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Construction material production has a great impact on the
depletion of natural resources and greenhouse gas emissions
caused by fossil fuel combustion, thus affecting global cli-
mate change and ozone depletion. On the other hand,
building materials are largely determining the energy con-
sumption in buildings and having environmental impacts.
"e goal for sustainable future in building material pro-
duction is development of new environmentally friendly
materials and constructions for sustainable buildings se-
curing long-term environmental, economic, and social
viability.

"erefore, the main aim of this Special Issue was to
provide a platform for publishing the latest knowledge about
application of sustainability as one of the most important
topics in development of sustainable building materials and
technologies. Although call for papers included a wide range
of potential topics, the Special Issue Sustainable Building
Materials and Technologies 2020 contains only 7 papers
addressed to advances in application of supplementary ce-
mentitious materials as alternative binder components in
concrete. "e utilization of industrial waste, by-products,
and vegetal fibres incorporated into cement mortar/concrete
for hydration process, strength development, and durability
improvement of high performance concrete is analysed in
detail in some papers bringing innovative integrated solu-
tions to key building materials.

"e authors W. J. Cho et al. summarize recent research
results about the potential utilization of ferronickel slag
(FNS) as a supplementary cementitious material. "e

investigation of the effects of FNS use on mortar and
concrete properties showed that replacement of cement by
FNS resulted in the increase in setting times and workability
by delaying the hydration process, in the formation of a
more dense pore structure compared with cement mix, in an
increase in compressive strength at the long-term curing
ages, and in improvement of resistance to chloride pene-
tration and sulfate attack due to the secondary hydration
reactions creating C-S-H gel and hydrotalcite.

"e behavior of calcined magnesium-based mineral
powder as a potential alternative resource for the production
of magnesium-based binder was investigated by G. Sugila
Devi and K. Sudalaimani. Paste made of powdered thermally
treated (1200°C) mineral mixture consisting of natural
magnesite and steatite in a ratio of 3 :1 with water and with
and without addition of sodium tripolyphosphate salt was
tested for its microscopic structural development, consis-
tency, initial setting time, final setting time, and heat of
hydration. As shown in the results, adding phosphate salt led
to formation of hydration products such as magnesium
hydroxide and struvite and to an increase in setting time and
compressive strength.

"e utilization of four waste materials such as fly ash,
circulating fluidized bed combustion ash, and slag as mineral
admixtures in different amounts (up to 30wt.%) and 9wt.%
addition of silica fume into high-performance concrete
(HPC) and their influence on the mechanical properties and
durability of HPC were evaluated by Z. Cheng et al. Vari-
ation of mineral admixtures in concrete samples led to the
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achievement of compressive strength values higher than
60MPa after 28 days of hardening depending on the waste
kind. Among all three admixtures, HPC with circulating
fluidized bed combustion ash had the best frost resistance.

"e effects of replacing fine aggregates with different
contents of coal bottom ash (up to 100%) on the strength
properties of high-strength concrete (>60MPa) at curing
ages of 28 and 56 days were investigated by In-H. Yang et al.
"e samples reached the level of high-strength concrete, and
coal bottom ash could be utilized for fabrication of high-
strength concrete as a partial or total substitution for fine
aggregates. Equations for predicting the strength values of
coal bottom ash concrete by using the ultrasonic pulse
velocity were suggested.

H. Danso investigated the influence of incorporation of
plantain pseudostem fibre (up to 1wt.% of sand) and 10wt.%
cement replacement by lime on the physical and mechanical
properties of cement mortars. An optimal fibre content of
0.25wt.% is recommended for construction application.

E. Abu Zeiton with co-authors focused on the param-
eters affecting the properties of the generated hemihydrate
and dihydrate after the 1st reaction cycle of hydration-de-
hydration process."eir major finding consisted of revealing
the differences in the properties such as the particle size,
specific surface area, surface morphology, and number of
defects between the formed hemihydrate after the first
hydration-dehydration compared to the unrecycled hemi-
hydrate. "e grinding process after the first hydration step
and the calcination process responsible for increasing the
number of defects on the crystal surface led to a change in
setting time, microstructure, and compressive strength of
the recycled hemihydrate.

T. Tofeti Lima and K. Yong Ann paid attention to re-
covering the concrete structures under chloride-induced
corrosion by an efficient nondestructive treatment by three
different electrolytes (tap water, calcium hydroxide, and
lithium borate) applied temporarily to structures. Lithium
borate was identified as the most efficient electrolyte for
extracting chlorides, while calcium hydroxide had better
performance on restoring the passive state after corrosion,
healing the structure at another level, filling up possible
cracks. "e positive affect was also found due to a possible
electrodeposition of the electrolyte ions on the cement
matrix.
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Review Article
Characterization of Portland Cement Incorporated with FNS
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)e potential use of ferronickel slag (FNS) as supplementary cementitious material has been widely researched in recent years.
Although much research was carried out on utilizing FNS as a binder, its advantages and disadvantages are still not clear. To
properly use FNS as a cement replacement, this paper summarizes the following. (1) Changes expected on the oxide composition
of FNS powder are due to the forming ores, fluxing stone, and cooling method. (2))e decreasing of the hydration heat evolution
rate was detected by hydration heat evolution test and this is due to the low content of CaO and Al2O3 component in FNS. (3) It
was found that the incorporation of FNS forms a dense pore structure more than cement mix and this is due to the secondary
hydration reactions. (4) Hydration characteristics of FNS were assessed by pozzolanic reactions unexpectedly detected and
incorporation of FNS creates C-S-H gel and hydrotalcite. (5) )e development of strength was tested by compressive strength,
splitting tensile strength, and flexural strength. From the results, the reduction of compressive strength was detected at an early age
but substantially increasing at the long-term curing ages. However, splitting tensile strength and flexural strength of concrete have
shown various trends. (6))ere is an improvement in the resistance to chloride penetration and sulfate attack while susceptible to
carbonation. )is is induced by the lowered pH in pore solution due to the reduction of Ca(OH)2 by substituting FNS binder.
Finally, (8) ternary blended mixtures with conventional cementitious materials are an option to properly use FNS as a binder.

1. Introduction

Ordinary Portland cement (OPC) has been widely used in
various parts of the world until recently. However, tech-
nological advances and environmental problems have led to
the increased use of other supplementary cementitious
materials. Significantly, the environmental load on CO2
emission, which arose from the cement production, is 4-5%
out of the entire output of human beings, and it has become
a considerable problem of construction [1]. Hence, Portland
cement mixed with other materials, such as ground gran-
ulated blast furnace slag (GGBS) from pig iron smelting or
fly ash from coal-fired power plants (PFA), have increased
popularity. But, these traditional admixtures already cannot
be easily obtained in many places due to the surge in use.
Consequently, finding new construction materials is an
important issue not only for the replacement of cement but
also for complementation of conventional admixtures. From

this point of view, research on the direction in which fer-
ronickel slag (FNS) can be used as a substitute for cement is
actively conducted.

Ferronickel slag (FNS) is a by-product obtained from the
primary industry of smelting of laterite ore in an electric arc
furnace at a high temperature with a reducing agent for the
production of ferronickel. It is assumed that 1 ton of fer-
ronickel may generate about 14 tons of FNS [2–4]. In
particular, 30 million tons of FNS is produced in China [5]
and 2 million tons in South Korea annually [6].

)e utilization of FNS in concrete has been studied as
aggregate by using pelletized type [6]. Because of its char-
acteristics of low absorption rate, dense structure, and high
hardness, FNS is considered to be usable as a fine aggregate
for concrete [7, 8] and road construction [9]. Recently, the
strength properties of concrete [10] and alkali-silica reac-
tivity due to the high content of amorphous silica in FNS
[2, 11] have been studied. Also, durability characteristics of
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mortar [12] and concrete [13] incorporating slag aggregate
with traditional supplementary cementitious materials were
examined.

Likewise, the physical properties of FNS are suitable to
use as an alternative and in concrete [11]. Nevertheless, due
to a significant silica amount, FNS has shown reactivity
when used with cement or/and alkali in geopolymers [14].
As a result, most FNS are landfilled [6, 15] due to the po-
tential reactivity and unexpected hazardous effect. And the
disposal of FNS has been pointed out concerning heavy
metal reaching on the landfill area [16] and health issues to
the neighbors [17]. )us, using the FNS wastes in concrete
would be one solution to reduce the problem of a landfill and
save energy in construction [6].

)ough suspicious of its applicability, many studies
about FNS as a binder reported good physical performance
and reactivity. According to the literature [3], the replace-
ment of cement with FNS increases the degree of poly-
merization of silica chains in C-S-H gel and improves the
resistance of concrete to chloride ion penetration. Pozzo-
lanic reaction of FNS was also observed in some studies
[18, 19], in which, in other words, the arguments about
soundness reactivity in FNS aggregate is in fact advantage of
using FNS as binder since the reactivity is necessary for
hydration [6]. Lately, to utilize ferronickel slag as a substitute
material for cement, microhydration heat, flow, compressive
strength, and drying shrinkage variations were investigated
[20], which means that it can potentially perform as ce-
mentitious materials. Lately, the proper replacement ratio of
FNS to replace OPC was also suggested at 20%, depending
on fineness [21]. )erefore, the utilization of FNS can be
beneficial to reduce cement production costs and less en-
ergy-consuming.

As stated above, recent studies show that there is a
potential to utilize FNS as construction materials. However,
the use of industrial by-products as cementitious materials
may reveal different properties compared to conventional
materials [22]. Moreover, its advantages and disadvantages
as a cement replacement are not clearly determined, despite
many research projects conducted in the field. )erefore, in
order to properly use FNS, this paper summarizes recent
research about using FNS as cementitious materials.

2. Characteristics of FNS as a Binder

2.1. Properties of FNSPowder. )e properties of FNS powder
obtained from researches are tabulated in Table 1. FNS can
be categorized into two categories. For example, FNS used in
[15, 18] mainly consisted of SiO2 and Fe2O2 while FNS used
in other researches was generally composed of SiO2, Fe2O2,
and MgO.)is can be explained because the composition of
slag materials changes depending on the ores, fluxing stone,
and cooling method. Generally, nickel slag generated from
laterite ore contains a high amount of Fe2O3 and low MgO,
whereas garnierite ore contains low Fe2O3 and high MgO
[4]. Its minerals consist of crystalline phases such as
enstatite, forsterite, fayalite, diopside, and spinel phase
[11, 18, 23]. Generally, slag can be classified into their ba-
sicity index [6]. Nkinamubanzi et al. [24] suggest that the

potential reactivity of slag powder can be anticipated by
calculating the simplest basicity coefficient of the raw ma-
terials from chemical composition. )e basicity coefficient
(CaO/SiO2) of slag greater than 1 indicates higher reactivity
since the formation of hydration products is possible under
the alkali condition. Based on the suggested equation, the
basicity ratio of FNS is seen around 0.01–0.66; thus, it can be
assumed that FNS has low hydraulic reactivity.

Nowadays, ferronickel slag is usually categorized as
electric furnace ferronickel slag and blast furnace ferronickel
slag depending on the production process. )e type of FNS
used in references is also specified in Table 1. Figure 1 shows
the shape of the electric arc furnace ferronickel slag (EFS)
and blast furnace ferronickel slag (BFS). As shown in
Figures 1(a) and 1(b), both EFS and BFS particles are ir-
regular and exhibit light grey color, thus hard to distinguish.
From the literature [3], EFS mainly consisted of SiO2, Fe2O3,
and MgO, while BFS are CaO, SiO2, Al2O3, and MgO.
Moreover, the CaO content in the EFS powders (1.01%–
8.24%) is much lower than the BFS (22.50%–25.19%). )us,
types of FNS should be distinguished since the composition
of these two types of FNS is significantly different. Moreover,
in general, fineness is related to the operating condition and
purpose of the application. )us, the fineness of FNS used in
research varied from 3,400 to 26,300, while the density of
FNS ranged from 2.87 to 3.18, respectively. Moreover, in
general, fineness is related to the operating condition and
purpose of the application. )us, the fineness of FNS used in
research varied from 3,400 to 26,300 while the density of
FNS ranged from 2.87 to 3.18, respectively.

2.2. Effect of FNS Properties of FNS Powder. )e hydration
heat evolution is an exothermal chemical reaction based on
the mineralogical composition of the cement composites.
)e reactivity of binders in the cement matrix can be es-
timated by observing the hydration heat evolution. )e
exothermic rate and cumulative hydration heat of cement
mix with FNS were analysed using a TAM-Air isothermal
calorimeter at a constant temperature of 25°C, according to
ASTM C1702 [26]. )e literature results are shown in
Figure 2. )ree electric arc furnace FNS powders (EFS1,
EFS2, and EFS3) and two blast furnace FNS powders (BFS1
and BFS2) were used in this literature.)e hydration process
of FNS can be divided into three steps, which is similar to
that of ordinary Portland cement. However, the second
exothermic peak in the composite binders is obviously
lower. As shown in Figure 1(b), the cumulative hydration
heat curves of the binders containing the EFS powders are
nearly identical, and the total heat released is much lower
than the binders containing the BFS powders. )is result
may be arisen by the low content of active components, such
as CaO and Al2O3, in the EFS powders. )erefore, the re-
placement of cement by FNS results in a decreased hydration
heat evolution rate and a decreased second peak value
compared to cement. Consequently, the use of FNS can
reduce the amount of heat generation, which is relevant to
the risk of thermal cracking in concrete and has important
implications for using this material at the construction site.

2 Advances in Materials Science and Engineering



Table 1: Chemical and physical properties of FNS as a binder.

Oxides
References

[3] [6] [15, 18] [22] [23] [25]
SiO2 29.95–50.48 40.46–40.81 41.18 37.47 48.23 51.0
Al2O3 3.08–26.31 2.65–3.64 5.98 21.37 3.59 2.20
Fe2O3 1.55–14.36 6.87–9.07 40.02 1.72 15.76 15.5
MgO 8.93–32.61 40.44–43.43 7.79 10.53 23.01 27.4
SO3 0.04–1.31 0.26–0.53 0.64 0.32 0.50 0.1
CaO 1.01–25.19 3.61–6.60 4.12 24.82 6.28 0.6
Na2O 0.12–0.32 0.02–0.04 0.09 — — —
K2O 0.07–0.40 0.05–0.08 0.37 — 0.09 —
Cr2O3 1.37–2.47 0.73–0.95 2.75 — — —
NiO 0.02–0.19 0.02–0.05 0.13 — — —
LOI — −3.44 0.68 — —
Physical characteristics
Fineness
(cm2/g) 3,910–4,610 4,660–26,300 3,985 — 3,400 4,666

Density
(g/cm3) 2.87–2.97 3.02–3.05 3.18 — 3.14 3.05

Source (type) China (electric arc furnace,
blast furnace)

South Korea (electric
arc furnace)

Greece (electric arc
furnace)

China
(—)

South Korea (electric
arc furnace)

South
Korea (—)

Figure 1: Morphology of FNS: (a) EFS and (b) BFS [3].
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Figure 2: Effects of FNS on cement hydration kinetics. (a) Exothermic rate and (b) cumulative heat [3].
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2.3. Effect on Pore Structure. Hydration reactions are at-
tributed to the pore structure, and porosity generally de-
creases with age in the curing condition for cementitious
materials [27]. For an evaluation of porosity in the cement
matrix, many test methods, such as X-ray tomography,
nitrogen adsorption, and nuclear magnetic resonance
(NMR), have been applied. However, the mercury intrusion
porosimetry (MIP) is the most conventionally used test to
identify the pore structure of the cement matrix. Literature
[3] applied MIP to the hardened FNS paste and divided the
pore structure into four ranges: gel micropores (<4.5 nm),
mesoporous (4.5–50 nm), middle capillary pores
(50–100 nm), and large capillary pores (>100 nm). )en, by
using a replacement ration of 30% in the cement paste with a
blast furnace FNS, a similar range of large capillary pores
volume was observed compared to OPC paste. )us, it was
suggested that it contributed to an improvement in the
densification of the pore structure [6]. On the other hand,
[28] classified the pore structure as macropore (>10 nm);
large capillary (0.5–10 nm); small capillary (0.01–0.5 nm);
and gel (<0.01 nm). Based on their classification, they
suggested that the high fineness of FNS made the pore
structure denser by ball bearing effect and presence of
hydrotalcite. In addition, [25] also studied the MIP test
results of 30% FNS paste at different curing ages. Results
obtained at the curing age of 28 days and 90 days had a
porosity of 30.12% and 29.13%, respectively. From the test
results, the authors stated that the secondary hydration
reaction of FNS creates C-S-H gel and hydrotalcite; sub-
sequently, it induces the reduction of macropores. )us, it
was confirmed that the incorporation of FNS forms a dense
pore structure and new hydration products due to the
secondary reactions.

