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Abstract: Concrete is the most frequently employed man-made
material in modern building construction. Nevertheless, the
serviceability of concrete structures has been significantly
reduced owing to a variety of durability issues, especially
when serving in a non-ideal environment and exposed to
internal/external attacks such as chloride penetration, car-
bonation, sulfate, and so on. Several scholars have performed
numerous studies on the strength and microstructure fea-
tures of volcanic ash (VA) concrete and have discovered
encouraging findings. However, since the information is
spread, readers find it difficult to evaluate the benefits of
VA-based concrete, limiting its applicability. As a result, a
detailed study is required that offers the reader an easy
approach and highlights all essential facts. The goal of this
article (Part IT) is to conduct a compressive review of the
physical and chemical aspects of VA and its impact on con-
crete durability and microstructure properties. The findings
demonstrate that VA considerably improves concrete dur-
ability owing to pozzolanic reaction and micro-filling voids
in concrete materials. Cost-benefit analysis shows that 10%
utilization of VA as cement decreased the overall cost by 30%.
The assessment also notes a research gap that must be filled
before VA may be utilized in practice.
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1 Introduction

Concrete is a material that is frequently used in building
and acts as the basis for all building and civil engineering
developments globally [1-5]. The primary components of
concrete (cement) have varying environmental conse-
quences depending on the type and quantity of cement
used. Since concrete is used in such large quantities around
the world, there are numerous concerns regarding its pro-
longed-period capability [3,6]. Building manufacturing has
played an important role in urbanization and industrializa-
tion in past decades. The building division counts for about
40% of worldwide energy use and 30% of total natural
resource depletion. Furthermore, these building businesses
are responsible for 40% of CO, emissions and around 30% of
waste production. The production process of this hydraulic
cement is responsible for around 7-9% of worldwide CO,
emissions [7].

Carbon dioxide emissions from cement plants repre-
sent approximately greater than 5% of global CO, dis-
charges [8]. Cementitious materials may be utilized to
minimize CO, releases by replacing cement with alterna-
tive cementitious materials [9-11]. A range of industrial
wastes could be used in concrete for a variety of reasons
[12]. Various investigations on creating concrete utilizing
supplementary ingredients to reduce the cost and shortage of
conventional materials have been conducted [13]. Increasing
solid waste production has made environmental disposal a
serious issue due to concerns about garbage’s possibly dan-
gerous social and environmental influences. Recycling waste
materials is one way for addressing these issues [14-16]. The
construction industry has a large capacity to cover various
industrial wastes provided that they are properly assessed
before even being employed as building materials.

The construction industry must integrate sustainability to
maintain ecological integrity, control waste products, improve
air quality, and safeguard the environment [17,18]. Serious
obstacles, such as waste generation and natural resource
depletion, influence industrial productivity [12,19,20]. Man-
ufacturing waste collects over the period, causing major
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destruction to both the ecosystem and people’s health world-
wide [3,14,21]. The quantity of waste, related dumping
expenses, and eco-friendly impact may be decreased by
developing efficient reusing options [22-24]. Natural resource
conservation and economic advantages are two more pos-
sible results of such an excellent approach [25]. Economic
efficiency may be achieved by employing quarry waste as a
possible alternative for sand and as a by-product of stone
grinders [26]. To solve this complex challenge, researchers
have begun to investigate potential alternative materials (waste
products) to natural aggregates and binding materials such as
ash silica fume (SF) [27], fly ash (FA) [28], waste glass [29], sea
sand [30], plastic waste [31], and iron—copper tailings [32].

Recycling waste has a lot of ecological benefits, although
its properties are sometimes lower than those of natural
aggregates. This raises the issue of establishing an appro-
priate replacement ratio to minimize harmful replacement
effects and improve mortar characteristics [33]. Density,
absorption reduction, enhanced resilience, ductility, impact
resistance, and so on are all advantages of incorporating
waste into concrete as filler or fibers. In addition to the
aforementioned improvements, changes in the kind of sub-
stitution and unfavorable effects, such as increased or
decreased compressive capacity or durability, may be
observed [34,35]. Experiments were conducted to assess
the performance of concrete. It was revealed that ultra-
fine concrete had greater early compressive capacity (3
days), reduced penetrability, and longer durability than
standard concrete [36].

Numerous academics have investigated the usage of vol-
canic ash (VA) in mixed cement. VA decreased compressive
capability during the early phases however a little improve-
ment was seen at a later age (90 days). The combined repla-
cement of VA and recycled concrete aggregate (RCA), on the
other hand, resulted in a substantial improvement. VA has
been studied as a partial cement replacement at 0, 5, 7.5, 10,
12.5, 15, and 20% amounts. The results revealed that using VA
as a cement alternative increased compressive strength [37].
Furthermore, utilizing low VA percent extends the lifespan
of the concrete by forming materials that are more resistant
to saltwater attack [38], carbonation, and chloride ion infil-
tration [39]. According to mechanical and microstructural
properties, the cement replacement by VA of 10-30% offered
the highest benefit [40]. According to the study, the normal
consistency for VA improved by 9.79% when the VA fraction
was increased from 0 to 25% [41]. VA-extended pozzolanic
activity is responsible for the fine VA’s greater later-age
strength [42]. Strength reduced as VA percentages increased
and when the VA content was above 40%, it decreased sig-
nificantly. When the VA content was increased by more than
40%, the compressive strength of VA-based self-compacting
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concrete declined dramatically. VA may be utilized up to 50%
to make VA-based concrete with a compressive strength
higher than 15 MPa [43]. According to one study, VA increases
compressive strength by causing a response that results in
the formation of calcium silicate hydrate (CSH). The interac-
tion between free Ca(OH), and VA during cement hydration
results in a more impermeable mix due to careful control of
the porous structure [44]. As a consequence, the compressive
strength of concretes containing VA is comparable to refer-
ence concrete after long-term curing [45].

Brief literature shows that VA can be used in concrete
production. Many scholars have carried out many studies
on the strength, durability, temperature, and microstruc-
ture features of VA concrete and have discovered encoura-
ging findings. However, since the information is spread,
readers find it difficult to evaluate the benefits of VA-based
concrete, limiting its applicability. Therefore, a review
study is required that offers the reader an easy approach
and highlights all essential facts. This study’s goal (Part II)
is to collect all essential data on durability and microstruc-
ture study. The main aspects of this review are the fol-
lowing: (a) the general background of VA, (b) the physical
and chemical properties of VA, (c) the impact of VA on
concrete durability, (d) the impact of VA on the microstruc-
ture, and (e) the cost benefits, and finally, a conclusion.
Furthermore, the assessment also detects the research
gap that requires more analysis. Figure 1 shows an over-
view of the different sections of this review.

2 Physical and chemical properties

The physical characteristics of VA utilized in concrete are
shown in Table 1. VA absorbs 0.41% more water than
average [46]. The density of VA is 2,450 kg/m® [40], greater
than the density of cement (1,440 kg/m®) but similar to the
density of fine aggregate (1,450-2,000 kg/m®). Tomoyose
et al. [47] categorize different physical qualities for various
uses as building materials that aim to fully utilize the mate-
rial. For this categorization, an air table is utilized as equip-
ment, as shown in Figure 2.

Figure 3 shows a representation of a scanning electron
microscope (SEM) image of VA. The particle nature of VA
may be investigated using a variety of microscopic techni-
ques, including SEM. In addition to this, it was observed
that the particle shape of the VA particles is angular, and the
surface of the VA particles has a rough texture. Because of
the sharp shape and the surface irregularity, the internal
resistance between the different components of the concrete
was increased, which had a negative impact on the flow.
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Figure 1: Sections of the review.

