significantly above Pc due to the late pozzolanic reaction of FA,
which densifies binder matrixes.

Cl− resistance 7, 14, 28, 56,
and 90 days ASTM C1202-07 [20]

Water-saturated specimens are subjected
to an electric current and the chloride
penetration is expressed as the total
charge passed during the test after 6 hrs.

• Nath and Sarker concluded that FA resulted in up to 45% drop in
Cl− permeability at 28 days and up to 70% at 180 days [104].

• Jalal et al. [92] observed that even binders containing FA content of
15% result in a 24% increase in Cl− resistance.

• Jalal et al. [92] investigated the effect of nanoparticles on Cl−

penetration and established that nano silica (10%) and silica (2%)
fumes improve the Cl− resistance of FA-based binders.
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Table 5. Cont.

Test Sample Age of Test Standard Equipment/Materials Used Findings

Tortuosity 7, 14, 28, 56,
and 90 days

X-ray
microtomography

Specimens are subjected to X-ray
radiation from various angles, with a
detector recording the intensity data
from multiple angles, and a 3D image of
the internal microstructure, including
pores, voids, and aggregates, is
reconstructed.

• Provis et al. [4] investigated pore structures of HVFA binders using
synchrotron radiation X-ray microtomography within 45 days of age.
It was reported that the composition and curing time have a huge
bearing on the tortuosity of the binder.

Microstructure
analysis

7, 14, 28, 56,
and 90 days

SEM, BSE, XRD,
MIP Depends on test procedure

• Swathi and Asadi (2022) [18], using XRD and SEM, reported that at
lower FA content, the samples (ranging from 0% to 70% FA)
exhibited a significant frequency of microcracks and pores.

• Maurya and Kothial (2023) [27] reported that analysis of HVFA
mortar using SEM shows a higher content of unreacted FA particles
and increases in microstructure density with FA until 50%, beyond
which a loose matrix is observed.

• Supit and Shaihk [65] reported that the reaction between
nanoparticles and CH crystals generated a dense microstructure that
reduced capillary pores, water permeability, and Cl penetration
based on SEM analysis.
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Further research needs to account for the contradictions within the current literature
as highlighted in this research. For instance, some studies in the literature report that FA
reduces the shrinkage properties of HVFA binders while others highlight that FA increases
the shrinkage properties. Further, this research notes that most research are limited to the
incorporation of 60–70% FA content in HVFA binders because some important minimum
specifications are not met when high FA content is incorporated in some mortar composites.
Thus, the research on methods and additives to improve HVFA binders at very high FA
content remains a grey area. Moreover, the research noted the analysis of HVFA binder
strength properties in isolation of durability properties in most of the extant literature.

FA reactivity is dependent on multiple factors in optimised proportion; hence, modifi-
cation of one parameter may negatively influence the other. For instance, high w/b ratios
can optimise the strength of HVFA binders while compromising early-age durability as it
may introduce cracking. Therefore, future research should explore the combined durability
and strength impacts of various optimising parameters or additives to ensure optimal
HVFA mixes. The research also noted the existence of a wide range of findings on strength
and durability analysis of HVFA binders, even within the same FA classification, in some
instances leading to contradictory conclusions. This highlights the need for researchers
to avoid overgeneralisation and test FA from different power plants on a case-by-case
basis to establish specific HVFA strength and durability properties thereof. Furthermore,
these findings question the adequacy of existing FA classes, especially for purposes of
generalising scientific findings. Thus, further research should consider advancing newer
classification systems of FA.
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