2.4. Effect of FNS on Fresh State. )e concrete mix should
have enough workability to facilitate the pouring and casting
work at the construction site. )e determination of the
normal mortar flow was carried out according to ASTM
C1437 [29]. Table 2 presents the fresh concrete properties of
blended mix with FNS. )e FNS containing cement
demanded relatively less water than OPC, and the authors
suggested that less water demand was attributed to the
delayed hydration of slag.)e flow tests confirmed the above
results and showed that FNS addition improves the mortar
workability. It was found that the replacement of cement
with the less reactive admixtures leads to reduced amounts
of hydration products formed during the early hydration
stages, thus resulting in higher workability of the mortar.

)e setting times of mixtures in literature [18, 30] were
determined following the European Standard EN 196-3 [31]
and Australian Standards [32] while [6] followed a standard
test method [33]. All blended cement showed relatively
longer setting times, rather than OPC. And the setting time
generally increased with the increment of the percentage of
the admixtures. )e initial and final setting times for the
highest FNS substituted specimen were found to be up to
140min longer than those of OPC. )e addition of FNS is
then expected to delay the hydration process and increase

setting times, a fact that was confirmed by the results of the
flow tests.

3. Physical Properties of FNS Mortar
and Concrete

3.1. Compressive Strength. In the hardened state, for mortar
and concrete containing supplement cementitious materials,
compressive strength primarily depends on the replacement
ratio, water-to-binder ratio, amount of cementitious ma-
terials, curing type, and curing age. )e compressive
strength results at 28 days of curing age for different FNS
content mortar and concrete were collected from research
papers and are presented in Figure 3. It clearly shows that
compressive strength for FNS mortar and concrete was
strongly dependent on FNS content; an increased replace-
ment of cement by FNS resulted in a reduction in the
compressive strength for FNS mortars. )e blended cement
containing 30% FNS substitution presented the lowest
compressive strength in all previous research. In particular,
[6] showed a strongly reduced compressive strength in a mix
with 30% FNS, only 30.17MPa, while the lower substitution
rates of 5 and 10% accounted for 34.6–36.24MPa, respec-
tively. However, it is crucial to consider that the FNS used in
their study had different fineness; for example, the fineness
accounted for 4,660 cm2/g at 30% replacement while
8,600 cm2/g at 10% and 26,300 cm2/g at 5%.

Furthermore, due to the replacement of clinker in ce-
ment by supplementary cementitious materials, the mixture
further extends that curing age should be accompanied [34].
To evaluate the relationship between the development of
compressive strength and curing ages, [18, 25] monitored
the compressive strength at a later age with FNS contents
varying as 5, 10, 15, 20, and 30%, as given in Figure 4. As
shown in Figure 4, all FNS mortars developed relatively
lower strength than OPC at all curing ages. However, the
curve of 5% FNS from 28 days to 91 days shows an almost
identical curve with OPC. )us, it can be assumed that FNS
showed less reactivity and retarded development of com-
pressive strength. Moreover, at later ages, the gap between
OPC and FNS mortars and concrete was gradually reduced.
For example, the compressive strength of FNS mortars at 91
days was 62.8, 60.1, 59.1, and 58.2MPa for 5, 10, 15, and 20%
FNS, respectively, while OPC reached 63.5MPa. Reference
[25] found that the strength activity of 30% FNSmortar at 28
and 91 days was 79 and 86% while 95 and 100% for concrete,
respectively. )is result indicates that the reactivity increases
over curing. )us, it is evident that compressive strength for
FNS mortar and concrete is strongly dependent on curing
ages, which imply latent hydraulic or pozzolanic reaction.

3.2. Diverse Strength. Although the advantage of reduced
water demand in the FNS mix was reported, low water-to-
binder ratio induced delayed setting time and low early age
strength. However, the enhancing effect of FNS concrete in
strength development was reported by [6], as shown in
Figure 5.)ese strength values were more or less in a limited
range to OPC, depending on the fineness of FNS. As for the
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flexural and splitting tensile strength, an increase in the
fineness of FNS increased the strengths. On the contrary, the
FNS concrete benefited against OPC ones in producing the
shear strength; all mixes for FNS increased the shear strength
by about 14.9–16.1% points to the original value of 7.85MPa.
)is study suggested that due to limited hydraulic reactivity,
a large margin of FNS could be used in filling-up voids and
pores in cement paste and even at the interfacial region
between aggregate and paste. )us, the strength develop-
ment of the FNSmortar and concrete significantly altered by
a combination of replacement ratio and fineness.

4. Durability of FNS Mortar and Concrete

4.1. Influence on Physical Properties of FNS Mix. After
hardening, even though concrete is well designed, it can
expand and crack. )e main reasons for this unsoundness
are caused by the MgO hydrates or strains induced by
shrinkage. Due to the high content of MgO in FNS, a
soundness test is necessary for using FNS as a binder.
Moreover, investigation of the risk of drying shrinkage can
confirm the reduction effect of FNS on the hydration heat

Table 2: Summary of properties of FNS cement at the fresh state.

Reference (specimen) Water-to-binder ratio FNS content (%) Water demand (%) Flow (%)
Setting time
(minute)

Initial Final
[6] (mortar) 0.5 0 — — 392 541
[6] (mortar) 0.5 5 — — 433 557
[6] (mortar) 0.5 10 — — 485 612
[6] (mortar) 0.5 30 — — 493 680
[18] (paste) 0.25 0 27.8 97.5 145 185
[18] (paste) 0.25 5 27.6 100.2 150 195
[18] (paste) 0.25 10 27.0 104.7 160 200
[18] (paste) 0.25 15 26.5 107.9 170 215
[18] (paste) 0.25 20 26.1 110.5 175 220
[30] (paste) 0.5 0 30.0 — 130 190
[30] (paste) 0.5 20 29.0 — 130 200
[30] (paste) 0.5 30 28.0 — 130 200
[30] (paste) 0.5 40 27.5 — 140 200
[30] (paste) 0.5 50 27.0 — 130 200
[30] (paste) 0.5 65 27.0 — 150 230
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Figure 3: Compressive strength at 28 days of curing ages.
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generation and water demand, which has been stated in
some literature [3]. )e autoclave expansion and drying
shrinkage test were evaluated by [6, 30]. )e autoclave
expansion test, especially, is designed for measuring the
potentially deleterious expansion by free MgO (periclase).
According to [30], the autoclave expansion was not ob-
served. Due to the reason that the MgO in FNS is in the form
of crystalline, forsterite rather than free MgO, the autoclave
expansion was not shown in FNS mortar. Reference [6]
stated that the incorporation of FNS showed distinctively
low drying shrinkage compared to OPC. )e authors also
added that high amount replacement of FNS instead of OPC
could reduce microcracks in mass concrete structures,
resulting in reduced maintenance cost.

4.2. Resistance to Chemical Degradation. To assess the re-
sistance of FNS concrete against chloride ion penetrability,
many researchers conducted rapid chloride penetration
resistance (RCPT) [35]. Reference [3] reported that the
pozzolanic reaction due to the addition of FNS dramatically
improves the resistance of the concrete to chloride ion
penetration.)e studies conducted by [6] also confirmed the
high resistivity of FNS in chloride attack. According to [6],
the denser pore structure in FNS concrete restricts pore
connectivity for external chloride ions, and then the cor-
rosion risk would decrease.

Additionally, reference [6] observed that a high re-
placement ratio of low fineness FNS appears to be the most
resistive after sulfate attack. During hydration, the unhy-
drated FNS clinkers might further have formed hydrotalcite
consuming ettringite, one of the problematic hydrates in
concrete structure due to volume expansion if sulfate attack
is applied. )is improvement of sulfate attack resistivity
happens as a factor of the previous stated latent hydraulic
and pozzolanic reactivity of FNS.

However, a high replacement of cement by cementitious
materials may induce carbonation. Reference [6] investi-
gated the carbonation depth of FNS mortar and stated that
the FNS binder had a more dangerous aspect of carbonation

than OPC. According to the literature, the principal reason is
the lowered pH in pore solution due to the reduction of
Ca(OH)2 by substituting the FNS binder. Also, low CaO
content in the FNS compound was attributed to the extreme
condition of calcium carbonate formation accompanied by
high SiO2 content, which requires Ca(OH)2 to consume.

4.3. Ternary Blended Cement Containing FNS. To compen-
sate for the disadvantages of the FNS binder, [18, 20, 23, 36]
investigated ternary binders. It was found that ternary
binders present relatively lower strength at all ages compared
to OPC though the latter increased at later curing ages. )e
authors suggested that the reduction of strength develop-
ment is attributed to the pozzolanic reaction at later ages.
Reference [20] examined the characteristics of ternary
mortar, including FNS with GGBS and PFA, replaced at 15%
of cement weight. )at study has shown that similar flow
value and drying shrinkage were expected compared to
binary mix with 100% replacement of FNS, while lower
values are seen compared to OPC. Reference [18] investi-
gated mixtures containing up to 20% of cement weight with
FNS and/or natural pozzolans. )ey also concluded that
delayed hydration and pozzolanic reaction appeared with
the formation of secondary calcium silicate hydrate gel in the
binary and ternary mix with FNS. Reference [23] studied the
chemical reaction and performance of ternary blended
binders by mixing FNS and PFA. It was confirmed that C-S-
H gel was formed more than only PFA was mixed by the
pozzolanic reaction of FNS and PFA. Reference [36] also
states that the ternary mix using FNS and GGBS contributed
to the dense pore structure. Likewise, ternary binders with
conventional cementitious materials and FNS can optimize
the properties of the FNS mix.

4.4. Summary and Future Research. A summary of the test
results of incorporating FNS as a binder is displayed in
Table 3. )e fresh concrete properties of FNS blends
demanded relatively less water than OPC, and the flow tests
confirmed FNS addition improves themortar workability. In
the case of setting time, the initial setting was delayed at least
3% to a maximum 26% while the final setting was increased
at least 3% to a maximum 26%. )e setting time results
showed a large difference when compared between refer-
ences, but a typical one shows that the hardening process is
delayed when FNS is mixed.

As a result of measuring the compressive strength, it
showed a tendency to decrease compared to OPC concrete
varying from 1% to 33%, while there was a case where it
increased depending on the fineness or curing age. Although
FNS incorporation in the cement mix resulted in a decreased
compressive strength compared to OPC, the difference was
not significant.

As for diverse strength, tensile and splitting tensile
strength values were more or less in a limited range to OPC
while enhancing shear strength. Based on the strength de-
velopment, the FNS mix has a high potential for structural
concrete, considering that it accompanies a further rein-
forcement to compensate for the weakness.
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When it comes to durability, due to denser pore
structure formation, the risk of penetration of external ions
such as chlorides and sulfates will decrease. Especially for the
case of sulfate attack, the high substitution of FNS is most
resistive regarding consuming ettringite, which is one of the
problematic hydrates if sulfate attack is applied. As seen in
Table 3, carbonation was found to be a more dangerous
aspect. And this is induced by the lowered pH in pore so-
lution by replacing the FNS binder.

From the summary, the use of FNS has the potential to
be a supplementary cementitious material and beneficial for
the environment. It is evident that finding new cementitious
materials is an urgent issue in the construction industry due
to the demand for cement expected to increase. Currently,
the utilization of FNS has been studied increasingly as a
binder. Concerning the soundness reactivity, there is still
caution of its application, but studies about FNS reported
favorable environmental and physical performance. )e
leaching test conducted from [15] indicated that leachable
heavy metals in FNS were substantially below the regulatory
thresholds. Reference [30] reported that there is no
soundness effect on the expansion.

)e research that currently exists with respect to FNS use
has reported that it has the potential to perform as ce-
mentitious materials. Cement with environmentally friendly
materials such as FNS may become beneficial to be more
employed.)e benefits of cementitious materials application
are not only constrained to the properties of concrete but
also a significant reduction in economic and environmental
costs [37]. )us, FNS can be used as a binder with a positive
effect on the environment. Notwithstanding the advantages
of using industrial by-products, however, a study on the
long-term durability and performance of FNS blends is not
sufficient. As suggested in Table 3, recent research is in-
sufficient for external environment resistance of concrete,
such as freeze-thaw resistance and high alkali environments.
Moreover, as shown in Table 1, the type of FNS used in
references is not well documented. )e difference in sources
and manufacturing process produces a different chemical

composition, although it has similar morphology. It is also
important that MgO contained in FNS should not be
confused as soundness because it is crystalline phases such as
enstatite, forsterite, fayalite, diopside, and spinel phase
[11, 18, 23] that are different from brucite (Mg(OH)2) which
causes expansion. In other words, as CaO is divided by free
CaO (lime), MgO must be divided by Free MgO. It should
not be evaluated as suspicious without consideration of the
form of oxide not only for utilizing FNS but also for im-
proving the utility of industrial by-products as construction
materials. Consequently, further research must be carried
out to safely use and prevent inadequate properties of FNS.

5. Conclusion

)is paper summarized the effects of FNS use on mortar and
concrete properties, as shown in Table 3. And several in-
sights have been gained through the conducted published
literature:

(1) )e composition of FNS powder changes
depending on the ores, fluxing stone, and cooling
method. Its minerals mainly consist of crystalline
phases such as enstatite, forsterite, fayalite, diopside,
and spinel phase due to the nickel ore.

(2) Based on the basicity coefficient equation, FNS has
low hydraulic reactivity. )us, the use of FNS can
reduce the amount of heat generation that is rele-
vant to the risk of thermal cracking in concrete.
Also, the addition of FNS increases setting times
and workability by delaying the hydration process.

(3) )e replacement of cement by FNS results in an
overall reduction in the compressive strength for
FNS mortars and concrete. However, at later ages,
the strength was gradually increased due to in-
creased activity of FNS over curing.

(4) Limited hydraulic reactivity of FNS plays a role in a
cement matrix as filling-up voids and pores in

Table 3: Summary of results for the incorporation of FNS in Portland cement as a binder.

Experiment
References

[3] [6] [15, 18] [25] [30]
Flow — — ↑ — —
Water demand — — ↑ — ↑

Setting time — ↑Initial (10–26%) ↑Final
(3–26%)

↑Initial (3–21%) ↑Final
(5–19%) — ↑Initial (8–15%) ↑Final

(5–21%)
Compressive
strength

↓ (1.4–6.2%) or ↑
(0.8–4.9%) ↓(21%) ↓ (1–8%) ↓(14%) or

↑(100%) ↓(7–33%)

Flexural strength — Various — — —
Splitting tensile
strength — Various — — —

Shear strength — Enhanced — — —
Expansion — ↓ ↑(but moderate) — Moderate
Shrinkage — ↓ — — —
Chloride resistance Enhanced Enhanced — — —
Sulfate resistance — Various — — —
Carbonation — ↓ — — —

Advances in Materials Science and Engineering 7



cement paste and even at the interfacial region
between aggregate and paste.

(5) Due to the presence of MgO in FNS in the form of
crystalline rather than free MgO, no negative ex-
pansion was detected in the FNS mix. Furthermore,
incorporation of FNS showed distinctively low
drying shrinkage compared to mix with OPC only.

(6) )e addition of FNS improves the resistance of
concrete to chloride ion penetration and sulfate
attack while it might be more vulnerable to car-
bonation due to the reduction of Ca(OH)2 hydrates
and a consequent reduction of pH.

(7) Ternary mix with conventional binders and FNS
showed similar properties. Moreover, more C-S-H
gel was formed in the ternary mix. )e formation of
additional C-S-H gel implies that the ternary mix
may improve the properties of blended mixtures
with FNS.

(8) Related to the FNS mix’s performance, there is a
lack of research for long-term durability and severe
external resistance such as freeze-thaw resistance
and a high alkaline environment. To properly use
the FNS in the construction industry, further re-
search should conduct.

(9) )e oxide composition in FNS strongly depends on
the sources and manufacturing process method.
)erefore, the categorization of the FNS according
to the chemical composition of the FNS should be
conducted.