Table 1: Physical properties of VA
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in both crystalline and amorphous forms. Additionally,
Table 2 displays the chemical makeup of VA. The material

Reference [46] [40] [48] [49]
Strength activity index (%) — 87 — 68.48
Water absorption (%) 0.41 — — —
Fineness (m%/kg) — 396 — 396
Moisture content (%) — — — 0.89
Bulk density (kg/m?) 2,450 — — —
Specific gravity — — 1.98 —
Air content (%) — 6.5 — —
Consistency (%) — 23.4 — —
Sample
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Figure 2: Air table for classification of particles [47].

The chemistry of the source magma determines the
chemical structure of VA. Compared to mineral crystals,
VA has typically more silica but less non-silica material.
Figure 4 shows the X-ray diffraction pattern of the VA
sample. It was discovered that SiO, may be found in VA

may be considered as a pozzolanic material when the sum
of chemicals like silica, calcium, alumina, magnesia, or iron
is greater than 70%, according to ASTM [50]. The total sum of
silica, calcium, alumina, magnesia, and iron present in VA is
greater than 70%. Thus, VA is a reliable pozzolanic material
that may be used in concrete as a cement alternative.

3 Durability

3.1 Density

Concrete durability qualities are heavily affected by its
density. The denser concrete often has better strength

Spot ———
20.0 KV 4.0

cc.V 10 pm

Figure 3: SEM of VA particles [45].
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Figure 4: X-ray spectroscopy [45].
Table 2: Chemical composition of VA lower specific gravity when linked to OPC [56]. According
to Ibrahim, the presence of SF and FA in concrete does not
Reference [45] [43] [51] [40] [52] considerably influence the density while the glass powder
50, 5776 59.5 1.4 38.89 62.30 has a reducing reason for the density [57]. The author stu-
AlL0; 14.56 17.5 57 13.0 7.60 died the impact of bagasse ash substitution for cement in
Fe,03 11.0 7.1 35 2.4 4.20 concrete construction ranging from 10 to 50%. The results
MgO 2.44 26 21 6.16 - reveal that as the bagasse ash replacement percentages
Ca0 8.27 6.1 64.1 9.09 6230 increased, the concrete hecame more porous, as demon-
Na,0 2.41 3.8 0.5 3.12 0.10 dbv a drop in densi di d b ,
K,0 214 20 _ 131 0.19 strated by a drop in density and increased water absorption

and fewer voids and porosity. Concrete becomes less perme-
able to water and soluble substances. As a result, water
absorption or penetration of chemicals will be reduced,
and this form of concrete will survive a longer lifespan.
Figure 5 depicts the dry density of the various concrete
series evaluated after 28 curing days. All the VA-containing
series had somewhat greater densities than the reference
concrete. Because of the VA’s filler function, its particles fill
the pores of the material, releasing trapped water and
enhancing the density and compactness of the concrete.
The materials utilized as cement substitutes, according to
Silva et al. [53], have a restricted filler capacity. Once this
limit is reached, the concrete density tends to decrease.
According to Memon et al. the addition of bentonite
clay caused a decrease in density, and the higher the pro-
portion of bentonite, the lesser the density. It can be attrib-
uted to the fact that density is related to specific gravity.
Because ordinary Portland cement (OPC) has greater spe-
cific gravity than bentonite, the reference blend has a
higher density than the bentonite combination [54]. Pre-
viously, the use of wood ash was related to a drop in den-
sity [55], and this decline occurs more severely at higher
substitute concentrations. This drop is caused by ash’s

[58]. The specific gravity of VA is 1.98 [48], which is less than
the specific gravity of cement. The replacement of low spe-
cific gravity material (VA) with high specific gravity material
results in a lower overall density of composites.

3.2 Porosity

Concrete is a porous material that has air/water perme-
ability features, which have a significant impact on not

2600 -

2580 o
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2540 +

Density (kg/m?3)

2520 o

2500 o

2480 -

VA - (%)

Figure 5: Density of concrete made with VA [45].
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just strength but also durability. Typically, degrading che-
micals that might cause steel corrosion, such as chloride
ions and carbon dioxide, infiltrate concrete through pores
or their connection [59]. According to one research, extremely
comparable patterns in water absorption and apparent por-
osity were identified across all mortars, as illustrated in
Figure 6. For example, 20% VA porosity values increased
somewhat when linked to the blank blend; however, 20%
ultra-fine VA porosity values decreased when linked to both
the blank blend and 20% VA. It is because of the smaller
particle sizes, which would result in superior packing and
filling abilities as well as increased pozzolanic activity. Once
again, heat treatment had a detrimental influence on porosity
in mortars containing heat-treated VA. The findings suggest
that heated-treated VA mortars had greater values than
untreated VA mortars or reference mix mortars. Poon et al.
[60] discovered that replacing cement with FA enhances por-
osity while it decreases the average pore size in pastes aged
28 and 56 days. The addition of up to 5% SF to the cement did
not appreciably modify the pore size distribution or perme-
ability of either the blank blend or the FA blend. However,
introducing FA and shale ash (SA) into the mortars had a
considerable impact on interfacial porosity. Chindaprasirt
et al. [61] also found that the fineness and replacement of
FA had a substantial influence on the permeability and
pore size of the blended cement paste. The usage of FA
instead of Portland cement enhanced porosity.

3.3 Water absorption

Water absorption is an important indicator of concrete
durability. Water absorption reduction may significantly
enhance the long-term concrete performance under harsh

20 4
19.5
19 4
18.5 -
18 4

17.5 A

Porosty (%)

17 4

16.5 -

16 4

15.5 -

15 -

Reference VA20 VAF20 VA20-550 VAF20-650 VA20-750

Figure 6: Apparent porosity [42].
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service situations [57]. Figure 7 depicts the addition of
varying concentrations (0, 5, 10, 15, 20, and 25%) of VA to
the mortar mixture. The absorption of mortar decreases
with the addition of VA. This implies that the substitution
of VA decreases the size of the paste hole due to the filler’s
action of VA, which seals the space. The chemical interaction
between natural pozzolans (NPs) and CH in the hydrated
paste utilizing lime leading to more CSH gel that increased
the adhesive properties of the paste, causing a much denser
structure and lower water absorption of concrete. Second,
since the particle size of pozzolanic materials is lower than
that of OPC, it may provide a more dense mass by packing
cavities, resulting in less water absorption [62,63]. Ahmad
et al. found that bentonite clay replacements lowered water
absorption by up to 30% [64]. Also, clay has a higher Young’s
modulus, i.e., 200 GPa [65], which makes concrete more stiff.
Furthermore, based on the study, cementitious materials
lowered water absorption owing to micro packing, which
enhanced concrete density, causing less water absorption.
However, higher dosages of pozzolanic materials resulted in
an increase in water absorption due to a shortage of work-
ability, which enhanced compaction energy leading to perme-
able concrete, which finally increased water absorption [66].

According to the findings, mortars having up to 20%
ash exhibited worse total permeability and water absorp-
tion at 3-7 days than the reference sample. This is because
the geopolymer structure was enhanced due to a large
number of reaction products [68]. The modified mortars
have low porosity, which might indicate that the concrete
is absorbing less water. Amorphous CSH gels may have
packed the blend pores, resulting in a dense microstruc-
ture. As a consequence, the CSH concentrations are greater
and the quantity of non-hydrated cement is smaller [69].
According to Du and Tan, raising the replacement amount
of glass powder to 60% reduces the water absorption in

4.5 4

35 4

Water Absoption (%)

Figure 7: Water absorption [67].
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concrete [70]. According to Jain et al., glass powder lowers
the concrete porosity by up to 16.41%, which is less than the
reference concrete [71].