(10) MgO contained in FNS should not be confused as
soundness because it is crystalline phases that are
different from brucite (Mg(OH)2) which causes
expansion.
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/is study investigates the mechanical properties and durability of three families of high-performance concrete (HPC), in which
the first was blended with fly ash, the second with circulating fluidized bed combustion (CFBC) ash, and the third with CFBC slag.
In addition to each of the three mineral additives, silica fume and a superplasticizer were also incorporated into the HPC. Hence,
three families of HPC, containing 10%, 20%, and 30% mineral admixtures and 9% silica fume of the binder mass, respectively,
were produced./e microstructure and hydration products of the HPC families were examined by scanning electron microscopy
(SEM) and X-ray diffraction (XRD) to explore the influence of fly ash, CFBC ash, and CFBC slag on the compressive strength and
frost resistance of HPC. /e experimental results show that the compressive strength of HPC could reach 60MPa at 28 d age.
When the fly ash content was 30%, the compressive strength of HPCwas 70.2MPa at 28 d age; after the freeze-thaw cycle, the mass
loss and strength loss of HPC were 0.63% and 8.9%, respectively. When the CFBC ash content was 20%, the compressive strength
of HPC was 75MPa at 28 d age. After the freeze-thaw cycle, the mass loss and strength loss of HPC were 0.17% and
0.81%, respectively.

1. Introduction

Coal-fired power generation in traditional thermal power
plants results in the emission of a large amount of sulfur
dioxide (SO2), causing serious environmental pollution [1].
By using the circulating fluidized bed combustion (CFBC)
technology, which has a higher combustion and desulfur-
ization efficiency, SO2 emission can be greatly reduced.
/erefore, this technology has been vigorously promoted in
China [2–4]. In this technique, limestone is added as a
desulfurizer to the CFBC boiler, so that the boiler discharges
a greater amount of ash and slag compared with the pul-
verized coal boiler [5–7]. Currently, more than 50 million
tons of CFBC ash and slag are discharged annually in China
[8–10]. As studies on the CFBC ash and CFBC slag are few,
CFBC ash and CFBC slag are still not used on a large scale
[11–14]. Ash and slag pollute the environment while oc-
cupying the land; therefore, governments and power plants

have sought effective methods to dispose them [15–18],
especially since the environmental protection tax law was
enacted on January 1, 2018.

With the development in the concrete industry, high-
performance concrete (HPC), a material with very low
porosity, has received great attention due to its excellent
mechanical properties and durability [19–21]. To improve
the properties of HPC, mineral admixtures with high
pozzolanic reactivity, such as silica fume and ground
granulated slags, are usually added [22–24]. Mineral ad-
mixtures have gradually become a research focus, and fly ash
has become one of the main mineral admixtures [25–27].

Fly ash, which is discharged from pulverized coal boilers,
has been intensively andwidely researched.With the same as fly
ash, CFBC ash and CFBC slag also contain some amount of
SiO2 and AlO3. So, the CFBC ash and CFBC slag have poz-
zolanic activity too [28]. Abed and Nemes [29] investigated the
influence of fly ash on self-compacting HPC and found that the
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concrete containing 15% fly ash had better durability perfor-
mance. Xu et al. [30] researched the effect of fineness and the
CFBC ash composition on compressive strength, setting time,
and consistency of basic magnesium sulfate cement and ob-
served that with an increase in the fineness of CFBC ash, the
consistency of the cement paste increased, the setting time
shortened, and the compressive strength slightly improved; this
indicates that fine CFBC ash is a good raw material for pre-
paring basic magnesium sulfate cement. Nguyen et al. [31]
studied the engineering performance and durability of concrete
modified with CFBC ash so that it contained a high volume of
low-calcium fly ash. /e experiment results showed that the
CFBC ash addition did not influence the stability and passing
and filling abilities of concrete. However, CFBC ash could
significantly improve the compressive strength, bonding
property, and durability of concrete.

/e CFBC ash and CFBC slag contain some amount of
f-CaO and II-CaSO4. Excessive f-CaO and II-CaSO4 will
cause concrete damage due to volume expansion in the later
stage [32–34]. To eliminate this adverse effect, CFBC ash and
CFBC slag should be modified by physical or chemical
methods. Studies have shown that physical grinding can
decrease the volume expansion of the concrete while in-
creasing the activity of the admixtures [35]. In this study, to
prepare HPC, fly ash, CFBC ash, and ground CFBC slag were
used as admixtures to replace cement. /e influences of
different admixtures on the mechanical properties and
durability of HPC were also explored. /e research results
can provide a new basis and reference for the utilization of
CFBC ash and slag and the preparation of HPC.

2. Materials and Methods

2.1. Materials. Grade PO 42.5 Portland cement (PC) from
the Zhihai Cement Plant was used in this experiment. Its
density was 3.100 g/cm3, and its specific surface area was
357m2/kg. Its physical properties are presented in Table 1.

Fly ash (II), which was raw ash from the Taiyuan second
thermal power plant, was used in this work. Moreover,
CFBC ash and CFBC slag were also used and were obtained
from the Pingshuo Coal Gangue Power Plant of Shanxi
Province, China. Ground CFBC slag was prepared by
grinding the raw CFBC slag for 39min. /e chemical
compositions of cement, fly ash, CFBC ash, and CFBC slag
are presented in Table 2. Silica fume was also used and was
obtained from the Langtian Silica Fume Factory in Sichuan
Province, China. /e main parameters of the silica fume are
listed in Table 3.

Figures 1 and 2 show the scanning electron microscopic
(SEM) micrographs and X-ray diffraction (XRD) patterns of
fly ash, CFBC ash, and ground CFBC slag, respectively. As
can be seen from the SEM micrographs, the CFBC ash
particles were irregular, the surface was coarse and porous,
and agglomeration was obvious. /e ground CFBC slag also
featured irregular and coarse and porous lumps, but fly ash
particles were regularly spherical, smooth, and dense. /e
XRD patterns show the presence of quartz, anhydrite, f-CaO,
hematite, and calcite in the fly ash, CFBC ash, and CFBC
slag. However, fly ash also contained mullite.

/e fine aggregate was natural river sand (S) with a
fineness modulus of 2.8 and apparent density of 2.65 g/cm3.
/e coarse aggregate was crushed limestone with a particle
size of 5–20mm and an apparent density of 2.79 g/cm3.

Polycarboxylate superplasticizer, produced by the
Taiyuan concrete superplasticizer factory, was used as the
water-reducing admixture. /e water reduction rate was
34%.

2.2. Methods. In this study, a total of 9 groups of experi-
ments were designed. /ree concrete specimens were fab-
ricated to test the compressive strength and frost resistance
of each age. /e values in Figures 3 and 4 are the average
value of three concrete specimens. /e mixture proportions
are presented in Table 4. /e water-to-binder ratio (W/B)
was 0.3. Fly ash, CFBC ash, and ground CFBC slag were used
to replace cement, at each of the three dosages of 10%, 20%,
and 30%. /e amount of silica fume was 9% of the total
binder materials. A water-reducing admixture was used to
adjust the slump flow./e slump flow values of all the HPCs
were controlled within 550–655mm, which belong to grade
SF1.

In this study, the density was tested in accordance with
GB/7208-2014 Cement Density Method. /e chemical
composition was referred to the chemical titration method
in GB/T 176 Chemical Analysis Methods of Cement. /e
calculation method of activity index is carried out in ac-
cordance with GB/T 18046 Granulated Blast Furnace Slag
Powder Used in Cement and Concrete. /e specific surface
area shall be determined in accordance with the GB/T 8074
Method for determination of the specific surface area of the
cement Blaine method. /e adsorption property of silica
fume was characterized by the BET nitrogen adsorption
method, and its specific surface area was obtained.

/e working performance is carried out in accordance
with JGJ/T283-2012 Technical Specification for Application
of Self-compacting Concrete. According to the filling re-
quirements of the self-compacting index performance, high-
performance concrete is carried out with the performance
level of SF1; that is, it meets the requirement of no rein-
forcement from the top or a concrete structure with less
reinforcement. /is test strictly controls the slump expan-
sion range from 550 to 655mm.

In this study, the specimens were placed in a standard
curing box with a temperature of 20± 2°C and a relative
humidity of more than 95% for curing. After 24 hours, the
molds were taken out and demolded. After demoulding, the
specimens were placed in 20± 3°C water for curing and
taken out after the specified age for relevant tests.

/e compressive strength tests were performed using a
3000 kN universal compression machine in accordance with
the GB/T 50081-2002 Standard Test Method for Mechanical
Properties of Ordinary Concrete. In this study,
100×100×100mm cubes were tested. /e compressive
strength of concrete was tested at 3 d, 7 d, and 28 d ages,
respectively.

/e frost resistance property tests were formed using
KDR-V9 concrete rapid freeze-thaw testing machine in
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accordance with GB/T 50082-2009 Standard Test Methods
for Long-Term Performance and Durability of Ordinary
Concrete. In this study, 100×100×100mm cubes were
tested. In this test, 25 freeze-thaw cycles are used as a group.
After each cycle is taken out of the instrument, its mass is
weighed. Stop the test when the mass loss rate exceeds 5%,
the compressive strength loss rate exceeds 25%, or 50 freeze-
thaw cycles are reached.

/e XRD patterns were detected using the D/max-RB
XRD system (Japan Rigaku Corporation, Tokyo, Japan). /e

microstructures were detected using SEM (Hitachi S 4800
and SU-70; Hitachi, Ltd., Tokyo, Japan).

3. Results and Discussion

3.1.Mechanical Properties ofHPC. /e compressive strength
of HPC specimens is illustrated in Figure 3. For all of the
specimens, the compressive strength at 3 d ages reached
40MPa, indicating early strength characteristics. /e
compressive strength of S4–S8 reached 80MPa at 90 d ages.

Table 1: Physical properties of the portland cement.

Specific surface area (m2/kg)
Setting time (min) Flexural strength

(MPa)
Compressive strength

(MPa)
Initial setting time Final setting time 3 d 7 d 28 d 3 d 7 d 28 d

357 21 241 5.5 7 8.7 26.1 29.6 50.3

Table 2: Chemical compositions of cement, fly ash, CFBC ash, and CFBC slag (wt. %).

Sample SiO2 Al2O3 Fe2O3 CaO SO3 MgO K2O LOI (%)
Cement 20.84 4.14 3.35 65.88 2.80 1.89 0.60 —
Fly ash 47.50 30.37 3.97 5.83 0.93 0.48 0.69 3.43
CFBC ash 37.78 32.76 5.42 10.19 4.35 1.93 0.98 6.09
CFBC slag 40.29 32.11 3.77 10.27 3.89 1.43 1.05 6.52

Table 3: Main parameters of silica fume (wt. %).

SiO2 Cl− Water demand ratio Specific surface (m2/kg) Activity index Total alkalinity
95.00 0.012 113 23700 122 0.23

(a) (b)

(c)

Figure 1: SEM micrographs of (a) fly ash, (b) CFBC ash, and (c) CFBC slag.
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Figure 2: XRD patterns of fly ash, CFBC ash, and CFBC slag.
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Figure 3: Continued.
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For ordinary concrete (without adding fly ash, CFBC ash,
and CFBC slag), W/B is 0.3, silica fume content is 9%, and its
28 d ages compressive strength exceeds 70MPa [36]. When
the W/B is 0.3 and the silica fume content is 10%, the
compressive strength at 28 d ages exceeds 80MPa [37, 38].
Compared with ordinary concrete, the 28 d ages compressive
strength of concrete mixed with fly ash, CFBC ash and CFBC
slag is slightly lower. But the compressive strength of S1–S9
specimens at 28 d ages could reach 60MPa, which belongs to
high-strength concrete. As shown in Figure 3(a), with the
increase in the amount of fly ash, the compressive strength of
HPC decreased continuously. It can be seen from Figure 3(b)
that with the increase of the CFBC ash amount, the com-
pressive strength of HPC first increased and then decreased.
According to Figure 3(c), with the increase of the amount of
CFBC slag, the compressive strength of HPC decreased
continuously. From Figure 3, the effect of mineral admix-
tures on the compressive strength of concrete is more ob-
vious. /e D-value between the maximum and minimum of
the 3 d ages compressive strength of fly ash, CFBC ash, and
CFBC slag is greater than 10%. But in the later curing age,
the effect on strength is not obvious.

It can be seen from Figure 4(a) that when the admixture
amount was 10%, the compressive strength of HPC with
CFBC slag was higher than that of the other HPCs at 3 d and
90 d ages. Figure 4(b) shows that when the admixture
amount was 20%, the compressive strength of the HPC with
CFBC ash was higher than that of the other HPC at all ages.
According to Figure 4(c), when the amount was 30%, the
compressive strength of the HPC with CFBC ash was the
highest at the 3 d and 90 d ages. And when the amount was
30%, the compressive strength of the HPC with CFBC slag
was the highest at the 28 d ages. /ese indicate that the
medium-term strength developed slowly when the amount
of CFBC ash was 30%.

/e XRD patterns of HPCs with different mineral ad-
mixtures are shown in Figure 5. As can be seen from the
figure, the hydration products of HPC mainly included
hydrated calcium silicate gel, gypsum, calcium hydroxide,
and ettringite. Calcite appears in Figure 5 for two reasons: on
the one hand, it comes from the coarse aggregate. On the
other hand, it comes from the unreacted limestone residue in
the CFBC ash and CFBC slag; that is, the limestone that is
not completely thermally decomposed during the CFBC. It
can be seen that as the age increases, the XRD peak intensity
of Ca(OH)2 decreases, whereas the XRD peak intensity of
gypsum increases. /e main reaction of calcium hydroxide
was to produce a C-S-H gel and react with gypsum to form
ettringite, whereby C-S-H gel and ettringite are the main
materials to form the strength of the cementitious system
[39, 40]. In addition, the ground CFBC slag is conducive to
maximize the activities of various substances [41, 42]. As
shown in Figure 6, large amounts of gypsum and C-S-H gel
were found.

3.2. Frost Resistance of HPC. Figure 7 illustrates that as the
amount of admixture increases, the compressive strength
and mass loss rate of HPC first decreased and then in-
creased. When the amount was 20%, the strength and
mass loss rate of HPC were the minimum, and the frost
resistance was the highest. For the HPC with fly ash, fly
ash particles can evenly fill internal pores at the early age
to block water channels, and hydration products gen-
erated by the secondary hydration reaction in the later
age can improve the pore structure while filling pores,
thereby improving the frost resistance of HPC. However,
when the fly ash amount is too high, the proportion of
cement decreases, resulting in a large reduction in gel,
ettringite, and so on, and therefore, the internal pores
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Figure 3: Compressive strength of HPC with different mineral admixtures. (a) Fly ash; (b) CFBC ash; (c) CFBC slag.
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Figure 4: Compressive strength of HPC with different amounts of mineral admixtures. (a) 10%; (b) 20%; (c) 30%.

Table 4: Mixture proportions of HPC (kg/m3).

Mixture W/B Fine aggregate Coarse aggregate Fly ash CFBC ash CFBC slag Silica fume Cement Water-reducing admixture
S1 0.3 790 890 56 — — 50.4 453.6 6.16
S2 0.3 790 890 112 — — 50.4 397.6 6.72
S3 0.3 790 890 168 — — 50.4 341.6 7.84
S4 0.3 790 890 — 56 — 50.4 453.6 5.6
S5 0.3 790 890 — 112 — 50.4 397.6 7.28
S6 0.3 790 890 — 168 — 50.4 341.6 8.4
S7 0.3 790 890 — — 56 50.4 453.6 5.6
S8 0.3 790 890 — — 112 50.4 397.6 6.72
S9 0.3 790 890 — — 168 50.4 341.6 10.08
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Figure 5: XRD pattern of HPC with different mineral admixtures. (a) Fly ash; (b) CFBC ash; (c) CFBC slag.
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Figure 6: Continued.
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cannot be filled. /e amount of Ca(OH)2 produced is not
enough to support the secondary hydration reaction of fly
ash, resulting in a reduction in the strength and frost
resistance of HPC [43].

/e CFBC ash and CFBC slag all contain f-CaO and II-
CaSO4, which can react to form hydration products and

chemically react with other mineral components to form
C-S-H gel and ettringite. And this will cause the strength of
the concrete to increase rapidly and the expansion will
develop inward [35], thus greatly improving the compact-
ness of the HPC by blocking the interior water passages.
/erefore, the frost resistance of the HPC improved.

(c)

Figure 6: SEM of HPC with different mineral admixtures. (a) Fly ash; (b) CFBC ash; (c) CFBC slag.
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Figure 7: Compressive strength and mass loss rate of HPC with different mineral admixtures. (a) Fly ash; (b) CFBC ash; (c) CFBC slag.
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Figure 8: Compressive strength and mass loss rate of HPC different amounts of mineral admixtures. (a) 10%, (b) 20%, (c) 30%.
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Figure 9: HPC surface after 50 times freeze-thaw cycles. (a) Before; (b) after.
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Further, due to the relatively coarse and porous structure of
CFBC ash and CFBC slag and the large number of internal
pores, both played the role of air-entraining agents; thus, the
frost resistance of the HPC was improved. However, when
the CFBC ash and CFBC slag amount are too high, the
proportion of cement decreases. Moreover, the amount of
gel produced is reduced, the working performance of the
HPC declines, and the internal compactness is insufficient.
In the case of insufficient alkalinity in the later age, the
internal components are easy to decompose; as a result, the
pore structure changes and the frost resistance decreases.

Uysal et al. research shows that concrete mixed with fly
ash can effectively improve the frost resistance of concrete
[44, 45]. As shown in Figure 8, the strength and mass loss
rate of the HPC with fly ash were much higher than those of
the other HPCs. It can be seen that, for all additive amounts,
the HPC with CFBC ash had the best frost resistance
compared with the other HPCs. Compared with the CFBC
ash and CFBC slag, the early activity of fly ash was inade-
quate, and the expansion performances of CFBC ash and
CFBC slag were mainly concentrated at the early age. A large
number of expansion materials are formed, and they fill the
internal pores of HPC, improving the pore structure and
making the interior of HPC more compact and frost re-
sistant. /e physical appearances of HPC after 50 times
freeze-thaw cycles are shown in Figure 9. After 50 times the
freeze-thaw cycle, many pores appeared on the HPC surface,
and the previously existing pores became larger, which was
the main reason for the decrease in mass and strength.

4. Conclusions

(1) It is feasible to prepare high-performance concrete
using fly ash, CFBC ash, and CFBC slag as mineral
admixtures. /e high-performance concretes can be
prepared by mixing fly ash, CFBC ash, CFBC slag,
and 9% silica fume with the amount of 10%, 20%,
and 30%. /e compressive strength can reach more
than 60MPa at 28 d ages. After 50 times freeze-thaw
cycles, the mass loss and strength loss are low, no
more than 0.7% and 0.9%.

(2) /e varieties and amounts of mineral admixtures
have obvious effects on the early compressive
strength of high-performance concrete but have little
effect in the later period of curing. /e law of the fly
ash and CFBC slag’s amount on the HPCs’ com-
pressive strength is the same. While the amounts of
the fly ash and CFBC slag increase, the HPCs’
compressive strength decreases at each age. When
the content of fly ash and CFBC slag is 10%, the
compressive strength reaches the maximum at each
age. While the amount of CFBC ash increases, the
compressive strength of the HPC first increases and
then decreases at each age. When the amount is 20%
of CFBC ash, the compressive strength reaches the
maximum at each age.

(3) /ere are same laws for the frost resistance of HPCs
with fly ash, CFBC ash, and CFBC slag. When the

amount is 20%, the frost resistance is the best.
Among all three admixtures, HPC with CFBC ash
has the best frost resistance.
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performance concrete under elevated temperatures,” Con-
struction and Building Materials, vol. 44, pp. 317–328, 2013.

[21] D. Harbec, A. Zidol, A. Tagnit-Hamou, and F. Gitzhofer,
“Mechanical and durability properties of high performance
glass fume concrete and mortars,” Construction and Building
Materials, vol. 134, pp. 142–156, 2017.

[22] B. Rabehi, Y. Ghernouti, K. Boumchedda, A. Li, and A. Drir,
“Durability and thermal stability of ultra high-performance
fibre-reinforced concrete (UHPFRC) incorporating calcined
clay,” European Journal of Environmental and Civil Engi-
neering, vol. 21, no. 5, pp. 594–611, 2017.

[23] R. Siddique, “Utilization of silica fume in concrete: review of
hardened properties,” Resources, Conservation and Recycling,
vol. 55, no. 11, pp. 923–932, 2011.
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(is study investigated the properties of cement mortar with lime reinforced with plantain pseudostem fibres. Experimental
specimens with 0, 0.25, 0.5, 0.75, and 1% fibre contents by weight of sand and 10% lime content by weight of cement were prepared
and tested on 7, 14, 21, and 28 days of curing for density, tensile strength, compressive strength, SEM, and EDS.(e 0.25% plantain
pseudostem fibre reinforced mortar achieved 23.4% compressive strength improvement over unreinforced mortar specimens.
(ere was between 6.89 and 13.80% increase in tensile strength of the plantain pseudostem fibre reinforced mortar over the
unreinforced mortar specimens. A positive linear correlation was found between the compressive strength and tensile strength of
cement mortar reinforced with plantain pseudostem fibres and lime with coefficient of determinant (R2) values between 0.909 and
0.869. It was also observed that the plantain pseudostem fibre reinforced mortar specimen had some microcracks and voids from
the SEM analysis. Furthermore, EDS analysis showed the presence of calcium silicate hydrate with a Ca/Si ratio of between 1.02
and 2.49, and Al/Si ratio of between 0.76 and 0.81 as the main oxide. It therefore concluded that the incorporation of plantain
pseudostem fibre and lime positively influenced the properties of the cement mortar with the 0.25% fibre content being rec-
ommended for construction application.

1. Introduction

(e demand for alternative building materials that are af-
fordable, environmentally friendly, and abundantly available
is on the rise. Studies have responded to this demand with
research studies being carried out to investigate the suit-
ability of some plant residue for use in concrete and mortar
[1]. More attention should be paid to the application of
natural fibres as building materials for the purpose of
conserving energy [2]. (e application of natural fibre in
mortar and concrete as admixture can contribute to the
reduction of environmental challenges caused by waste
disposal [3]. Today, the advancement of cement-based
composites has seen innovations and techniques in designs
that are economically and environmentally responsive and
seek to utilize raw materials that are abundantly available.
(e use of plant residue by construction industry helps in
achieving sustainable intake of building materials [4]. (e
utilization of local building materials is one of the potential

ways of supporting sustainable development in emerging
economies [5, 6].

An important plant residue for utilization in construc-
tion materials is pseudostem which is usually obtained from
banana and plantain plants. Pseudostem is the trunk of
banana or plantain plant which forms tightly wrapped
overlapping sheaths. (e trunk (pseudostem) contains hard
fibrous overlapping layers which are spirally arranged to fold
around the centre pith [1]. (e pseudostem is made up of
bonded filaments with cellulosic forms, hemicelluloses, and
lignin [7]. (e pseudostem contains woody fibre-based
lignocellulose material that possesses good properties for
construction application.

Studies have shown that banana pseudostem fibres can
be used to reinforce the properties of cement composites.
Malarvizhi et al. [8] investigated the properties of concrete
slabs reinforced with banana fibres, which yielded a positive
effect with significant improvement in the compressive and
tensile strengths. Kumaat et al. [3] studied the characteristics
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of concrete reinforced with banana stem fibre, which ob-
tained improvement in flexural and tensile strengths of
concrete. Zhu et al. [2] studied the properties of reinforced
cement composites with banana fibres and found im-
provement in flexural and fracture toughness which are
adequate for use as buildingmaterial. Mostafa and Uddin [5]
investigated the properties of reinforced compressed earth
blocks with banana fibres and recorded improvement in the
flexural and compressive strengths of the blocks. Tirkey and
Ramesh [9] used banana fibres to reinforced concrete and
obtained increased compressive strength. Mukhopadhyay
and Bhattacharjee [10] investigated the influence of concrete
reinforced with banana fibres and achieved an improved
compressive strength and a low volume fraction of the
concrete.

From the aforementioned, it can be seen that within the
pseudostem plants, extensive research has been carried out
with the use of banana fibres. (ere has not been enough
research in the application of plantain pseudostem fibres
which have similar properties to the banana pseudostem
fibres in concrete and mortar. It is therefore important to
advance the discourse of pseudostem fibre application in
concrete and mortar by the introduction of plantain pseu-
dostem fibres in cement-base matrix. (is study, therefore,
investigates the properties of cement mortar reinforced with
plantain pseudostem fibres with addition of lime, to de-
termine the influence the fibres have on the cement mortar.
(e study contributes to knowledge in the application of
pseudostem plant fibres in sustainable construction mate-
rials. Plantain (Musa paradisiaca) is a common plant that
grows well in sub-Sahara African, Asia, and other parts of
the world. (e plantain pseudostem residue is abundantly
available, affordable, and possesses mechanical properties
which can contribute to sustainable construction materials
applicable in building construction.

2. Experimental Materials and Procedure

2.1. Experimental Materials. Sand, plantain pseudostem fi-
bres, cement, lime, jute sack, and water are the main ma-
terials used for preparing the mortar for making specimens
for the study. Pit sand that conforms to BS EN 12620 [11]
requirements was used for preparing the mortar. Plantain
pseudostem fibres were prepared from plantain pseudostem
residue at a farm in Kumasi, Ghana. (e residue was soaked
in water for 24 hours, and the fibres were mechanically
extracted, washed, and dried in the sun. Photographs of the
sample plantain pseudostem fibres and the scanning electron
microscope (SEM) image of a single fibre are shown in
Figure 1. A critical observation of the SEM image of the
single fibre shows continuous microstrip patterns with slight
indents on the surface of the fibre. (is feature of the fibre is
good to ensure a good bond between the fibre and the
matrix. (e average diameter of the fibres measured is
0.65± 0.26mm, specific weight is 0.35 g/cm3, and water
absorption of about 245%. (e fibres were cut to length of
aspect ratio of 100 (65mm). Type I Portland cement of grade
32.5R produced by Ghana Cement (GHACEM) in accor-
dance with BS-12 [12] was purchased in the market for

preparing the mortar. Locally available lime, calcium hy-
droxide (Ca(OH)2) with 95% CaO, was also purchased in the
market for preparing the mortar. Tap water was used for
preparing the mortar and curing of the specimens together
with jute sack.

2.2. Experimental Procedure

2.2.1. Preparation of Mortar and Specimens. Weight
batching was used for measuring the materials for preparing
the mortar. A mix ratio of 1 : 3 (cement: sand) was used. (e
quantity of lime used was 10% by weight of cement, as a
replacement of cement. Plantain pseudostem fibre quantities
used as reinforcement in the mortar are 0.25, 0.5, 0.75, and
1% weight of sand, as replacement of sand with 0% fibres as
control. Water-cement ratios of 0.6 and 0.7 were used for the
control and treatments, respectively. (e control mix used
less water-cement ratio (0.6) because it did not contain lime
and fibre. (e various mix designs and their corresponding
quantities of materials used for preparing the mortars are
shown in Table 1. Mechanical mixing was adopted for
preparing the mortar to ensure homogenous mix. For each
mix design, the materials were weighed and the plantain
pseudostem fibres were immersed in water overnight. (e
immersion of the fibres in water was to prevent the fibres
from quick absorption of water in the fresh mortar as it has
very high water absorption rate. One-third quantity of water
was first poured in the mixing drum and the quantity of
cement was added while the drum was rotating slowly. (e
quantity of lime was added, followed by the fibres and then
the quantity of sand added. (e remaining two-third of
water was added and the speed of the rotating drum in-
creased till a uniform mixture was obtained. (e mortars
were used to prepare specimens (cubes and cylinders), as
shown in Figure 2(a). 100×100×100mm cube specimens
and cylinder specimens of length 200mm and diameter
100mm were moulded in accordance with BS EN 12390-2
[13]. (e quantity specimens prepared was 190 (120 cubes
and 70 cylinders), as shown in Table 2. After the specimens
were set, they were demoulded and covered with wet jute
sacks for curing (Figure 2(b)). (e jute sack was kept damp
throughout the curing period.

2.2.2. Testing of Specimens. (e specimens were tested for
density, compressive strength, and tensile strength after
curing for 7, 14, 21, and 28 days. BS EN 12390-7 [14]
procedure was followed to determine the dry density of the
cube specimens after drying to obtain a uniformmass. (ree
replicates were selected, weighed, and the densities calcu-
lated for each variable and their averages used for plotting a
graph, and the densities lower and upper ranges were used as
the error bars on the graph. (e study used BS EN 12390-3
[15] as a guide in determining the compressive strength of
the cube specimens. (e specimens were centrally placed in
the Servo Hydraulic Universal TestingMachine and 0.05 kN/
mm2 load speed applied till the fracture of the specimens, as
shown in Figure 2(c). (e average of three replicate test
values was recorded and used for plotting a line graph using
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(a) (b)

Figure 1: Photograph of plantain pseudostem fibres and SEM image (300x) of a single fibre. (a) Cut fibre photograph. (b) Single fibre SEM
image.

Table 1: Mix design and quantities of materials.

Mix design % fibre Content
Materials content (kg)

Sand Fibre Cement Lime Water
M-0 0.00 48.900 — 16.30 — 8.15
M-0.25 0.25 48.737 0.163 14.67 1.63 9.78
M-0.5 0.50 48.574 0.326 14.67 1.63 9.78
M-0.75 0.75 48.411 0.489 14.67 1.63 9.78
M-1 1.00 48.248 0.652 14.67 1.63 9.78

(a) (b) (c)

Figure 2: Preparation and testing of specimens. (a) Moulding of specimen. (b) Curing of specimen. (c) Compressive strength test setup.

Table 2: Quantity of specimens prepared.

Mix design
Types of test

Total
Dry density Compressive strength Tensile strength SEM EDS

M-0 12 12 12 1 1 38
M-0.25 12 12 12 1 1 38
M-0.5 12 12 12 1 1 38
M-0.75 12 12 12 1 1 38
M-1 12 12 12 1 1 38

Total 60 60 60 5 5 190120 cubes 70 cylinders
SEM: scanning electron microscope; EDS: energy dispersive spectrometer.
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Microsoft Office Professional Plus Excel (V 16). Stress-strain
graph was also plotted out of the compressive stress and
strain values obtained. BS EN 12390-6 [16] procedure was
used to guide the tensile strength test conducted with cyl-
inder specimens. (e specimens were longitudinally placed
in ADR 1500/2000 Testing Machine and 0.05 kN/mm2 load
speed applied till the fracture of the specimens. (e average
of three replicates’ test values was recorded and used for
plotting a line graph usingMicrosoft Office Professional Plus
Excel.(e correlation between the compressive strength and
the tensile strength of the specimens was determined using
Microsoft Office Professional Plus Excel. One-Way ANOVA
tests were conducted to determine the significant differences
between the control and the experimental variables using All
Pairwise Multiple Comparison procedure. Microscopic and
oxides composition tests were also conducted with SEM and
energy dispersive spectrometer (EDS) analysis on the
specimens.

3. Results

3.1. Density. (e average dry densities of the 0% (control)
specimens (2167–2190kg/m3) were higher than the fibre re-
placement of sand by 0.25, 0.5, 0.75, and 1%, as shown in
Figure 3.(e 0.25 and 0.5% fibre replacement of sand recorded
slightly better average densities (2051–2063kg/m3) and
(2044–2066kg/m3), respectively. (e trend of the result is
consistent with the results found in some studies [2, 17, 18].
Danso et al. [19] ascribe the reduced densities in the fibre
reinforced specimens to low specific weight of fibres as
compare to thematrix.(erefore, as the fibre content increases,
the density of the specimen is likely to reduce. Irrespective of
the differences in densities, all the specimens recorded values
that were more than 2000kg/m3, which are acceptable density
values for cement mortar for structural works.

3.2. Compressive Strength. (e compressive strength of all
the mix designs increased by age from 7 days to 28 days of
curing, as shown in Figure 4. (is shows a normal strength
development of cement and lime due to hydration caused by
water mixed with the binders. (e fibre replacement of sand
by 0.25, 0.5, and 0.75% obtained better compressive strength
of 14.33, 13.89, and 12.85MPa, respectively, over the control
specimens of 11.61MPa on the 28-day curing, as shown in
Table 3. In quantitative terms, this translates into 23.4, 19.7,
and 10.7% improvement, respectively, for 0.25, 0.5, and
0.75% fibre reinforced cement mortar specimens over un-
reinforced mortar specimens. (e result clearly indicates
that the 0.25% plantain pseudostem fibre-reinforced lime
cement mortar obtained an optimum compressive strength.
(e result is consistent with the study by Ozerkan et al. [20]
which obtained similar result for mortar reinforced with
palm fibres, and another study [18] which investigated the
properties of mortar reinforced with hemp fibres. Çomak
et al. [18] attributed the increased compressive strength to
the fibres orientation and long length distribution in the
cement mortar which provides better performance speci-
mens with less microcracks. Conversely, there was reduction

of 8.2% compressive strength at 1% fibre inclusion in mortar
as compared to the control specimens. Pederneiras et al. [21]
associated the reduced compressive strength to the large
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Figure 4: Compressive strength of specimens.