3.4 Shrinkage

Drying shrinkage is a critical feature of cementitious com-
posites that affect their durability. shrinkage is caused by
the loss of capillary water in the hardened cement mixture,
which causes contraction and fracture development inside
the concrete. Figure 8 depicts the fluctuation of shrinkage in
concrete with various amounts of VA. Concrete shrinkage
was somewhat greater as compared to the reference sample
(0% VA). The shrinkage varied with the time of curing of
concrete. Nevertheless, the pace of growth was faster in the
first six weeks. The 12-week shrinkage with 5, 10, 15, and 20%
VA was about 516, 508, 502, and 488 macro strains, corre-
spondingly, compared to approximately 471 macro strains in
normal concrete. Even though the shrinkage of 5 and 10%
VA was more than that of 15 and 20% VA, the total shrinkage
in concrete was greater than that of conventional concrete
(0% VA) during 12 weeks of curing. For any mix, the greatest
shrinkage did not more than 600 macro strains. Gopalan and
Haque [72] discovered similar results in FA concrete. However,
Samarin and Ryan [73] demonstrated that when assessed to
control OPC concrete, excellent-grade Australian FAs usually
result in less shrinkage. A researcher performs shrinkage tests
on concrete mixes with VA substituting 0-25%. The results
show that the shrinking of 10 and 15% of VA mortars was
greater than that of 20 and 25%. It implies that the presence
of VA in cement reduces shrinkage [41]. The collective

Shrinkage (Micro strain)
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pozzolanic reaction and mineral additive micro filler
increased the binding characteristics and density, resulting
in less dry shrinkage of concrete [63]. According to Bheel et al,
reducing the cement concentration in pastes reduces the
shrinkage of the mortar [74]. Furthermore, the study discovered
that the pozzolan reduced the heat of hydration, avoiding speedy
evaporation of moisture from the concrete surface and reducing
the creation of shrinkage fractures [1]. According to Wang et al.
cement containing 8% SF has outstanding properties such as
strong early strength, low hydration heat, and low shrinkage [75].

According to Ghafari et al. when used as an SF substi-
tute, ground granulated blast furnace slag may minimize
autogenous shrinkage because of its bigger grain size when
compared to SF, resulting in larger pore size and hence
lower capillary action [76]. However, when utilized instead
of cement, the smaller grain size of the slag has been
demonstrated to promote shrinkage [77]. According to
Termkhajornkit et al., non-hydrated FA may inhibit autoge-
nous shrinkage by serving as a constraint [78]. In contrast,
Tazawa and Miryazawa [79] discovered that extremely fine
FA may cause plastic shrinkage cracking through both pore
size reduction and pozzolanic reaction. Given that pozzo-
lanic materials may affect the competing process of capillary
action and stiffness, more work is needed to understand the
effect of pozzolanic materials at a variety of binder (cement
and SF) replacement ratios.

3.5 Rapid chloride penetration (RCP)

Infiltration of chloride may cause reinforced concrete struc-
tures to degrade. As a consequence, chloride penetration is

6 8 10 12

Age (Weeks)

Figure 8: Fluctuation of shrinkage in concrete with various amounts of VA [46].
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an important component in determining how long the con-
crete will endure. The important condition for the long-term
durability of structures prone to reinforcing corrosion is the
capacity to maintain the permeability as low as possible. The
chloride penetration of reference blends containing 0% VA
was minimal, ranging between 1,100 and 1,405 C as shown in
Figure 9. It shows that VA might increase concrete penetr-
ability by changing big holes into tiny pores and minimizing
microcracking in the transition region. When pozzolanic VA
was added to regular Portland cement concretes, there was
a considerable decline in the permeability and average pore
diameter. This impact was connected to the refinement of
VAC pore architecture as the amount of VA increased [80].
As concrete ages increased, the pozzolanic interaction
between VA and CH occurs at a slow rate, resulting in
dense concrete. The decrease in porosity with age offers
the advantage of increasing long-term corrosion protec-
tion [81]. Concrete containing a 20% replacement of stone
dust exhibited less RCP than the blank blend, according to
study. Because stone dust particles are rougher than sand
particles, they fill the gaps among ingredients. There are
fewer holes in concrete, its density increases, and the
voids are filled with stone dust [82].

According to Celik et al. increasing the percentages of
FA and SF in concrete mixes reduced the fast chloride
permeability and water absorption values of concrete in
180 days. At 180 days, concrete mixes made with FA had
extremely poor chloride penetration resistance. At 180 days,
the concrete with 45% FA had the lowest chloride perme-
ability resistance (345 C) [83]. According to Tomoyose et al.,
using VA at a replacement ratio of 20% offers enough

1800 1 B W/C=0.35
1600 -
1400 -

1200 -+
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2044
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resistance to chloride ion penetration while also being suc-
cessful in lowering the quantity of Portland cement used
[47]. According to Sahoo et al., the quantity of charge deliv-
ered steadily decreases as the SF or rice husk ash percentage
increases. In addition, when the curing age increases, the
ion penetrability decreases. It can be because the mix
becomes denser as the curing time increases. Furthermore,
the pozzolanic interaction results in the production of the
CSH gel, which increases the durability of the concrete [84].

3.6 Carbonation depth

Carbonation is one of the extremely significant challenges
affecting reinforced concrete’s long-term durability [85].
Pozzolan may be utilized in concrete to improve sustain-
ability and lower the carbon footprint of the concrete
industry. However, certain unfavorable misconceptions
concerning their carbonation challenges are impeding their
widespread use [86]. Lowering the water to cement (w/c)
from 0.65 to 0.52 caused a considerable drop in the carbona-
tion depth while expanding the number of pozzolanas in the
blend led to increases in the carbonation depth. As shown in
Figure 10, employing up to 10% NP, either VA or SA, does not
influence the carbonation of the blends. Nevertheless,
raising the cementitious material concentration over this
limit (10%) caused a substantial rise in the carbonation
intensity. The depth of carbonation reported when using
NP was greater than when using SA at the same alternative
concentration (30%) of plain concrete by the cementitious

HW/C=0.40 BW/C=0.45

*
*:
*:
L3

1000 4

800 A

RCP (Coulombs)
b
:

600 A

400 4

200 A

Figure 9: Rapid chloride ion penetration [43].

30 40
VA-(%)
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material and for both w/c proportions. SA appears to be a
supplementary reactive particle to VA. The system may
produce more hydrate products (CSH) because of the SA’s
relative responsiveness and grain size, which serves to fill
the open pores, polish the larger capillary pores, and dis-
connect the pore network.

Furthermore, the powder’s filling capacity may diminish
CO, permeability and penetration. According to Ahmad et al.,
although the addition of SF increased the carbonation inten-
sity, it was far less than the cover width generally given over
reinforcing steel, ruling out the potential of corrosion [87].
Generally, the use of cementitious materials such as VA and
SA might substantially enhance the pore structure and par-
ticle packing by filling the spaces among the ingredients;
being reactive materials, they reduce chloride transport and
other hazardous substance infiltration. Nonetheless, penetr-
ability to chloride ions is inextricably connected to the blend
design specifications and matrix microstructure, particularly
the microporous network properties. The greater the penetr-
ability and chloride dispersion quantity, the greater the
volume of coarser and linked pores.

3.7 Resistance to sulfate

Naseer et al. [88] studied two Pakistani VAs, VA1 (calcined)
and VA2 (as is), which were mixed into mortar. The com-
parative loss of compressive capacity detected when cement
samples containing VA were submerged in 2 and 5% sodium
sulfate mixtures for up to 28 days was used to assess the
sample resistance to sulfate attack. To guarantee that the
sample obtained adequate strength before being attacked
by sulfates, they were treated in potable water for 7 days
earlier to immersion in the sulfate solution. Every week, the
solution was changed to maintain a consistent concentra-
tion. The results show that the compressive capacity loss
was larger in the 5% sodium sulfate solution than in the
2% sulfate medium. In the presence of 2% sulfate, there
was a small or no sulfate attack on the cement sample
including VA. Because of their excellent sulfate resistance,
these mortars might be utilized in places where a sulfate
attack is likely. The partial substitution of cement with FA is
known to be useful in increasing the resistance to sulfate
damage [89].