Table 3: Descriptive and One-Way RM ANOVA of compressive
strength.
Specimen, mixture
(%) N Mean

(MPa)
Std
Dev SEM

0 3 11.610 0.356 0.206
0.25 3 14.327 0.258 0.149
0.5 3 13.893 0.260 0.150
0.75 3 12.850 0.100 0.057
1 3 10.660 0.200 0.115
Multiple comparisons versus control (Holm–Sidak method)

Comparison Diff of
means T p p< 0.050

0% vs. 0.25% 2.717 17.881 <0.001 Yes
0% vs. 0.5% 2.283 15.545 <0.001 Yes
0% vs. 0.75% 1.240 9.327 <0.001 Yes
0% vs. 1% 0.950 3.360 0.010 Yes
SEM: standard error of the mean; Std Dev: standard deviation.
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quantity of fibres in the mortar which produces voids and
creates nonuniform distribution of fibres in the mortar.
One-Way ANOVA test result shows a significant difference
between the mix designs at p< 0.001, as shown in Table 3.
Furthermore, the multiple comparison test results indicated
that there is significant difference between the control and
each of the fibre replacement content at p≤ 0.001. (is
means that the plantain pseudostem fibres (0.25 to 0.75%)
and lime significantly and positively influenced the com-
pressive strength of the cement mortar, while the plantain
pseudostem fibres at 1% and lime significantly and nega-
tively influenced the compressive strength of the cement
mortar.

3.3. Compressive Strength and Strain Relationship. A para-
bolic curve of compressive stress and strain was obtained
from the 28-day curing test of specimens, as shown in
Figure 5. (e highest stress was achieved from the 0.25%
fibre specimens, followed by 0.5, 0.75, and 0% fibre speci-
mens with the 1% fibre specimens recording the least stress.
(e result is in agreement with previous studies
[5, 17, 22, 23] which obtained similar results. Inversely, the
1% plantain pseudostem fibre specimens obtained the
highest strain, while the least was the control specimens.(is
implies that all the treatment group specimens performed
better in strain than the control specimens.(is is attributed
to the inclusion of plantain pseudostem fibres and lime in
the mortar which makes the specimens behave like an elastic
material and improves the toughness of the specimens.

3.4. Tensile Strength. (e tensile strength of the specimens
recorded a continuous increase from curing days 7 to 28, as
shown in Figure 6. (is is a normal trend of any cement-
based material due to hydration. (e highest tensile strength
(1.65MPa) on the 28-day of testing was achieved by the 1%
plantain pseudostem fibre specimens, followed by the 0.5%
(1.6MPa) and 0.25% (1.58MPa), with the control specimens
recording the least tensile strength (1.45MPa), as shown in
Table 4.(ere were 8.28, 10.35, 6.89, and 13.80% increases in
tensile strength, respectively, for 0.25, 0.5, 0.75, and 1%
plantain pseudostem fibre specimens over the control
specimens. (is result collaborates the findings in earlier
studies [20, 23]. To ascertain if the differences between the
tensile strength of the specimens were significant or not, an
ANOVA test performed obtained a p value of 0.841, sug-
gesting that there is no statistically significant difference
between the tensile strengths of the mix designs. It was
further observed from the tensile strength test that the split
fibre reinforced specimens were held together by the fibres
after failure as compared to the control specimens which
were completely separated apart. (is implies that the ad-
dition of fibres in mortar has the ability to bridge cracks that
are likely to develop in structures. Similar observations were
made in earlier studies [19, 24]. According to Danso et al.
[24] the addition of fibres in matrix prevents cracks prop-
agation as the fibres bridge across the cracks which also
contributes to strength improvement. Conversely, the un-
reinforced specimens separated into two parts after the

tensile strength test. (e unreinforced specimens were also
found to have lower tensile strength as was also in the case of
compressive strength as compared with the fibre reinforced
specimens, which can be attributed to inadequate elastic
behavior, low toughness, and lack of friction between the
constituent materials of the unreinforced specimens.
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Figure 6: Tensile strength of specimens.

Table 4: Descriptive and One-Way RM ANOVA of tensile
strength.
Specimen, mixture (%) N Mean Std Dev SEM
0 3 1.450 0.304 0.176
0.25 3 1.579 0.154 0.088
0.5 3 1.600 0.200 0.115
0.75 3 1.550 0.180 0.104
1 3 1.650 0.180 0.104
Source of variation DF SS F p

B/t subjects 2 0.0455

0.345 0.841B/t treatments 4 0.0684
Residual 8 0.397
Total 14 0.511
SEM: standard error of the mean; Std Dev: standard deviation.

Advances in Materials Science and Engineering 5



3.5. Relationship between Compressive Strength and Tensile
Strength. A positive linear correlation was obtained between
the compressive strength and tensile strength of cement
mortar reinforced with plantain pseudostem fibres and lime,
as shown in Figure 7. (e highest coefficient of determinant
(R2) was 0.956 for 0.25% plantain pseudostem fibre speci-
mens, implying a corresponding increase in both tensile and
compressive strengths of the specimens. (is was followed
by 0.909, 0.906, 0.874, and 0.869 R2 values, respectively, for
0.75, 0, 1, and 0.5% plantain pseudostem fibre specimens.
(is result collaborates the findings of previous studies [17]
on mortars reinforced with different natural fibres. (is
means the compressive strength is a good predictor of tensile
strength of plantain pseudostem fibres and lime in cement
mortar. (e factors given by the compressive and tensile
strengths of the specimens are 8.00, 9.07, 8.68, 8.29, and 6.46
for 0, 0.25, 0.5, 0.75, and 1%, respectively, for plantain
pseudostem fibre specimens. (ese factors are within the
factors obtained by an earlier study [19] which recorded the
factors between 6.6 and 14.9, while it was about double (2.46
to 3.58) of the factors obtained from another study [24] on
soil-based matrix reinforced with natural fibres.

3.6. Microstructural and Oxide Composition Examination.
Scanning electron microscope (SEM) analysis was con-
ducted to examine the microstructural properties of the
specimens. (e images obtained are shown in Figure 8. (e
control (unreinforced mortar) specimen image (Figure 8(a))
shows the cement mortar with virtually no observed cracks.
Conversely, the plantain pseudostem fibre reinforced lime
mortar specimen (Figure 8(b)) shows some microcracks and
voids. Development of voids in the cement matrix is not
unusual as the material has the propensity of absorbing
moisture. (e microcracks usually occur due to
manufacturing or handling deficiencies. (e cracks are such
that they cannot be seen by the naked eyes. (e plantain
pseudostem fibres are also clearly seen in the lime cement
mortar, as shown in Figure 8(b). Studies have observed that
the presence of random fibres in matrix generates bond,
increases toughness, and reduces shrinkage in composite
materials [25–27]. It is due to this that the incorporation of
the plantain pseudostem fibre in the mortar resulted in the

improved compressive and tensile strengths of the speci-
mens. However, studies have also identified that increased
quantity of fibres in the matrix causes the fibres to knock and
overlap each other leading to lost cohesion with the matrix,
and eventually weakening the composite material [19, 24].
(ese factors contributed to the declined strength of the
plantain pseudostem fibre specimens.

Energy dispersive spectrometer (EDS) analysis was also
conducted to examine the oxides composition in the
plantain pseudostem fibre-lime-cement mortar specimens,
as shown in Figure 9. (e EDS analysis was conducted on a
spot where there was a mix of the lime cement mortar
deposited on the plantain pseudostem fibre, as shown in
Figure 9(a), and another spot on the lime cement mortar
without the fibre, as illustrated in Figure 9(c). (ese spots
were selected because they provided the opportunity to
identify the chemical composition present in the combined
fibre-lime-cement mortar (FLCM) and lime-cement mortar
(LCM) for comparison.(e elements shown in the result are
oxygen (48.09% FLCM and 52.39% LCM), carbon (22.03%
FLCM and 21.92% LCM), calcium (8.54% FLCM and 9.84%
LCM), silicon (8.40% FLCM and 8.81% LCM), aluminium
(6.80% FLCM and 6.68% LCM), nitrogen (4.83% FLCM and
0.00% LCM), potassium (0.88% FLCM and 0.37% LCM),
and sodium (0.42% FLCM and 0.00% LCM) in weight
concentration, as shown in Figures 9(b) and 9(d). It can be
observed that the weight concentration of the elements such
as oxygen, calcium, silicon, and aluminium were higher in
the LCM than the FLCM. It can further be observed that the
LCM specimens contain no amount of nitrogen and sodium.

(e oxides identified in the FLCM and the LCM spec-
imens are carbon (C), calcium (Ca), silicon (Si), aluminium
(Al), nitrogen (N), potassium (K), and sodium (Na), re-
spectively, with their stoichiometric weight concentration of
(42.44% FLCM and 20.67% LCM), (16.45% and 46.03%
LCM), (16.19% and 18.50% LCM), (13.10% and 14.02%
LCM), (9.31% and 0.00% LCM), (1.70% and 0.78% LCM),
and (0.82% and 0.00% LCM). It can again be observed that
the LCM specimens contain no amount of nitrogen and
sodium. (e analysis indicates the presence of calcium sil-
icate hydrate with a Ca/Si ratio of 1.02 and 2.49, respectively,
for FLCM and LCM, which is within the maximum limit of
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2.50 for mortar samples made with Portland cement as
indicated by Kunther et al. [28]. (e Al/Si ratio of 0.81 and
0.76, respectively, for FCLM and CLM, and Ca/Si ratio of
1.02 and 2.49, respectively, for FCLM and CLM as obtained

in the specimen have impact on the mechanical properties of
the material [29, 30]. (e high presence of elements such as
C, Ca, Si, and Al and their compositions helps in improving
the bond characteristics of the mortar.
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Figure 9: EDS analysis on specimen. (a) Selected spot image on fibre. (b) Chemical composition of matrix expressed as percentage of the
elements and oxides for spot on fibre. (c) Selected spot image on mortar. (d) Chemical composition of matrix expressed as percentage of the
elements and oxides for spot on mortar.
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Figure 8: SEM images (300x) of unreinforced mortar and plantain pseudostem fibre reinforced mortar. (a) Image of unreinforced mortar.
(b) Image of fibre reinforced mortar.
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4. Summary and Conclusion

(e study investigated the properties of cement mortar
reinforced with plantain pseudostem fibres and lime. It was
revealed that

(1) Plantain pseudostem fibre-reinforced lime cement
mortar obtained dry density values more than
2000 kg/m3 which are acceptable for cement mortar
for structural works

(2) 0.25% plantain pseudostem fibre-reinforced lime
cement mortar recorded 23.4% compressive strength
improvement over unreinforced mortar specimens
with significant difference (p< 0.001)

(3) (ere was between 6.89 and 13.80% increase in
tensile strength of the plantain pseudostem fibre-
reinforced lime cementmortar over the unreinforced
cement mortar specimens with no significant dif-
ference (p � 0.841)

(4) (ere was a positive linear correlation between the
compressive strength and tensile strength of cement
mortar reinforced with plantain pseudostem fibres
and lime with coefficient of determinant (R2) values
between 0.909 and 0.869

(5) Plantain pseudostem fibre reinforced lime mortar
specimen showed some microcracks and voids from
the SEM analysis

(6) (e EDS analysis showed the presence of calcium
silicate hydrate with a Ca/Si ratio of between 1.02 and
2.49, and Al/Si ratio of between 0.76 and 0.81 as the
main oxide composition

(e study, therefore, concludes that the incorporation of
plantain pseudostem fibre and lime positively influenced the
properties (such as compressive and tensile strengths) of the
cement mortar with the 0.25% fibre content being recom-
mended for construction application.
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(e data used to support the findings of this study are
available from the corresponding author upon request.
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)is paper investigates the behavior of calcined powder made of natural magnesite and natural steatite.)emagnesite and steatite
are made into a powder of ratio 3 :1 by weight proportion, and the combination is thermally decomposed at a temperature of 1200°
Celsius. )e calcined powder along with and without Sodium Tripolyphosphate (STPP) salt is tested for its microscopic structural
development, consistency, initial setting time, final setting time, and heat of hydration.)e powder is made into paste with water/
powder ratio as 0.25 and the hardened samples are tested for its compressive strength, drying shrinkage, pH value, SEM analysis,
and XRD analysis. )e results show that adding phosphate salt increases the hydration process, setting time, and strength aspects.
)e test samples are found with hydration products such as magnesium hydroxide and struvite.)us, the present work shows that
natural metamorphic magnesite and natural metamorphic steatite can be the potential alternative resource for the production of
magnesium-based binder.

1. Introduction

)ere is an increasing concern over environmental impact
of existing binders, such as ordinary portland cement.
)ere are a lot of studies made to find the effective al-
ternative binders. Alternative binders are a type of
manmade mineral material which can react with water
and/or CO2 and get hardened and can be later used to
concrete or mortar as binder. )e magnesium-based
binders are considered to be the carbon negative as the
water usage is reduced in comparison to Portland cement
and the energy spent on preparing the magnesium-based
cement will be lesser than calcium-based cement. )is is
due to lesser calcination temperature of magnesium-based
cement with 650°C to 1200°C [1], when compared to
calcium-based cement which has reacting temperature
above 1300°C [2]. )e magnesium from reject desalination
brine is studied and found that it can react with CO2 in
atmosphere at 25°C to 65°C which is a breakthrough in
carbon capture and utilization [3]. With this observation,

it is understood that even with little higher emission of
carbon dioxide during calcination, this reactive magne-
sium can capture the CO2 in atmosphere, ensuring eco-
friendliness. )e raw materials are varied in production of
cement to reduce the stress on single raw material which
can cause stress to the resource and resource depletion.
Magnesium-based minerals are good alternative to cal-
cium-based minerals which influence the strength de-
velopment, microstructure, and pH of binders [4, 5]. )e
magnesium oxychloride cement has higher strength due
to the formation of magnesium hydroxide [6], and the
mechanical behavior of magnesium oxysulfate cement is
based on the relative contribution of porosity, pore size,
and higher interparticle bonds [7]. )e magnesium
phosphate cement (MPC) has rapid setting, light weight
properties, and also higher strength gain, and the MPC
has a potential future of replacing the conventional ce-
ment [8]. )e early studies show that the calcined mag-
nesite has hydration reaction and this calcined magnesite
can even replace 50% of ordinary portland cement [9]. )e
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formation of the hydrate phase in the MgO-based cement
is attributed to the hydromagnesite which also influences
the formation of brucite [10]. Cement manufacturing is
one of the major sources of greenhouse gas emissions.
Global warming is one of the concerning problems, where
finding a solution is imminent [11]. Steatite also known as
soapstone is a schist which is rich in magnesium [12]. It is
used in applications such as ceramics manufacturing [13]
and preparation of panels for switchboards [14]. Limited
works are only found on its application in cement
industry.

Lot of research works were carried out previously to
replace cement in concrete production by industry waste
materials such as fly ash and rice husk ash. However, re-
searchers were unable to find a way to completely replace
cement in conventional concrete [15].

Magnesium has the property of reducing pH of mixture
in which it is mixed [5]. It is also observed that addition of
magnesium leads to early strength gain in concrete [16], and
this could lead to utilizing steatite in concrete which will
protect from adverse climatic conditions.

Steatite in its raw form is unable to deliver sufficient
strength, so processing of raw material is obligatory. Fur-
thermore, it is fine grinded for better results. A new kind of
binder material, i.e., Magnesium Silicate Hydrate (MSH) gel
is found when cement is partially replaced by steatite [17].
MSH gel is found to bemuch denser than CSH gel. However,
synergy is not observed when steatite was used along with
cement. One of the reasons could be its incompatibility in
shapes, i.e., globules shape of MSH gel and sheet structure of
CSH gel [4]. Researchers found that replacement up to 15%
to the weight of cement in concrete was beneficial in strength
gain [14].

In the previous works, researchers tried to use steatite as
a raw feed for alkali-activated type binder [18]. As the
process of alkali activation is a bit costly compared to
conventional cement concrete, this research tries to find an
economical as well as sustainable alternative.

Very limited works are carried out to assess the
performance of calcined magnesite and steatite as
binding material in the construction sector. )is work
proposes a novel binding substance, magnesium car-
bonate- and magnesium silicate-based calcined material
with and without sodium tripolyphosphate (STPP) salt,
which could replace the conventional mechanism in
concrete. Furthermore, present work tries to achieve
serviceable strength of binder by using magnesite- and
steatite-based binder.

2. Materials and Testing Procedures

2.1. Materials Used in �is Study. Naturally available
metamorphic magnesium carbonate (magnesite) and
naturally available metamorphic magnesium silicate are
obtained and grinded to powder in ultrafine grinding ball
mills. )e properties of magnesite and steatite are given in
Table 1. )e ratio of magnesite to steatite is maintained as
3 : 1 by weight of powder. )e mixed powder of magnesite

and steatite is placed in crucible and kept in muffle
furnace for a temperature of 1200°Celcius for a period of
3 hours. )e temperature is fixed as the calcination
process in magnesite starts above 850°C, and at 1500°C, it
becomes dead burnt and agglomerated [19]; hence, the
temperature is fixed at 1200°C. )en, the powder is again
grinded using ultradine ball mill. )is sample is named as
MB. A part of MB is then added with 5% of sodium
tripolyphosphate and this sample is named as MPB. )e
properties of calcined magnesite and steatite (MB) are
given in Table 2. )e samples used for strength and pH
measurement have hardened for 28 days in ambient
condition.

2.2. Sample Preparation and Testing Methodology. )e
consistency of powder and its Initial Setting Time (IST)
and Final Setting Time (FST) are tested with Vicat’s
apparatus confirming to IS:4031-1988. )e MB and MPB
are made into paste with water. )e water consistency is
measured through Vicat’s apparatus with a plunger where
the trial pastes with water from 10% to 20% are prepared
with different water percentages, and the sample which
has Vicat’s reading of 5 mm to 7mm is taken as an ap-
propriate sample through which the water requirement
for the respective binder is identified. For preparation of
hardened paste, the ratio of water to powder is taken as
0.25 and casted as cylinders with dimension of 10 mm
diameter and 20mm height. )e samples are ambient
cured in normal atmospheric temperature until testing
days. )e compressive strength is measured using Shi-
madzu compressive testing machine with the maximum
capacity of 2000 kN. )e shrinkage is measured using
digital Vernier caliper on the standard samples, and the
samples are unchanged and kept undisturbed for the
testing period. )e pH is measured by crushing the
sample to powder and mixing it with 10 parts of neutral
water for a period of 24 hours in flocculation set up, then
the water is filtered, and pH is measured with pH meter.
)e heat of hydration is measured with digital thermal
sensors with accuracy of −50° Celsius to +50° Celsius, and
the sensor is immersed in the paste immediately after its
preparation in the mold. )e digital probe microscope
scope is used to capture image of the paste in fresh state
up to 500x magnification and the scanning electron
microscope is used to capture and analyze the hardened
samples up to 5000x magnification. )e XRD analysis is
carried out with a Siemens D-5000 X-ray diffractometer
with Cu K-beta radiation and 2 scanning with a step size
of 0.02° and a measuring time of 10.00 Deg/minute. A
voltage of 40 kV and current of 15 mA are used. Samples
are collected from the cubes after 28 days of water curing
and powdered in ball mills to pass through the sieve size
of 90 μ.

3. Results and Discussion

)e MB and MPB samples are tested for its various be-
havior and performances through standard procedures.
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To perform as a binder study on consistency, setting time
and compressive strength are the important parameters.
Table 3 shows the results of water consistency, setting
time, and compressive strength of the samples. )e re-
sults show that the requirement of water to initiate the
paste phase of the MB powder is 15% and MPB powder is
16% by weight of powder. It is observed that the re-
quirement of water is reduced by 40% to 50% compared
to Ordinary Portland Cement. It is clear that the water
usage can be reduced in this type of binding materials.
)e magnesium-based calcined powder with soluble
phosphates increases the water resistance due to its lower
concentration of Mg2+ ions possible [20]. )e STPP has
also brought early hydration and this tends to increase the
water requirement by 1% than the MB sample. Even
though the particle size is smaller in both powders, it does
not affect the water consistency. Consequently, it reduces
the burden of water usage compared to Ordinary Port-
land Cement. )e results on setting time show that the
MB sample sets faster than the MPB sample. )e IST and
FST of MB are 28% and 25%, respectively, which are
comparatively lesser than MPB samples. It can be un-
derstood that setting process of MB is faster when
compared to MPB. )e setting time is faster in the MB
sample due to insufficient H+ ions and this is altered in
the MPB samples due to presence of soluble phosphates
[21]. Table 3 and Figure 1 show the result on compressive
strength of MB and MPB samples. )e compressive
strength results show that MPB performs well than the
MB samples. )e MPB has 50%, 38%, 39%, and 42%
higher strength gain on 3 days, 7 days, 14 days, and
28 days, respectively, in comparison with MB samples.
)e strength gain is attributed to the presence of phos-
phate in the MPB samples due to condensed micro-
structure in the MPB samples [22]. )e drying shrinkage
represented in Figure 2 shows that on initial days there
are no shrinkage and as the days increase the shrinkage
also increases for both MB and MPB samples. )e MPB
has 2.3%, 9.9%, 5.8%, 6.1%, 5.4%, and 3.9% lesser

shrinkage on 7 days, 14 days, 28 days, 42 days, 56 days,
and 70 days, respectively, in comparison to MB samples.
)e shrinkage is lesser in comparison to the conventional
OPC samples and behaves similar to that of earlier studies
[23]. )e strength development is due to the formation of
magnesium hydroxide in MPB samples [24]. )e pH
value shown in Table 3 represents the hydrogen con-
centration, and this shows that the MB has a pH of 12.80
and MPB has 13.80, which is more alkaline than the
standard OPC binder-based paste with a pH value be-
tween 11 and 13.

)e heat of hydration curve represented in Figure 3
shows that MPB starts with higher heat in comparison with
MB and then slowly decreases and gets normalized within 1-
hour duration. )ere still has heat development even in
3 days, but it is observed that heat normalizes and the heat
generation is constant even after 72 hours. )is shows that
there is sudden heat generation due to the setting of paste of
MB and MPB samples due to the presence of reactive
magnesia which also reflects in the setting time [25], and the
heat produced is constant from day 0 to even after day 3,
which is notable.

Figure 4 shows the microscopic image of MB and MPB
on 0 hours to 48 hours. From the microscopic image, it can
be identified that MB, from 0 hour to 1 hour, has much
structural change, and after which no much change is ob-
served. However, when compared to the 12 hours image
both 24-hour and 48-hour images have a little broadened
crack, apart from this no notable changes are observed. In
MPB images, from 0-hour to 1-hour image, the structural
difference is not as large as MB.

Figure 5 shows the scanning electron microscopic
images, from which it can be seen that MPB samples have
more amorphous products in comparison to MB sample,
and the MPB sample is closely packed and there are very
less microstructural pores. )e MB sample shows the
hydration product Mg(OH)2 in a needle-/floral-shaped
structure. )e calcination process induces reactive
magnesium oxides. When the same reacts with water, the
magnesium hydroxide products are formed. In addition,
a small amount of Mg(OH)2 is inhibited through stabi-
lization of 5Mg(OH)2 MgCl2 8H2O (HP) [26]. )e MPB
sample witnesses the presence of struvite in the irregular
shape structure [27]. )ese struvite crystals are the im-
portant hydration products in magnesium phosphate
cement [28] and the same is achieved here, which con-
tributes to the strength of MPB samples [27, 28]. )e HP
is formed in very small intensity as observed in Figure 6,
and this is due to the presence of chloride impurities in
magnesite and steatite before calcination. Furthermore,
the MPB sample has traces of struvite crystal (SC) [29].
Both HP and SC in MB and MPB samples act as hydration
products which influence the hydration, setting time, and
strength of the powder matrix.

Figure 6 shows the XRD analysis of MB and MPB. )e
MB samples show the presence of HP which is already
confirmed through Figure 5. )e presence of quartz is
also identified due to the reaction of silicate in steatite.
Next, the presence of Mg (OH)2 is evident in both MB and

Table 1: Magnesite and steatite properties.

Magnesite Steatite
Physical properties
Specific gravity 3.2 2.7
Loss of ignition (%) 45.99 3.33
Chemical properties
SiO2 (%) 8.97 62.67
Al2O3 (%) 0.30 0.24
MgO (%) 43.54 33.26
Fe2O3 (%) 0.64 0.30
CaO (%) 0.56 0.20

Table 2: Properties of calcined powder (magnesite and steatite).

Properties Values
Blaine surface area (m2/kg) 600
Particle mean dia (µm) <15
Specific gravity 3.3
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MPB samples. )e hydration is linked to HP in MB
sample and struvite in the MPB sample. Both have
considerable intensity of brucite, and it is observed that
there is stable HP available which resists to form into Mg
(OH)2. Furthermore, it suggests the improved stability of
HP against water requirement. )e softening strength
results in comparison to MPB samples are attributed to
above discussed process [26]. )e incorporation of STPP
has brought increase in compressive strength and de-
crease in pore volumes as observed in the SEM images.

)e MPB specimens show dense microstructure and
struvite crystals fill the pores. )ese morphologies are due
to the influence of STPP [30]. )e struvite in presence of
water is in more stable phase as studied in the earlier
studies [31]. And also this availability of struvite has
influence on compressive strength due to dissolutions
[25]. )us, the calcined magnesite and steatite have the
properties which are similar to that of binders and few
properties are similar to that of Ordinary Portland
cement.
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Table 3: Test results on consistency, setting time, and strength development.

Sample ID Water consistency in percentage
Setting time in

minutes Compressive strength in MPa
pH value

Initial Final 3 days 7 days 14 days 28 days
MB 15.00 25.00 300.00 10.00 13.00 14.00 14.20 12.80
MPB 16.00 35.00 400.00 15.00 18.00 19.50 20.20 13.80

4 Advances in Materials Science and Engineering



50

55

60

65

0 50 480 1080 1680 2280 2880 3480 4080
H

ea
t i

n 
×1

03 
jo

ul
es

Time in minutes

MPB
MB

Figure 3: Heat measurement.

(a) (b) (c) (d) (e)

(f ) (g) (h) (i) (j)

Figure 4: Microscopic images of MB and MPB. (a) MB: 0 hour. (b) MB: 1 hour. (c) MB: 12 hours. (d) MB:24 hours. (e) MB: 48 hours. (f )
MPB: 0 hour. (g) MPB: 1 hour. (h) MPB: 12 hours. (i) MPB: 24 hours. (j) MPB: 48 hours.

Mg(OH)2

(a)

Struvite

(b)
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4. Conclusion

)e results of this study show that, unlike the mixture
without phosphate, the mixture with the addition of
phosphate represents the combination of 2 magnesium-
based cements, MSH and phosphate ones. )e water re-
quirement is decreased due to the lower concentration of
magnesium ions in the calcined powder; consequently, it
reduces the water requirement than Ordinary Portland
cement. )e setting and consistency are attributed to in-
sufficient hydrogen ions in the MB sample which is rectified
through addition of phosphates, and this process leads to
better results in MPB samples. )e addition of phosphate
also increases the agglomeration of microstructure which
attributes to the strength increment, and the strength is
influenced through magnesium hydroxide which is evident

in XRD analysis. )e calcination process has induced re-
active magnesia which influences the heat of hydration and
strength attainment over a period.)e presence of Mg(OH)2
and struvite influences the hydration and strength attain-
ment. )us, the study confirms that the calcined magnesite
and steatite can be developed into a binder, and to improve
the performance, the same phosphate has to be added which
will give higher hydration and strength gain.

Data Availability

)e data supporting this work are available in this article
itself in Tables and Figures. Further clarification on the data
will be available from the corresponding author upon
request.
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Chloride-induced corrosion is one of the main causes of concrete deterioration and imposes a challenge to sustainability.
Traditional techniques to repair corroded structures consisted of basically removing the damaged area, which was either
economical or sustainable. %erefore, electrochemical chloride extraction (ECE) gained popularity for being an efficient non-
destructive treatment applied temporarily to structures. On this line, this manuscript aims to raise the efficiency of ECE by an
optimal decision of the treatment setup concerning the electrolyte choice. %ree different electrolytes were tested, namely, tap
water, calcium hydroxide, and lithium borate. Experimental results pointed to lithium borate as the most efficient electrolyte for
extracting chlorides while calcium hydroxide was a better choice to repassivate the structure and even heal cracks, due to a possible
electrodeposition of the electrolyte ions on the cement matrix. %us, depending on the main goal of the treatment, different
electrolytes achieve a better performance, which highlights the importance of pretreatment evaluation to see in which stage of
corrosion damage is the structure.

1. Introduction

Corrosion of reinforcing steel due to exposure to chloride
leads to degradation of reinforced concrete structures.
Dating from the early 60’s, electrochemical treatments raised
as plausible options being nondestructive methods to pre-
vent or/and recover corrosion of steel in concrete, by
extracting aggressive agents such as chlorides or restoring
alkalinity of concrete. Electrochemical chloride extraction
(ECE) is one example, which is based on the mechanism of a
direct current that flows through an anode fixed to the
concrete surface, an alkaline electrolyte, and the reinforcing
steel acting as the cathode, aiming the removal of chloride
ions [1–4]. Figure 1 shows a schematic representation of the
mechanisms and chemical reactions involved on ECE. %e
degree of chloride extraction is frequently measured by
grinding the concrete cover, and it is mostly known to vary
from 30 to 60% of removed chlorides depending on

innumerous variables [5–18]. %e setup to perform ECE has
many particularities that can significantly affect its efficiency
[7, 15–17]. %ree major variables play an important role
during the chloride removal process: the direct current, the
electrolyte solution, and the external anode; therefore, the
choice over them is of great importance and guidelines
suggest some options, different from each other [19–21].

%e chloride extraction rate is mostly measured con-
sidering the total concentration of ions in the bulk concrete,
rather than chloride profiles at different depths of the cover
concrete, although profiles may provide more direct and
clear information on modified concentrations under electric
charge, considering the penetration depths [20, 22–25].
Various externalities can easily influence the treatment, such
as the environmental temperature during treatment [26], a
high concrete resistance on site which decreases the effi-
ciency of current passed, insufficient coverage of the anode,
and arrangement of stirrups and steel rebars [19, 27, 28]. Due
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to that, different removal rates may occur at the same
structural component, and results based only on the chloride
extraction rate of the bulk concrete can be inconclusive.

Moreover, a change in the chloride mobility after ECE
has been rarely taken into account. Chlorides are usually
present in the cement matrix in the form of free and bound
ones. Bound chlorides are divided into physically and
chemically bound; the chemically bound is related to the
reaction between chloride ions and C4AF or C3A, forming
Friedel’s salt, while physical binding is related to the ad-
sorption of chloride ions to the C-S-H hydration products.
For a certain time, it has been taken as a statement that only
free chlorides impose the mobility in concrete, which would
be the only type possibly removed by electric charge.
However, the removal of bound chlorides in concrete under
electric charge is being proposed by few authors up to date
[15]. According to Sun [29], the majority of the physically
bound chlorides can be easily extracted from C-S-H gel, by
physical adsorption. An increased temperature can already
accelerate the thermal vibration of absorbents releasing
more free chlorides. In addition, some of chlorides adsorbed
on the surface of hydrations are physically trapped in the
unstable state and thus may be often mobilized by a strong
driving such as the electromigration forces in ECE [30].
Chemically bound chlorides could achieve the mobility in
concrete as well by acidification of the pore solution [31] and
other modified environments of concrete.

On which concerns the setup of ECE, up to date,
standards are still being elaborated around the world. For
example, concerning electrolytes, SHRP-S-347 [32], the
most common American guideline, indicates the usage of a
borate-buffered electrolyte to avoid alkali silica reaction
(ASR) during the process, while the European Standard [33]
does not specify any solution, just mention that it should be
alkaline, and the Norcure [34] patent suggests fresh water.
%erefore, considering the lack of unified standards or
guidelines pointing out the most efficient setup for ECE, in
the present study, the chloride profile and chloride types for
untreated and treated specimens were taken considering
three different electrolytes, namely, tap water, calcium

hydroxide, and lithium borate. Sodium chloride was added
to the mixing water (3% Cl− by mass of cement) to promote
the corrosion onset from the beginning before applying the
repair treatment. ECE was then applied at 2 A/m2 for 4
weeks. %e pH of electrolyte solution and voltage of the
circuit were constantly monitored. %e corrosion state was
checked in terms of electrical potential, corrosion rate, and
mass loss. %e chloride profile was taken immediately after
the completion of the treatment, differentiating acid soluble
and water soluble chlorides to reflect the influence of
chloride mobility under electrochemical treatment. Sub-
stantially, the change of chloride profiles after the treatment
was interpreted paired with corrosion rate and corrosion
potential measurements during treatment.