Lv et al. investigated the function of extra cementitious
materials such as FA, slag (granulated blast furnace slag
[GBES]), and SF in cement mortar’s long-term resistance to
external sulfate attack (ESA) at room temperature. For 36
months, the cement sample was submerged in a 5% sodium
sulfate solution at 20°C. According to the findings, the
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number of degradation products and pore features were
the two most important elements influencing sulfate resis-
tance. The pore properties were more influential on long-
term sulfate resistance than the number of degradation
effects. After 36 months of ESA exposure, FA retained
remarkable sulfate resistance. SF was more sulfate resis-
tant than FA because it favored overall permeability and
the fraction of non-toxic pores over portlandite elimination
through the pozzolanic interaction. The substitution of
GBFS, on the other hand, exacerbated the degradation pro-
cess and resulted in the poorest sulfate opposition since the
overall permeability and proportion of harmless pores
changed dramatically [90]. The research concluded that
the inclusion of 20% NP improved the sulfate resistance,
with the strength loss decreasing by 62% owing to the
substitution of cement with 20% NP. In addition, when
5% SF was added to the concrete blends, the strength
drop was decreased by 94% [87].

4 Microstructure analysis

4.1 Heat of hydration

The influence of VA concentration on the hydration pro-
cess was evaluated using an isothermal calorimeter, and
the thermal curve produced for several mixtures is demon-
strated in Figure 11. The thermal curve depicts the many
phases of hydration, including the beginning hydration
phase, the inactive phase, and the primary hydration
peak, as well as expedited aluminate hydration. According
to the heat of the hydration curve, the heat development is
greatest after 9h for all blends. A quantitative investiga-
tion was performed to determine the heat of hydration of
various mixtures. The overall heat of hydration (in kJ/kg)
was 50.60, 47.55, 45.48, 39.00, and 34.96 for reference, 10%
VA mix, 20% VA mix, 30% VA mix, and 40% VA mix respec-
tively. These findings demonstrated that as the proportion
of VA increased, the total heat of hydration dropped, sug-
gesting significant retardation in hydration owing to the
substitution of VA, which is supported by the presented
data [91]. This feature might be employed in mass con-
creting to prevent cracking in concrete by lowering the
heat of hydration. Figure 11 depicts the % decrease in the
heat of hydration for various mixtures. It has been shown
that replacing OPC with 40% VA reduces the heat of hydra-
tion by more than 30%.

According to Ukrainczyk et al. [92], the addition of ash
causes a lag in the time required for the blend to set and a
smaller reaction rate obtained at later times (11, 15, 16, and
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Figure 10: Influence of carbonation depth with (a) SA and (b) NP [39].

17 h), and a considerable interruption in cement hydration.
Due to the slowing of the hydration processes, the final
heat created after 45h was lowered by -6, -13, and -25%
of the reference blend with substitution of 10, 20, and 30%
ash, respectively. The CaO and MgO hydration processes as
well as larnite and aluminate periods are accountable for
the significant hydration heat production found in ash
hydration alone. According to Sonebi et al., mortars con-
taining 6% metakaolin had higher microfractures and
shrinkage. When materials with powerful pozzolanic capa-
city, such as metakaolin and SF, react with hydrated CH,
the hydration rate rises, adding to the heat-releasing effect
of the pozzolanic reactivity [93]. The higher hydration rate
reduces concrete durability, particularly due to shrinkage

30 45

NP-(%)

and the formation of microscopic cracks. According to
Ambroise et al. [94], the greater temperature rises of meta-
kaolin mixed samples associated with pure OPC-based
samples are due to the faster influence of metakaolin on
cement hydration.

4.2 SEM

The SEM images of a concrete specimen including VA and
recycled materials are shown in Figure 12. It shows the
differences in behavior between old and modern cement
hydration matrices. When advancing from ITZ to cement
in the case of old cement paste, a permeable morphology
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Figure 11: (a) Heat evaluation and (b) reduction in the heat of hydra-
tion [49].

was seen. However, a much heavier and smaller amount of
porous morphology was noted in the fresh paste.

Figure 13a depicts the microstructure prepared with a
30% substitution of cement with VA (30%), and Figure 13b
depicts the microstructure of a concrete specimen including
RCA with cement (30%), VA (30%), and ground granulated
blast-furnace slag (GGBS) (30%) as the binder. In SVA30,

SE]\ 15KV WD190im §560
Samplo .
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VA particle were extensively scattered with no uniformly
distributed cementitious blend. When linked to typical
conventional concrete and SCC specimens, a weak and
permeable interfacial transition zone (ITZ) was also
observed. According to Rong et al., increasing the pro-
portion of pozzolanic elements results in a denser mix, par-
ticularly in the ITZ. However, above 10% metakaolin inclusion
leads to cracks (14% metakaolin replacement), which nega-
tively affects concrete performance [96]. Similarly, the impact
of the interlocking structure of the sand particle was reduced
as the gaps in the calcareous sand were packed with calcium
carbonate [97]. As a consequence of the pozzolanic activity
and metakaolin filling cavities, the structure becomes denser,
which improves mechanical and durability properties. A
larger dosage of metakaolin, on the other hand, has negative
consequences owing to an absence of fluidity, which gener-
ates additional cavities in blends. Homogeneous distribution
of aggregates was observed with somewhat porous cement
matrices in the case of a mix comprising 30% VA, GGBS, and
RCA (Figure 13b). Denser ITZs were detected in comparison to
loosely attached ITZs reported in another specimen with RCA.
This may have enabled the GGBS-containing mortar to pene-
trate the holes to a particular depth, resulting in stronger
connections [98]. The increase in strength properties of con-
crete specimens including VA and GGBS, as shown above, is
consistent with the heavier microstructure of concrete in the
ternary blend.

4.3 Fourier-transform infrared
spectroscopy (FTIR)

Figure 14 depicts that spectroscopy lines are seen in iden-
tical locations but at varying intensities in all paste sam-
ples. This is mainly related to the development of the CSH

SEI 15KV WD11mmSsel
Sample  /* ~,"

Figure 12: SEM images of the concrete specimen: (a) 0% VA + 30% RCA and (b) 30% VA + 30% RCA [95].
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Figure 13: Microstructure of a concrete specimen: (a) 30% VA and (b) 30% VA + 30% RCA + GGBS [95].

and CH stages. Si-O connections in the CSH stage create
peaks between 900 and 1,100 cm™? [99]. The FTIR spectra
depict that the Si—O line in VAF has a higher relative inten-
sity than the other binary mixtures and the blank blend. In
VAF specimens, the Si—O line is strong and evolves to a
superior wavelength (992 cm™), suggesting considerable
Si polymerization and, finally, the greatest number of
high-density CSH gel. The creation of compact C-S-H
stages produces densification of the micro and concentrate
configuration, causing better strength. Furthermore, when
compared to the blank blend, the VA blend demonstrated a
little raise in the concentration of Si—O bands (984 cm™),
showing that VA has a lower pozzolanic reactivity than
VAF. In heat-treated VA, the concentration of the Si-O
band reduced, suggesting inadequate pozzolanic action,
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Figure 14: FTIR analysis [42].

which starts the growth of less compact CSH stages and,
eventually, weakens required qualities.

Jiang et al. studied the thermogravimetry properties of
the metakaolin-based paste after 28 days [100]. The study
traces for metakaolin-CH paste as a function of temperature
show four distinct zones of apparent mass damage, each
with its distinct peak. The initial peak, which appears at
90°C, is caused by the desorption of CSH gel and stratlingite
(C;ASHg) physiosorbed and interlayer water particles [101].
The next dehydrating peak at 165°C relates to the attaching
of C,ASHg. The third peak at 215°C is due to lattice dihydrox-
ylation and the cessation of C,ASHg [102]. The fourth peak at
670°C is initiated by calcium disintegration [103].

According to Hughes et al., the highest point at 3,645 cm™
reveals the presence of available OH classes, confirming the
presence of portlandite [104]. In the control sample, the highest
point at 3,645cm™ is wider and more noticeable. This peak
decreased for the binary mixtures, demonstrating pozzolanic
activity of the VA through Ca(OH),. The portlandite peak is
relatively tiny for VA, notably in the VAF specimen, when
linked to the other combined mix, which exhibits stronger
reactivity of VA, causing the formation of a more refined
microstructure and hence superior strength properties.

5 Cost benefits

Two Pakistani VA, namely VA1 (calcined) and VA2 (as is),
were studied in detail as a partial alternative for conven-
tional OPC in mortar cubes, concrete cylinders, and con-
crete beams. A cost study was performed for a two-room
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elementary school with a veranda [88]. Cement was largely
replaced by pozzolan by weight in all forms of reinforced
concrete, plain concrete, and mortar blend. It was discov-
ered that replacing 40% VA lowered the OPC price by 30.4%
and strength by 35%. For VA1, for example, the entire price
of the school was reduced by 16.8%. Therefore, it is possible
to infer that partial substitution of OPC with VA may cause
a significant reduction in the cost provided the compres-
sive capacity drop is bearable, i.e., no more than 17.2 MPa
at 28 days for standard construction. The research was
conducted on the economics of bacterial SF concrete [105].
The benefit/cost ratio of SF concrete decreased as the SF
amount increased. In contrast to the reference blend, SF
concrete with 10% SF displayed the greatest advantage in
terms of improvement in properties and the highest benefit/
cost ratio. According to Panesar et al, using pozzolanic
elements in concrete may increase concrete durability,
lengthen service time, and cause fewer energy, releases,
and costs linked with structural preservation and restora-
tion throughout the structure’s planned service life. Further-
more, even the greatest distance that FA can be delivered for
concrete including FA provides ecological and financial
advantages over concrete without the presence of FA [106].
It can be concluded that VA decreased the concrete cost
considerably compared to other pozzolanic materials. How-
ever, it slightly decreased the concrete strength. Further-
more, there are no studies showing a detailed relationship
between the cost and concrete strength with the substitution
of VA.

6 Conclusions

This review study provides a thorough examination of the
durability and microstructure analysis characteristics of
concrete utilizing VA. The following are the findings of
the study:
* The shape of VA particles is angular and of rough surface
texture, which causes a decrease in concrete flowability.
* The durability of concrete improved considerably with
the replacement of cement with VA due to pozzolanic
activity and micro fillings. The collective effect of the
pozzolanic reaction and micro filling of VA increased
the durability aspects of concrete. However, a higher
dose of VA adversely affects durability due to the absence
of flowability. Different researchers recommend distinct
ideal dose changes on the source of VA. However, the
typical optimum dose of VA ranges from 10 to 30%.
The peaks of the heat of hydration declined with the
replacement of cement with VA due to the pozzolanic
reaction, which continues gradually.
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 FTIR analysis showed the presence of a substantial quan-
tity of dense CSH gel due to the pozzolanic reaction of VA
producing a dense pore structure.

* The review also concludes that with substitution of VA as
a binder in concrete declined the price of construction.
Based on the analysis, a 10% substitution of VA instead of
cement results in a decrease in the cost of construction
by about 30%.

Although VA could be used in concrete either as a filler
or binder, however, fewer researchers consider VA in their
research to compared it with other with other materials
such as FA, etc. Additionally, most researchers focus on
strength properties while limited data are accessible on
long-term durabilities such as acid resistance, creep, alkali-
silica, and freeze-thaw effects. Consequently, this study pro-
poses detailed analyses of durability (acid resistance, creep,
alkali-silica, and freeze—thaw effects) with the substitution of
VA. Additionally, some studies claimed that the performance
of concrete decreased with VA. However, the particle size
mainly affects the performance of concrete but researchers
focus on it. The review also recommends a detailed study on
VA with varying particle sizes as well as a detailed study on
concrete’s cost-benefit analysis with the substitution of VA.

Acknowledgements: The authors are thankful to the
Deanship of Scientific Research at Najran University for
funding this work, under the Research Groups Funding
program grant code (NU/RG/SERC/12/2).

Funding information: The authors are thankful to the
Deanship of Scientific Research at Najran University for
funding this work, under the Research Groups Funding
program grant code (NU/RG/SERC/12/2).

Author contributions: Jawad Ahmad: Writing—original
draft preparation. Fadi Althoey: Conceptualization and
methodology. Mohammed Awad Abuhussain: Data collection
and software work. Ahmed Farouk Deifalla: Supervsion and
funding. Yasin Onuralp Ozkilic: Review, editing and revising.
Cut Rahmawati: Review, editing and revising.

Conflict of interest: Authors state no conflict of interest.

References

M Ahmad J, Zaid O, Siddique MS, Aslam F, Alabduljabbar H,
Khedher KM. Mechanical and durability characteristics of sus-
tainable coconut fibers reinforced concrete with incorporation of



DE GRUYTER

[2]

E)

[4]

[5]

[6]

71

[8]

[9]

[10]

[l

[12]

(3]

4]

[13]

[16]

(7

[18]

marble powder. Mater Res Express. 2021;8:075505. doi: 10.1088/
2053-1591/ac10d3.

Taskin A, Fediuk R, Grebenyuk I, Elkin O, Kholodov A. Effective
cement binders on fly and slag waste from heat power industry of
the Primorsky Krai, Russian federation. Int J Sci Technol Res.
2020;9:3509-12.

Althoey F, Farnam Y. The effect of using supplementary cemen-
titious materials on damage development due to the formation of
a chemical phase change in cementitious materials exposed to
sodium chloride. Constr Build Mater. 2019;210:685-95. doi: 10.
1016/j.conbuildmat.2019.03.230.

Smirnova OM, Menéndez Pidal de Navascués I, Mikhailevskii VR,
Kolosov OI, Skolota NS. Sound-absorbing composites with rubber
crumb from used tires. Appl Sci. 2021;11:7347.

Dolamary PY, Dilshad JAF, Arbili MM, Karpuzcu M. Validation of
feret regression model for fly ash based geopolymer concrete.
Polytech J. 2018;8:173-89.

Althoey F. Compressive strength reduction of cement pastes
exposed to sodium chloride solutions: Secondary ettringite for-
mation. Constr Build Mater. 2021;299:123965.

Monteiro PJM, Miller SA, Horvath A. Towards sustainable con-
crete. Nat Mater. 2017;16:698-9.

Oh D-Y, Noguchi T, Kitagaki R, Park W-J. CO, emission reduction
by reuse of building material waste in the Japanese cement
industry. Renew Sustain Energy Rev. 2014;38:796-810. doi: 10.
1016/j.rser.2014.07.036.

Mehta PK. Greening of the concrete industry for sustainable
development. Concr Int. 2002;24:23-8.

Kurad R, Silvestre JD, de Brito J, Ahmed H. Effect of incorporation
of high volume of recycled concrete aggregates and fly ash on the
strength and global warming potential of concrete. ) Clean Prod.
2017;166:485-502. doi: 10.1016/j.jclepro.2017.07.236.