2. Experimental Program

%e specimen preparation to investigate the chloride re-
moval consists of casting the specimens, curing, and ap-
plying a DC. To reduce the possible influence of coarse
aggregate on chloride distribution, mortar was used instead
of concrete. %e mixture proportions used in manufacturing
the specimens for Ordinary Portland Cement : water : sand
(Grade M) was 1.00 : 0.45 : 2.15. Table 1 shows the oxide
composition of the binder. Sodium chloride was added to
the mixing water (3% Cl− by mass of cement) to promote the
corrosion onset from the beginning before applying the
repair treatment. Specimens were cast in a 150mm cubic
mold with a centrally located 10mm diameter mild plain
steel bar, containing 3 replications each to guarantee ac-
curacy of results. %e ends of the steel bars were masked off
using a cementitious coating and then covered with heat-
shrink insulation to avoid corrosion under the masking ma-
terial. %e specimens were then cured for 28 days at 21±2°C.
After curing, the corrosion state of the rebar was evaluated
by electrochemical techniques before treatment. Both the
corrosion potential (Ecorr) and polarization resistance (Rp)
were periodically obtained. %e Rp was obtained by linear
scan sweep from −20mV to +20mV versus Ecorr at 10mV/
min. Applying the equation of Stern and Geary [35, 36],
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Figure 1: Mechanism of main electrochemical treatments and chemical reactions involved in the processes [6].
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the corrosion current density (icorr) was obtained. Mean
values are given for each sample.

%e chloride extraction treatment was performed using an
impressed current density of 2A/m2 of mortar surface for 4
weeks. %ree types of electrolyte, namely, saturated Ca(OH)2,
tap water, and lithium borate at 0.1 molar concentration were
used. Mortars were treated after approximately only 28 days of
curing, which is standard formost experiments, as an alternative
to optimize the experimental schedule, considering that the
main focus of the manuscript is given to the influence of
electrolytes less than that to themicrostructural changes. During
the application of the electric charge, the specimens were im-
mersed in an acrylic box filledwith the different electrolytes, one
at each time. A 15×15 cm2 titaniummesh plate with a thickness
of 2mm was used as the external electrode (anode) and placed
inside the acrylic box as well close to the concrete surface in all
directions. A direct electric potential was applied from the
regulator between the reinforcement bars and the external
electrode. Voltage was accordingly increased up to 20±1V in
the beginning of the treatment to maintain the current density
for 4 weeks. %e total charge passed substantially accounted for
1344Ah/m2. Figure 2 shows the experimental setup for applying
the electrochemical chloride extraction to one specimen. %e
pH of the electrolyte solution and voltage of the circuit were
constantly monitored to guarantee safety and efficiency of
treatment as in Figure 3. After treatment was completed,
specimens were removed from the acrylic box and kept in
constant relatively humidity and temperature. To perform the
corrosion measurements, the response of the rebars was peri-
odically measured after 10 days (depolarization time) to eval-
uate the effectiveness of the treatment and the ability of
repassivation of rebars according to different electrolytes.

To measure the chloride ion concentration, mortar
powder was drilled from the specimens at the core obtaining
dust samples. Specimens were ground by a diamond-grit
plate from the surface in the direction of steel rebar at
1.0mm first, next 5.0mm, and then at consecutives incre-
ments of 5.0mm up to 2mm of the cover depth. Samples
were diluted in solvents to extract chloride ions.%e chloride
concentration in solution was obtained before and after
treatment, determining the concentration of free, bound,
and total chlorides at every depth. To avoid biased results on
chloride concentration, dust samples were obtained at all 3
replications and their average value was taken. %e chloride
concentration was then determined for both water soluble
and acid soluble chlorides. In fact, the water soluble chloride
measured by the following method was regarded as free,
whilst acid soluble as total. Simultaneously, the concen-
tration of bound chlorides was determined by subtracting
free from total values. On what concerns themeasurement of
water soluble chlorides, dust samples were diluted in 50°C
distilled water and stirred for 3 minutes. After 30 minutes,

the suspension was filtered using a paper filter. %en, the
concentration of chloride ions was measured by the po-
tentiometric titration against silver nitrate, and the values
obtained are referred as free chlorides. Simultaneously, the
sample was also used to determine the concentration of acid
soluble chlorides by using on this turn distilled water and
nitric acid. %e obtained suspension was boiled for 1-2
minutes and filtered by the same paper filter, followed by
cooling down to the ambient temperature and the titration
against silver nitrate to determine the acid soluble chloride
concentration, which are referred as total chlorides. Un-
treated specimens were used to measure the chloride profile
immediately after curing, therefore making results for
pretreatment.

3. Results

3.1. Chloride Removal Rates. Figures 4–6 illustrate the
chloride concentration profiles before and after ECE process
for the three different electrolytes which were determined in
terms of total, free, and bound. As all specimens were mixed
in same conditions, the initial levels of chlorides before
treatment are similar for all cases and for free chlorides
always above the chloride threshold at all levels, implying a
high risk of corrosion. %e concentration of chlorides at
shallower depths is higher as it is expected, considering that
the concentration near the core of the specimen hydration of
cement is expected to be at a higher degree. From a first look
at the figures, it is evident that the treatment was effective in
extracting chloride ions for all cases at different extents.
However, in all cases considering the total chlorides, the
concentration at shallow depths (i.e. <5.0mm) was less
reduced as it is expected and may be attributed to a delayed
dissolution of chlorides into the electrolytic solution after
being transported to the surface of concrete during treat-
ment. Due to the imbalance in ionic media between concrete
substrate and liquid electrolyte, chloride ions could be in-
termittently present in the nearer surface. Moreover, the
greater chloride content near the surface may be also at-
tributed to the accumulation of chloride ions under the effect
of migration, because chloride profiling was performed in
the dry condition of concrete.

Figure 4 represents the results for tap water as an
electrolyte, highlighting that three replications were used
and the mean values are presented. Figure 4(a) shows that
total chlorides before treatment ranged from 2.10–4.19% (by
weight of cement) decreasing with the increase in depth.
After treatment, the total chloride concentration was re-
duced to 1.35–3.20% at all depths, resulting on a percentage
removal efficiency of 23.6–42.2% depending on the cover
depth. Figure 4(b) represents the profiles for free chlorides
before and after treatment. %e concentration of free

Table 1: Oxide composition of ordinary Portland cement used for the experimental work.

Oxide composition (%)
Binder CaO SiO2 Al2O3 FeO MgO SO3 Ignition loss (%) Fineness (cm2/g)
OPC 60.0 23.0 5.0 2.0 1.0 2.0 2.1 3120
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chlorides before treatment ranged from 0.75–1.89% by
weight of cement, increasing for shallower depths. After
treatment, the free chloride concentration was decreased at
all depths accounting for 0.32–1.13% by weight of cement. It
means that the treatment was efficient in this point as ex-
pected to remove free chlorides at levels lower than the
chloride threshold to initiate corrosion. Figure 4(c) presents
the results obtained for bound chlorides. %e quantity of
bound chlorides ranged from 1.35 to 2.30% by weight of
cement in untreated specimens, while after treatment, a
considerable reduction is perceived and the range of bound
chlorides was limited distributed to about 0.96–1.87%. It
implies that bound chlorides were partially removed under
electric field, and for that, they must have achieved some
mobility. Moreover, for depths greater than 5.0mm, the
residual bound chlorides converged to a continuous range of
1.37–1.87%.

In turn, Figure 5 represents results calcium hydroxide as
the electrolyte. Figure 5(a) shows that total chlorides before
treatment ranged from 1.97–4.10% (by weight of cement)
decreasing with the increase in depth. After treatment, the
total chloride concentration was reduced from 1.20 to 3.00%
at all depths, resulting on greater removal efficiency than it
was found for tap water as the electrolyte. Figure 5(b)
represents profiles for free chlorides before and after
treatment. %e concentration of free chlorides before
treatment ranged from 0.72 to 1.77% by weight of cement,
increasing for shallower depths, being above the chloride
threshold at all levels as it was previously mentioned. After
treatment, the free chloride concentration was decreased at
all depths accounting for 0.23–0.97% by weight of cement,
being more efficient than water in this case as well, removing
free chlorides at levels lower than the chloride threshold to
initiate corrosion. Figure 5(c) represents the results obtained
for bound chlorides.%e quantity of bound chlorides ranged
from 1.26 to 2.33% by weight of cement in untreated
specimens, while after treatment as it was seen for water, a
considerable reduction is perceived and the range of bound
chlorides was limited to about 0.83–1.78%. Moreover, at
increasing depths, the concentration of bound chlorides also
converged to a specific range between 1.38 and 1.78%.

Figure 6 represents the results obtained using lithium
borate as electrolyte. Figure 6(a) shows that the concen-
tration of total chlorides in the specimens initially ranged
from 2.05–3.88% (by weight of cement) at all depths. After
treatment, these values were reduced to 0.88–2.86%
depending on the cover depth. In particular, for this elec-
trolyte, the sharpest reduction on total chloride level was
obtained around 5.0mm of the depth, where the residual
chloride concentration accounted for only 1.15%, whilst
untreated specimen contained 2.95%. For depths exceeding
5.0mm, the total chloride content was reduced into a similar
range of values being around 0.88–1.00%, being the most
efficient removal among the three electrolytes. Figure 6(b)
presents the profiles for free chlorides before and after
treatment. %e concentration of free chlorides was found to
be in the range of 0.86–1.95% by weight of cement imme-
diately after mixing, increasing for the shallower depths,
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Figure 2: Schematic representation of the experimental setup for ECE using different electrolytes in aerial perspective. Each electrolytic tank
contained 3 replications of each sample for better confidence of results.
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above the chloride threshold. After treatment, the free
chlorides concentration was sharply decreased almost to an
insignificant level for all depths exceeding 5.0mm, ac-
counting for less than 0.21% by weight of cement and less
than 0.06% for depths exceeding 10.0mm. It means that
treatment was the most efficient in this case and mostly free
chlorides were in turn removed from concrete. At the
surface of concrete (<5.0mm), the concentration of free
chloride was higher than that before treatment, ranging from
1.26 to 1.93%, which is mainly due to the delayed dissolution
of chloride ions in the electrolytic solution in the tank.
However, the free chlorides at the nearer surface concrete
could be easily removed by subsequently washing when the
anodic system is removed, therefore imposing no risk of
further corrosion process. Figure 6(c) presents the results
obtained for bound chlorides. %e quantity of bound

chlorides ranged from 1.21 to 1.93% by weight of cement in
untreated specimens, while after treatment, again the re-
duction is perceived and the range of bound chlorides was
distributed to about 0.87–1.81% depending on the depth. For
depths greater than 10.0mm, the residual bound chloride
also converged to a limited range of 1.14–1.81%.%e removal
of bound chlorides for all electrolytes contradicts the idea
that only free chlorides may be mobile on the concrete pore
solution. In addition, seeing that ECE is able to reduce the
concentration of all chloride types, the risk of further cor-
rosion is surely reduced, although the residual concentration
for water and calcium hydroxide was still above the chloride
threshold level for some depths.

Figure 7 summarizes the results for the chloride removal
rates in percentage, making a direct comparison among all
three electrolytes for each depth interval. In general, for
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Figure 4: Chloride profiles before and after treatment using water as electrolyte for at 2 A/m2 constantly for 4 weeks, in terms of (a) total∗,
(b) free∗∗, and (c) bound ∗∗∗ chlorides. ∗(a) Total: acid soluble titration against silver nitrate at the ambient temperature. ∗∗(b) Free: water
soluble chlorides dissolved in 50°C distilled water. ∗∗∗(c) Bound: values obtained by subtracting the free chloride concentration from the
total at each depth.
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Figure 5: Chloride profiles before and after treatment using calcium hydroxide as electrolyte for at 2A/m2 constantly for 4 weeks, in terms
of (a) total∗, (b) free∗∗, and (c) bound∗∗∗ chlorides. ∗(a) Total: acid soluble titration against silver nitrate at the ambient temperature ∗∗(b)
Free: water soluble chlorides dissolved in 50°C distilled water ∗∗∗(c) Bound: values obtained by subtracting the free chloride concentration
from the total at each depth.
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lithium borate, a more expressive chloride removal is per-
ceived for all chloride types. As it is shown in Figure 7(a), the
removal efficiency of total chlorides ranged from 26.3–61.0%
depending on the cover depth, while for water and Ca(OH)2,
the removal occurred at more similar values, resulting in
percentage removal efficiencies of 23.6–42.2% and
26.7–48.6%, respectively, showing only a slightly better
performance of Ca(OH)2 but still not better than the first
one. %e chloride removal was always greater at increasing
depths for reasons already mentioned. In Figure 7(b), taking
into consideration only free chlorides, lithium borate again
had a considerable better performance, accounting to a
percentage removal efficiency of 36.9–98.8%. For Ca(OH)2,

the reduction occurred at significant amounts as well but not
as efficiently, showing a percentage removal efficiency of
45%–82% depending on the cover depth. For tap water as the
electrolyte, the free chloride removal was less significant,
being the least efficient one. %e concentration of free
chlorides after treatment was reduced at a percentage re-
moval efficiency of 40%–74% depending on the cover depth.
On the same line, Figure 7(c) represents the direct com-
parison of results obtained for bound chlorides. A consid-
erable removal could be perceived for all cases. In fact,
different percentage removal was found for different elec-
trolytes being the maximum of 28% for tap water as elec-
trolyte, 36% for calcium hydroxide, and 33% for lithium
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Figure 6: Chloride profiles before and after treatment using lithium borate as electrolyte for at 2A/m2 constantly for 4 weeks, in terms of (a)
total∗, (b) free∗∗, and (c) bound∗∗∗ chlorides. ∗(a) Total: acid soluble titration against silver nitrate at the ambient temperature. ∗∗(b) Free:
water soluble chlorides dissolved in 50°C distilled water. ∗∗∗(c) Bound: value obtained by subtracting the free chlorides concentration from
the total at each depth.
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Figure 7: Direct comparison on the efficiency on chloride removal for each designated cover depth in terms of (a) total, (b) free, and
(c) bound chlorides.
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borate. %e removal was slightly more significant at greater
depths. %e fact that, independent of the electrolyte, the
efficiency in removing the bound chlorides is always similar
may implicate that part of bound chlorides cannot be re-
moved under any circumstance but cannot be turn into
mobile neither, being stable and not participating on cor-
rosion initiation.

3.2. Corrosion Potential and Corrosion Rate. Concerning the
repassivation of the steel bar during treatment, the results
are shown in Figure 8. Corrosion potential values at the
beginning of treatment were nearly −700 to −600mV vs.
SCE for all cases as it can be seen in Figure 8(b), which
implies that the steel bar was much corroded and had lost the
passivity. %e values were constantly monitored during
treatment for all 3 different electrolytes and increased slowly
during treatment, being the biggest increment between 1 and
3 weeks. At the end of treatment, values raised to −293, −315,
and −350mV vs. SCE for Ca(OH)2, water, and lithium
borate, respectively, pointing to calcium hydroxide as a
better option when considering repassivation after treatment
and consequently protecting against further corrosion.
Corrosion potential values are not yet on the passive con-
dition (>−275mV vs. SCE). However, as it was mentioned
earlier in this paper, it seems inconclusive to analyze
repassivation without a visual examination on the steel
surface and without quantitative informative data such as
corrosion rate or mass loss. Some authors [20, 21, 37]
mentioned that it is not correct to rely in a fixed value to
define if passivation is achieved by electrochemical treat-
ment because many factors can influence that condition and
ECE can induce more negative potentials of rebars because
of strong polarization, meaning that readings one or two
months after the end of treatment may show even a less
negative potential than the one already achieved. In order to
minimize the doubts about repassivation, a quantitative
technique was used to ensure the corrosion state after ECE
and measure the corrosion rate by linear polarization [38].
Results shown in Figure 8(a) pointed that the corrosion rate
was significantly reduced by the electrochemical treatment.
Before treatment, the values arose to around 500 to 1000 μA/
cm2 which points to highly corroded state of the steel rebar.
By the end of treatment, the values were reduced to around
23, 286, and 107 μA/cm2 for Ca(OH)2, water, and lithium
borate, respectively.

3.3. Visual Inspection and Mass Loss. In order to confirm
visually and quantitatively the state of rebars after treatment,
specimens were broken and the steel bar was removed.
Figure 9 shows the rebars after ECE treatment and im-
mersion in hydrochloric acid (HCl, sp. gr. 1.19) at 25°C for 2
hours to clean the rust. Bars were brushed in addition for
better results. Results achieved from corrosion potential and
corrosion rate could be confirmed visually, considering that
rebars from specimens treated with Ca(OH)2 were in a
considerable better state than the ones treated with water,
where pit cracks can be easily seen. Table 2 summarizes the
results. %e backscattered mass loss for noncontaminated

and noncorroded specimens accounted for around 0.017 to
0.034%. For specimens treated with water, calcium hy-
droxide, and lithium borate, the percentual mass loss ranged
from 1.37 to 1.63%, 0.39 to 1.19%, and 1.18 to 1.58%, re-
spectively. As it was expected, the specimens treated with
water had the biggest percentage of mass loss which sug-
gested a still more corroded state when compared with that
of the other cases. Moreover, the visual examination con-
firmed the hypothesis that the steel bar was in a more al-
kaline environment for the specimens treated with the other
two electrolytes.