Mohseni E, Ranjbar MM, Yazdi MA, Hosseiny SS, Roshandel E. The
effects of silicon dioxide, iron(III) oxide and copper oxide nano-
materials on the properties of self-compacting mortar containing
fly ash. Mag Concr Res. 2015;67:1112-24. doi: 10.1680/macr.15.
00051.

Smirnova O. Compatibility of shungisite microfillers with poly-
carboxylate admixtures in cement compositions. ARPN | Eng Appl
Sci. 2019;14:600-10.

Vigneshpandian GV, Shruthi EA, Venkatasubramanian C,

Muthu D. Utilisation of Waste Marble Dust as Fine Aggregate in
Concrete. IOP Conf Ser Earth Environ Sci. 2017;80:012007. doi: 10.
1088/1755-1315/80/1/012007.

Du H, Tan KH. Concrete with recycled glass as fine aggregates.
ACI Mater J. 2014;111:47-57. doi: 10.14359/51686446.

Ahmad ], Martinez-Garcia R, De-Prado-Gil J, Irshad K, El-
Shorbagy MA, Fediuk R, et al. Concrete with partial substitution of
waste glass and recycled concrete aggregate. Mater (Basel).
2022;15:430. doi: 10.3390/ma15020430.

Hajimohammadi A, Ngo T, Kashani A. Sustainable one-part geo-
polymer foams with glass fines versus sand as aggregates. Constr
Build Mater. 2018;171:223-31. doi: 10.1016/j.conbuildmat.2018.03.120.
Musa MF, Mohammad MF, Mahbub R, Yusof MR. Enhancing the
quality of life by adopting sustainable modular industrialised
building system (IBS) in the Malaysian construction industry.
Procedia-Soc Behav Sci. 2014;153:79-89.

Ahmad J, Majdi A, Babeker Elhag A, Deifalla AF, Soomro M,
Isleem HF, et al. A Step towards sustainable concrete with sub-
stitution of plastic waste in concrete: Overview on mechanical,

(9]

[20]

[21]

[22]

[23]

[24]

[23]

[26]

[27]

[28]

[29]

[30]

31

B2]

[33]

341

[35]

Durability and microstructure analysis of concrete made with VA = 13

durability and microstructure analysis. Crystals. 2022;12:944.
doi: 10.3390/cryst12070944.

Ahmad J, Aslam F, Martinez-Garcia R, De-Prado-Gil ], Qaidi SMA,
Brahmia A. Effects of waste glass and waste marble on
mechanical and durability performance of concrete. Sci Rep.
2021;11:21525. doi: 10.1038/541598-021-00994-0.

Imbabi MS, Carrigan C, McKenna S. Trends and developments in
green cement and concrete technology. Int J Sustain Built
Environ. 2012;1:194-216. doi: 10.1016/j.ijsbe.2013.05.001.

Xiao Y, Reuter MA, Boin UDO. Aluminium recycling and environ-
mental issues of salt slag treatment. ] Environ Sci Health.
2005;40:1861-75.

Abdelli HE, Mokrani L, Kennouche S, de Aguiar JB. Utilization of
waste glass in the improvement of concrete performance: A mini
review. Waste Manag Res ] A Sustain Circ Econ. 2020,38:1204-13.
doi: 10.1177/0734242X20941090.

Tamanna N, Tuladhar R, Sivakugan N. Performance of recycled
waste glass sand as partial replacement of sand in concrete.
Constr Build Mater. 2020;239:117804. doi: 10.1016/j.conbuildmat.
2019.117804.

Lenka BP, Majhi RK, Singh S, Nayak AN. Eco-friendly and cost-
effective concrete utilizing high-volume blast furnace slag and
demolition waste with lime. Eur ] Environ Civ Eng.
2022;26:5351-73. doi: 10.1080/19648189.2021.1896581.
Mahinroosta M, Allahverdi A. Hazardous aluminum dross char-
acterization and recycling strategies: A critical review. ) Environ
Manage. 2018;223:452-68.

Shyam Prakash K, Rao CH. Study on compressive strength of
quarry dust as fine aggregate in concrete. Adv Civ Eng.
2016;2016:1-5. doi: 10.1155/2016/1742769.

Ding J-T, Li Z. Effects of metakaolin and silica fume on properties
of concrete. Mater J. 2002;99:393-8.

Qin Z, JinJ, Liu L, Zhang Y, Du Y, Yang Y, et al. Reuse of soil-like
material solidified by a biomass fly ash-based binder as engi-
neering backfill material and its performance evaluation. J Clean
Prod. 2023;402:136824.

Prema Kumar WP, Ananthayya MB, Vijay K. Effect of partial
replacement of cement with waste glass powder on the proper-
ties of concrete. Int J Struct Civ Eng Res. 2014;3:2319-6009.

Sun L, Wang C, Zhang C, Yang Z, Li C, Qiao P. Experimental
investigation on the bond performance of sea sand coral concrete
with FRP bar reinforcement for marine environments. Adv Struct
Eng. 2023;26:533-46.

Al Bakri AMM, Tamizi SM, Rafiza AR, Zarina Y. Investigation of
HDPE plastic waste aggregate on the properties of concrete.

J Asian Sci Res. 2011;1:340-5.

Zhao B, Wang G, Wu B, Kong X. A study on mechanical properties
and permeability of steam-cured mortar with iron-copper tail-
ings. Constr Build Mater. 2023;383:131372.

Ferreira L, de Brito J, Saikia N. Influence of curing conditions

on the mechanical performance of concrete containing

recycled plastic aggregate. Constr Build Mater.
2012;36:196-204.

Akcadzoglu S, Akcadzoglu K, Atis CD. Thermal conductivity, com-
pressive strength and ultrasonic wave velocity of cementitious
composite containing waste PET lightweight aggregate (WPLA),
Compos. Part B Eng. 2013;45:721-6.

Dweik HS, Ziara MM, Hadidoun MS. Enhancing concrete strength
and thermal insulation using thermoset plastic waste. Int ] Polym
Mater. 2008;57:635-56.


https://doi.org/10.1088/2053-1591/ac10d3
https://doi.org/10.1088/2053-1591/ac10d3
https://doi.org/10.1016/j.conbuildmat.2019.03.230
https://doi.org/10.1016/j.conbuildmat.2019.03.230
https://doi.org/10.1016/j.rser.2014.07.036
https://doi.org/10.1016/j.rser.2014.07.036
https://doi.org/10.1016/j.jclepro.2017.07.236
https://doi.org/10.1680/macr.15.00051
https://doi.org/10.1680/macr.15.00051
https://doi.org/10.1088/1755-1315/80/1/012007
https://doi.org/10.1088/1755-1315/80/1/012007
https://doi.org/10.14359/51686446
https://doi.org/10.3390/ma15020430
https://doi.org/10.1016/j.conbuildmat.2018.03.120
https://doi.org/10.3390/cryst12070944
https://doi.org/10.1038/s41598-021-00994-0
https://doi.org/10.1016/j.ijsbe.2013.05.001
https://doi.org/10.1177/0734242X20941090
https://doi.org/10.1016/j.conbuildmat.2019.117804
https://doi.org/10.1016/j.conbuildmat.2019.117804
https://doi.org/10.1080/19648189.2021.1896581
https://doi.org/10.1155/2016/1742769

14 —

[36]

371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[43]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

Jawad Ahmad et al.

Teng S, Lim TYD, Divsholi BS. Durability and mechanical proper-
ties of high strength concrete incorporating ultra fine ground
granulated blast-furnace slag. Constr Build Mater.
2013;40:875-81.

Agboola SA, Idi AM, Tapgun J, Bappah H. Strength performance of
concrete produced with volcanic ash as partial replacement of
cement. Int ] Eng Res Technol. 2020;9:372-8.

Hossain KM. Performance of volcanic ash based precast and in
situ blended cement concretes in marine environment. ] Mater
Civ Eng. 2005;17:694-702.

Meddah MS. Durability performance and engineering properties
of shale and volcanic ashes concretes. Constr Build Mater.
2015;79:73-82.

Al-Bahar S, Chakkamalayath J, Joseph A, Abdulsalam M,
Al-Otaibi S, Al-Aibani A. Effect of volcanic ash incorporation on the
mechanical properties and surface morphology of hydrated
cement paste. ] Mater Civ Eng. 2017;29:4017052.

Ekaputri JJ, Baihagi A, Aji P. Mechanical properties of volcanic ash
based concrete. In Proceedings of International Seminar on
Applied Technology, Science, and Arts (3rd APTECS); 2011.

Khan K, Amin MN, Usman M, Imran M, Al-Faiad MA, Shalabi FI.
Effect of fineness and heat treatment on the pozzolanic activity of
natural volcanic ash for its utilization as supplementary cemen-
titious materials. Crystals. 2022;12:302.

Hossain KMA, Lachemi M. Fresh, mechanical, and durability
characteristics of self-consolidating concrete incorporating vol-
canic ash. ) Mater Civ Eng. 2010;22:651-7.

Hossain KMA, Lachemi M. Performance of volcanic ash and
pumice based blended cement concrete in mixed sulfate envir-
onment. Cem Concr Res. 2006,36:1123-33.

Letelier V, Ortega JM, Tarela E, Mufioz P, Henriquez-Jara BI,
Moriconi G. Mechanical performance of eco-friendly concretes
with volcanic powder and recycled concrete aggregates.
Sustainability. 2018;10:3036.

Hossain KMA, Lachemi M. Strength, durability and micro-struc-
tural aspects of high performance volcanic ash concrete. Cem
Concr Res. 2007,37:759-66.

Tomoyose A, Noguchi T, Sodeyama K, Higashi K. Concrete with
high-purity volcanic glass fine powder manufactured from pyro-
clastic deposit. SN Appl Sci. 2020;2:1-17.

Jamil N. Effect of using granular volcanic ash on the mechanical
properties of Hot mix asphalt. J Sci Technol. 2007;12:30-9.
Al-Fadala S, Chakkamalayath J, Al-Bahar S, Al-Aibani A, Ahmed S.
Significance of performance based specifications in the qualifi-
cation and characterization of blended cement using volcanic
ash. Constr Build Mater. 2017;144:532-40.

ASTM, ASTM D6868 standard specification for biodegradable
plastics used as coatings on paper and other compostable sub-
strates, West Conshohocken, PA: ASTM Int.; 2017. p. 3. http://
www.astm.org/DATABASE.CART/HISTORICAL/D6868-03.htm.
Hossain KMA. High strength blended cement concrete incorpor-
ating volcanic ash: Performance at high temperatures. Cem Concr
Compos. 2006;28:535-45.

Purwanto HA, Nugroho A. Study of volcanic-ash-impregnated-
bacteria filler to the compressive strength of concrete. In MATEC
Web of Conferences. EDP Sciences; 2017. p. 1014.

Silva J, De Brito J, Veiga R. Incorporation of fine ceramics in
mortars. Constr Build Mater. 2009;23:556-64.

[54]1

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

7

DE GRUYTER

Memon SA, Arsalan R, Khan S, Lo TY. Utilization of Pakistani
bentonite as partial replacement of cement in concrete. Constr
Build Mater. 2012;30:237-42.

Cheah CB, Ramli M. The implementation of wood waste ash as a
partial cement replacement material in the production of struc-
tural grade concrete and mortar: An overview. Resour Conserv
Recycl. 2011;55:669-85.

Elinwa AU, Ejeh SP, Akpabio IO. Using metakaolin to improve
sawdust-ash concrete. Concr Int. 2005;27:49-52.

Ibrahim KIM. Recycled waste glass powder as a partial replace-
ment of cement in concrete containing silica fume and fly ash.
Case Stud Constr Mater. 2021;15:e00630.

Abdalla TA, Koteng DO, Shitote SM, Matallah M. Mechanical
and durability properties of concrete incorporating silica fume
and a high volume of sugarcane bagasse ash. Res Eng.
2022;16:100666.

Kim Y-Y, Lee K-M, Bang J-W, Kwon S-. Effect of W/C ratio on dur-
ability and porosity in cement mortar with constant cement amount.
Adv Mater Sci Eng. 2014;2014:1-11. doi: 10.1155/2014/273460.

Poon CS, Lam L, Wong YL. Effects of fly ash and silica fume

on interfacial porosity of concrete. ] Mater Civ Eng.
1999;11:197-205.

Chindaprasirt P, Jaturapitakkul C, Sinsiri T. Effect of fly ash fine-
ness on compressive strength and pore size of blended cement
paste. Cem Concr Compos. 2005;27:425-8.

Shannag M. High strength concrete containing natural pozzolan
and silica fume. Cem Concr Compos. 2000;22:399-406.

Ahmad ], Aslam F, Martinez-Garcia R, El Ouni MH, Khedher KM.
Performance of sustainable self-compacting fiber reinforced
concrete with substitution of marble waste (MW) and coconut
fibers (CFs). Sci Rep. 2021;11:23184. doi: 10.1038/541598-021-
01931-x.

Ahmad S, Barbhuiya SA, Elahi A, Igbal ). Effect of Pakistani ben-
tonite on properties of mortar and concrete. Clay Min.
2011;46:85-92.

Talebi H, Silani M, Bordas SPA, Kerfriden P, Rabczuk T. A com-
putational library for multiscale modeling of material failure.
Comput Mech. 2014;53:1047-71.

Ahmad J, Zaid O, Shahzaib M, Abdullah MU, Ullah A, Ullah R.
Mechanical properties of sustainable concrete modified by
adding marble slurry as cement substitution. AIMS Mater Sci.
2021;8:343-58. doi: 10.3934/matersci.2021022

Darwis F, Banggu I, Sultan MA. The effects of volcanic ash on
the strength and permeability mortar. In International
Conference on Science and Technology (ICST 2018). Atlantis
Press; 2018. p. 372-5.

Abdulkareem OA, Ramli M, Matthews JC. Production of geopo-
lymer mortar system containing high calcium biomass wood ash
as a partial substitution to fly ash: an early age evaluation.
Compos Part B Eng. 2019;174:106941.

Castrillén JJ, Gil H. Mechanical properties of mortars modified
with wood waste ash. ] Indian Acad Wood Sci. 2020;17:90-9.

Du H, Tan KH. Transport properties of concrete with glass powder
as supplementary cementitious material. ACI Mater J.
2015;112:429.

Jain KL, Sancheti G, Gupta LK. Durability performance of waste
granite and glass powder added concrete. Constr Build Mater.
2020;252:119075.


http://www.astm.org/DATABASE.CART/HISTORICAL/D6868-03.htm
http://www.astm.org/DATABASE.CART/HISTORICAL/D6868-03.htm
https://doi.org/10.1155/2014/273460
https://doi.org/10.1038/s41598-021-01931-x
https://doi.org/10.1038/s41598-021-01931-x
https://doi.org/10.3934/matersci.2021022

DE GRUYTER

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

Gopalan MK, Haque MN. Effect of curing regime on the proper-
ties of fly-ash concrete. Mater J. 1987;84:14-9.

Samarin A, Ryan WG. Experience in use of admixtures in concrete
containing cement and fly ash. Workshop on the use of chemical
admixtures in concrete, University of New South Wales,
Kensington; 1975. p. 91-112.

Bheel N, Abbasi SA, Awoyera P, Olalusi OB, Sohu S, Rondon C,
et al. Fresh and hardened properties of concrete incorporating
binary blend of metakaolin and ground granulated blast furnace
slag as supplementary cementitious material. Adv Civ Eng.
2020;2020:1-8. doi: 10.1155/2020/8851030.

Wang L, Jin M, Wu Y, Zhou Y, Tang S. Hydration, shrinkage, pore
structure and fractal dimension of silica fume modified low heat
Portland cement-based materials. Constr Build Mater.
2021;272:121952.

Ghafari E, Ghahari SA, Costa H, Julio E, Portugal A, Durdes L. Effect
of supplementary cementitious materials on autogenous
shrinkage of ultra-high performance concrete. Constr Build
Mater. 2016;127:43-8.

Yalginkaya G, Yazici H. Effects of ambient temperature and relative
humidity on early-age shrinkage of UHPC with high-volume
mineral admixtures. Constr Build Mater. 2017;144:252-9.
Termkhajornkit P, Nawa T, Nakai M, Saito T. Effect of fly ash on
autogenous shrinkage. Cem Concr Res. 2005;35:473-82.

Tazawa E, Miyazawa S. Experimental study on mechanism of
autogenous shrinkage of concrete. Cem Concr Res.
1995;25:1633-8.

Hossain KMA, Lachemi M. Development of volcanic ash concrete:
strength, durability, and microstructural investigations. ACI Mater
J. 2006;103:11.

Hossain KMA. Chloride induced corrosion of reinforcement in
volcanic ash and pumice based blended concrete. Cem Concr
Compos. 2005;27:381-90.

Humayun M, Ahad MZ, Naveed A, Ahmad F, Arif M, Afridi S, et al.
Physical and mechanical characterization of sand replaced stone
dust concrete. Mater Res Express. 2021;8:85507.

Celik Z, Bingdl AF, Agsu AS. Fresh, mechanical, sorptivity and rapid
chloride permeability properties of self-compacting concrete with
silica fume and fly ash. Iran J Sci Technol Trans Civ Eng.
2022;46:789-99.

Sahoo S, Parhi PK, Panda BC. Durability properties of concrete with
silica fume and rice husk ash. Clean Eng Technol. 2021;2:100067.
Biswas R, Li E, Zhang N, Kumar S, Rai B, Zhou J. Development of
hybrid models using metaheuristic optimization techniques to
predict the carbonation depth of fly ash concrete. Constr Build
Mater. 2022;346:128483.

Rathnarajan S, Dhanya BS, Pillai RG, Gettu R, Santhanam M.
Carbonation model for concretes with fly ash, slag, and limestone
calcined clay-using accelerated and five-year natural exposure
data. Cem Concr Compos. 2022;126:104329.

Ahmad S, Al-Amoudi 0SB, Khan SMS, Maslehuddin M. Effect of
silica fume inclusion on the strength, shrinkage and durability
characteristics of natural pozzolan-based cement concrete. Case
Stud Constr Mater. 2022;17:e01255.

Naseer A, Jabbar A, Khan AN, Ali Q, Hussain Z, Mirza J.
Performance of Pakistani volcanic ashes in mortars and concrete.
Can ] Civ Eng. 2008;35:1435-45.

[89]

[90]

91

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

Durability and microstructure analysis of concrete made with VA == 15

Plowman C, Cabrera JG. The use of fly ash to improve the sulphate
resistance of concrete. Waste Manag. 1996;16:145-9.

Lv X, Yang L, Li J, Wang F. Roles of fly ash, granulated blast-
furnace slag, and silica fume in long-term resistance to external
sulfate attacks at atmospheric temperature. Cem Concr Compos.
2022;133:104696.

Turanli L, Uzal B, Bektas F. Effect of large amounts of natural
pozzolan addition on properties of blended cements. Cem Concr
Res. 2005;35:1106-11.

Ukrainczyk N, Koenders EAB, Stirmer N. Transformation of wood
ash waste into construction materials. In Proceedings of the 1st
International Conference on Construction Materials for
Sustainable Future, Zadar, Croatia; 2017. p. 19-21.

Sonebi M, Lachemi M, Hossain KMA. Optimisation of rheological
parameters and mechanical properties of superplasticised
cement grouts containing metakaolin and viscosity modifying
admixture. Constr Build Mater. 2013;38:126-38.

Ambroise J, Maximilien S, Pera J. Properties of metakaolin
blended cements. Adv Cem Based Mater. 1994;1:161-8.
Chakkamalayath ], Joseph A, Al-Baghli H, Hamadah O, Dashti D,
Abdulmalek N. Performance evaluation of self-compacting con-
crete containing volcanic ash and recycled coarse aggregates.
Asian ] Civ Eng. 2020;21:815-27.

Rong Z, Jiang G, Sun W. Effects of metakaolin on mechanical and
microstructural properties of ultra-high performance cement-
based composites. | Sustain Cem Mater. 2018;7:296-310.

Yuan J, Lei D, Shan Y, Tong H, Fang X, Zhao J. Direct shear creep
characteristics of sand treated with microbial-induced calcite
precipitation. Int ] Civ Eng. 2022;20:1-15.

Cui HZ, Shi X, Memon SA, Xing F, Tang W. Experimental study on
the influence of water absorption of recycled coarse aggregates
on properties of the resulting concretes. | Mater Civ Eng.
2015;27:4014138.

Yu P, Kirkpatrick RJ, Poe B, McMillan PF, Cong X. Structure of
calcium silicate hydrate (C-S-H): Near-, Mid-, and Far-infrared
spectroscopy. ] Am Ceram Soc. 1999;82:742-8.

Jiang G, Rong Z, Sun W. Effects of metakaolin on mechanical
properties, pore structure and hydration heat of mortars at 0.17
w/b ratio. Constr Build Mater. 2015;93:564-72.

Gabrov3ek R, Vuk T, Kaucic V. Evaluation of the hydration of
Portland cement containing various carbonates by means of
thermal analysis. Acta Chim Slov. 2006;53:159-65.

Ukrainczyk N, Matusinovic T, Kurajica S, Zimmermann B, Sipusic J.
Dehydration of a layered double hydroxide—C2AHS.
Thermochim Acta. 2007;464:7-15.

Sha W, O’Neill EA, Guo Z. Differential scanning calorimetry study
of ordinary Portland cement. Cem Concr Res. 1999;29:1487-9.
Hughes TL, Methven CM, Jones TGJ, Pelham SE, Fletcher P, Hall C.
Determining cement composition by Fourier transform infrared
spectroscopy. Adv Cem Based Mater. 1995;2:91-104.

Siddique R, Jameel A, Singh M, Barnat-Hunek D, Ait-Mokhtar A,
Belarbi R, et al. Effect of bacteria on strength, permeation char-
acteristics and micro-structure of silica fume concrete. Constr
Build Mater. 2017;142:92-100.

Panesar DK, Kanraj D, Abualrous Y. Effect of transportation of fly
ash: Life cycle assessment and life cycle cost analysis of concrete.
Cem Concr Compos. 2019;99:214-24.


https://doi.org/10.1155/2020/8851030

	1 Introduction
	2 Physical and chemical properties
	3 Durability
	3.1 Density
	3.2 Porosity
	3.3 Water absorption
	3.4 Shrinkage
	3.5 Rapid chloride penetration (RCP)
	3.6 Carbonation depth
	3.7 Resistance to sulfate

	4 Microstructure analysis
	4.1 Heat of hydration
	4.2 SEM
	4.3 Fourier-transform infrared spectroscopy (FTIR)

	5 Cost benefits
	6 Conclusions
	Acknowledgements
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