4. Discussions

4.1. Removal of Bound Chlorides. At first, it is important to
highlight for discussion that, independent of the electrolyte
solution, bound chlorides were extracted at all depths. %e
presence of chlorides in the cement matrix is proved to be
directly affected by some factors such as chemical properties
of the pore solution, alkalinity, and hydration products. It is
from common knowledge that, in concrete, chloride ions are
usually divided into three types according to their stability:
free, physically bound, and chemically bound. Chloride ions
adsorbed or trapped to hydration products or chemically
connected to other molecules such as for Friedel’s salt are
often regarded as “bound chlorides” and are originally
regarded immobile in concrete at normal conditions (no
acidification of the pore solution). On the other hand, free
chloride ions have total mobility and can react easily to
initiate the corrosion process, therefore being considered to
be mainly responsible for a high risk of chloride-induced
damage. Simultaneously, by having this high mobility, there
is no doubt that free chloride ions tend to be mostly removed
by electrochemical treatment, as it was proved by the ex-
perimental results exposed on this manuscript.

Chemically bound chlorides, which connect C3A and
C4AF molecules and form a compound referred as Friedel’s
salt, are unreactive and consequently immobile through the
pore solution as long as the cement matrix is kept highly
alkaline in the way it is supposed to be. However, the
acidification of the pore solution in concrete may often occur
at the pit nucleation on the surface of steel, when corrosion is
taking place, accompanying a build-up of chloride ions. %e
acidification is explained, because during the corrosion
initiation, H+ ions might evolve in the vicinity of steel, which
simultaneously react with chloride ions and produce
hydrochloric acid [39–41]. According to Elsener and Angst
[1], there are twomain steps: most bound chloride is released
at pH values lower than 12.5 and then another part is
dissolved around pH 12, suggesting that, at even lower pH
values, nearly no bound chloride is left in the concrete.
Consequently, part of these bound chlorides would be re-
leased and turned into free chlorides by pH fall which would
take place in the vicinity of steel rather than in the concrete
body.

Withal, according to the results shown by chloride
profiles, bound chlorides were removed at all depths after
electrochemical treatment and not only nearby the steel bar,
which confirms that not only the chemically bound chlorides
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were being released. Bound chlorides removed at farther
depths from the steel bar may be the physically adsorbed
ones that are usually adsorbed on the surface on the C-S-H
gel or trapped between precipitated Ca(OH)2 molecules.

Physically bound chlorides can be easily released by changes
on the environmental conditions, such as high temperature,
that can accelerate the desorption process and turn them
into free ones [42]. Substantially, the desorption of chloride
ions could occur, despite of the acidification that affects the
chemically bound chlorides, therefore being possible to
occur at shallower depths. Furthermore, the removal of
bound chlorides by electrochemical chloride extraction
might be strongly dependent on the degree of chloride
contamination in concrete [43], together with the applied
current density and duration of the treatment, which may
determine the driving force for free chloride ions and si-
multaneously affect the rate of decomposition for the bound
ones.

4.2. Differences between Electrolytes for the Efficiency of
Treatment. According to the results presented on the effi-
ciency of the treatment on extracting chlorides, overall,
lithium borate had the best performance followed by
Ca(OH)2 and water. %e smaller efficiency of calcium hy-
droxide might be explained by a process of electrodeposition
of the electrolyte ions on pores of the cement matrix during
treatment. %e precipitation of certain ions on the concrete
pores is proved from the late 80’s when the electrodeposition
method was developed in Japan as a crack-repair treatment,
where a direct current is provided between the reinforcing
steel bar and an anode placed on the concrete surface, a
system which is pretty similar to the one used for chloride
removal [44]. %e effectiveness of this method for crack
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Figure 8: Corrosion values measured at each given charge passed during and after treatment∗ in terms of (a) corrosion rate∗∗ and
(b) corrosion potential ∗∗∗. ∗Posttreatment values are depicted in the highlighted area of the graph to show that no current was applied in
that interval; measurements were performed at 5 weeks to ensure the quality of results after depolarization time. ∗∗(a) Corrosion rate values
obtained by linear polarization at scan rate from −20mV to +20mV versus Ecorr at 10mV/min and Stern and Geary equation. Mean values
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rebar with respect to a saturated calomel electrode (SCE). Mean values are given for each sample.

(a) (b)

Figure 9: Visual aspect of bars after ECE treatment and immersion
in hydrochloric acid (HCl, sp gr 1.19) at 25°C for 2 hours to clean
the rust. Bars were brushed in addition for better results. %e
following cases depicted are in order from specimens treated with
water, lithium borate, and calcium hydroxide, respectively, (a) right
after treatment and (b) after rust cleaning.
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repair in marine concrete structures is confirmed by several
authors, and in several cases, calcium hydroxide is used.
%erefore, during the electrochemical chloride removal
process, the current applied probably induces the precipi-
tation of Ca(OH)2 ions on pores of the cement matrix,
blocking the network and reducing the mobility of chlorides
ions, when compared with other electrolytes. Notwith-
standing, tap water still showed a slightly lower efficiency,
and that on the other hand may be explained simply by the
fast acidification of the electrolyte and a constant need of
replacement, which may obviously influence the treatment
by reducing electromigration forces.

Moreover, electrodeposition may be also the factor to
explain the better performance of calcium hydroxide to
repassivate the structure after treatment. By filling up
pores and consequently some possible cracks being
caused by the corrosion process, a partial recovery on the
repassivation of rebars could be achieved. Normally, the
authors mention that the decrease of corrosion rate and
partial recovery of half-cell potential are only related to
the chloride removal, which are not the only reasons. %e
pH of the electrolyte solutions used during ECE and the
voltage of circuit were monitored during the 4 weeks and
are shown in Figure 3. After the first 2 weeks of treatment,
there was a decrease in the pH of electrolytes. %e pH
reduction of electrolytes could be explained by the
chlorine gas evolution, prevenient of the chlorides re-
moved during treatment, if analyzed individually.
However, for calcium hydroxide, the pH decrease was
smaller and there was a significant increase in the voltage
of the circuit, meaning an increase of concrete resistance.
%is shows that the pH fall may be additionally attributed
to a migration of alkaline ions from the electrolyte so-
lution to the concrete pore structure, being one more
supporting factor to prove that electromigration happens
during the electrochemical treatment. %us, calcium
hydroxide may not be the most efficient on removing
chlorides, but it heals the structure at another level. In
summary, depending on the main goal of the treatment,
different electrolytes will show better performances,
which also make it important to consider the pretreat-
ment evaluation to see in which stage of corrosion
damage the structure is.

5. Conclusions

In this study, ECE treatment was applied to mortar speci-
mens containing sodium chloride added to the mixing water
(3% Cl− by mass of cement) to promote the corrosion onset
from the beginning. ECE was applied at 2A/m2 for 4 weeks
using three different electrolytes, namely, tap water, calcium
hydroxide and lithium borate, while the pH of electrolyte
solution and voltage of the circuit were constantly moni-
tored. %e chloride profile and chloride types for untreated
and treated specimens were taken, and the change of
chloride profiles after the treatment was interpreted paired
with mass loss, corrosion rate, and corrosion potential
measurements before and after treatment. %e following
conclusions were drawn from the experimental results:

(1) In general, for lithium borate, a more expressive
chloride removal is perceived for all chloride types.
%e removal efficiency of total chlorides ranged from
26.3 to 61.0% depending on the cover depth, while
for water and Ca(OH)2, the removal was lower and at
similar rates, resulting on percentage removal effi-
ciencies of 23.6–42.2% and 26.7–48.6%, respectively.
%e chloride removal was always greater at in-
creasing depths, due to the fact that, in the nearer
surface, chlorides were quite present still in the
process of diluting in the electrolyte media. As ex-
pected, free chlorides were removed at considerably
high percentages for all cases, and lithium borate
showed a considerable better performance, ac-
counting to percentage removal efficiency up to
98.8%. %e concentration of bound chlorides was
overall reduced by the electrochemical treatment,
which challenges the hypothesis that all types of
bound chlorides would be immobile under electric
charge. %e reduction of bound chlorides after the
electrochemical treatment was hypothetically at-
tributed to either a release of adsorbed chlorides by
changes of physical factors or strong electro-
migration force or decomposition of Friedel’s salt
due to acidification of pore solution.

(2) Concerning the mass loss, corrosion potential, and
corrosion rate readings, it can be said that ECE

Table 2: Results obtained by weighting the steel bars before and after treatment.

Replications Weight before casting (g) Weight after treatment (g) Percentual mass loss (%)

Control (backscattered loss)
1
2
3

58.05
58.02
58.03

58.04
58.00
58.01

0.017
0.034
0.034

Water
1
2
3

58.03
58.04
58.02

57.08
57.24
57.09

1.637
1.378
1.603

Calcium hydroxide
1
2
3

58.03
58.05
58.04

57.41
57.52
57.35

1.068
0.930
1.189

Lithium borate
1
2
3

58.05
58.06
58.04

57.28
57.14
57.35

1.326
1.585
1.189
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applied temporarily to the corroded concrete
structure might be effective in only reducing the
corrosion degree as the potential increased from
nearly −700 to −600mV vs. SCE for all cases to −293,
−315, and −350mV vs. SCE for Ca(OH)2, water, and
lithium borate, respectively, pointing to calcium
hydroxide as a better option when considering
repassivation after treatment and consequent pro-
tection against further corrosion. In order to mini-
mize the doubts about repassivation, a quantitative
technique was also used to ensure the corrosion state
after ECE and measure the corrosion rate by linear
polarization. Results shown pointed that the cor-
rosion rate was significantly reduced by the elec-
trochemical treatment. Before treatment, values
arose to around 500 to 1000 μA/cm2, and by the end
of treatment, values were reduced to 23, 286, and
107 μA/cm2 for Ca(OH)2, water, and lithium borate,
respectively, again pointing to Ca(OH)2 as the most
efficient. Mass loss results and visual inspection
confirmed the same statements.

(3) %e partial repassivation in terms of the corrosion
rate and half-cell potential can be explained due to
the removal of chlorides and the migration of al-
kaline ions from the electrolyte to vicinity of the steel
bar, on a process of electrodeposition. A supporting
clause for this hypothesis is that, by measuring the
pH of electrolyte solutions, for calcium hydroxide,
the pH decrease was smaller and there was a sig-
nificant increase on the voltage of the circuit,
meaning an increase of concrete resistance. %is
shows that the pH fall may be additionally attributed
to a migration of alkaline ions from the electrolyte
solution to the concrete pore structure. By filling up
pores and consequently some possible cracks caused
by the corrosion process, a partial recovery on the
repassivation of rebars could be achieved. Moreover,
the same factor can explain a lower performance of
calcium hydroxide on chloride removal, because
during the electrochemical chloride removal process,
the current applied probably induces the precipita-
tion of Ca(OH)2 ions on pores of the cement matrix,
blocking the network and reducing the mobility of
chlorides ions, when compared with that of other
electrolytes.

(4) Considering different electrolytes, lithium borate
appeared to be the most efficient to extract chlorides
from concrete while calcium hydroxide has better
performance on restoring the passive state after
corrosion, healing the structure at another level,
filling up possible cracks as well. %erefore, in
summary, depending on the main goal of the
treatment, different electrolytes will show better
performances, which also make it important to
consider the pretreatment evaluation to see in which
stage of corrosion damage is the structure. %is also
highlights the need of better specifications on
standards and guidelines about the treatment setup.
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+e objective of this research was to understand the dehydration mechanism of technical dihydrate and the variation of the
physical properties of β-hemihydrate after the first hydration-dehydration process. In this study, the recycling mechanism of
different hemihydrate types as raw material was investigated. +e influence of the first hydration-dehydration process on the
hydration rate, microstructure, and mechanical properties of recycled hemihydrate were characterized by differential calorimetric
analysis (DCA), calcium ion-selective electrode (Ca2+-ISE), conductivity, particle size distribution (PSD), scanning electron
microscopy (SEM), and X-ray diffraction (XRD). +e results showed that the formed hemihydrate after the first hydration-
dehydration process differs in its properties than the unrecycled hemihydrate in some characteristics such as the morphological
structure, number of surface, and side defects due to the grinding process after the first hydration step. In addition to the grinding
step, the calcination process was responsible for increasing the number of defects on the crystal surface, which leads to a change in
setting time and the microstructure of the recycled hemihydrate. +erefore, after the 1st reaction cycle of β-HH, the compressive
strength decreases due to a decrease in the hemihydrate crystal size, an increase in the surface area, and an increase in the amount
of water required to perform the hydration reaction. +e obtained hemihydrate after the first hydration-dehydration process was
in β form due to the applied calcination process after the first cycle.

1. Introduction

Calcium sulfate hemihydrate plaster is considered one of the
most popular sustainable binders used in the construction
industry due to low production energy, low market price,
fire-resistant, and good thermal properties [1–5]. It is
commonly used as an ingredient in paste and mortar
plastering and production of some building components
such as plasterboards and building blocks. Moreover, it can
be used as an additive in polymers, cement, and food in-
dustries [1, 3, 6–11]. +e annual production of calcium
sulfate-based binders is more than 260 million tons
worldwide, of that, over 80 million tons are applied in the
production of gypsum plasterboards. +e obtained gypsum
can be founded either naturally or industrially as a
byproduct [12–14]. +e flue gas desulfurization process
(FGD) delivers over one-half of this binder to the industrial

sectors [15, 16]. However, this source will not exist in the
future due to the need for energy conservation and sus-
tainable methods of production. +erefore, it is useful to
recycle gypsum waste and consider the recycled material as
an alternative resource to be used in cement, building, and
ceramic industries [3–5, 11, 17–19]. +e construction and
demolition (CD) processes are considered as one of the
largest contributors to waste in the world. Moreover, the
obtained gypsum plaster waste from construction and de-
molition processes accumulates to 15 million tons annually
[4, 20, 21]. One of the common destinations for these wastes
is landfilling. However, it is feasible to develop a new
technology to reuse these wastes in further applications due
to limited space and contaminating groundwater sources in
addition to the environmental regulation of some countries.
It has been reported that gypsum plasterboard wastes can be
recycled in a sequential process by crushing, separating, and
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burning to transform the dihydrate into the hemihydrate
phase [17]. According to their report, it is useful as geo-
material or ground improvement material due to its effec-
tiveness inmany engineering and economic aspects [17].+e
conversion of gypsum into a recycled product has been
interesting for many researchers due to its reaction re-
versibility, cycle-ability, stability, environmental safety,
nontoxicity, and sustainability [4, 11, 18, 19, 22]. In this
study, the pure β- and SA α-HH were recycled one time by
applying similar calcination conditions in an attempt to
understand the dehydration mechanism in detail. Further-
more, the changes in physiochemical properties of the newly
generated hemihydrate were studied.

1.1. Experimental Procedure. In the first step, the cycling
process was defined by hydration-dehydration process and
considered as the first reaction cycle, because alpha- and beta
hemihydrate were the starting material in the cycling pro-
cess. +e chemical composition of alpha hemihydrate
(α-HH) from the steam autoclave process and beta hemi-
hydrate (β-HH) were determined by XRD as shown in
Table 1. In more detail, hemihydrate was added to water to
perform the hydration reaction to obtain dihydrate, and
then, the formed dihydrate was crushed and calcinated back
to beta hemihydrate. +e stoichiometric amount of water
needed for hydration is around 15.7ml per 100 g, but an
excess amount of water is required to obtain gypsum slurry
with good workability. +erefore, the rheological test is very
important to determine the water to solid (w/s) ratio for any
hemihydrate type individually since it is a function of
particle size [22, 23]. Figure 1 represents the cycling
mechanism of gypsum, starting from hemihydrate. In the
first stage, the hydration reaction will take place immediately
after hemihydrate addition to water. +e hydration time
varies depending on the physical properties of the hemi-
hydrate used in this process. After the hydration is com-
pleted, the excess amount of water needs to be evaporated to
achieve the mechanical strength of the dihydrate crystals. In
the second stage, the calcination of the formed dihydrate
crystals was performed at 140°C for at least 4 hours to ensure
the complete dehydration of dihydrate.

Deionized water was used for all liquid phases. For the
rheological test, 100 g of hemihydrate was added to water
and mixed for 1 minute. +e mix was filled into a hollow
cylinder (inner diameter 30mm and height 50mm), which
was placed on a glass plate, and then the cylinder was pulled
up vertically. +e glass plate was removed up and down five
times by rotating a special handle attached to the stage
clockwise in order to disperse the collapsed mix.+e average
of three perpendicular diameters of the dispersed slurry was
defined as slump flow. +e reaction kinetic was performed
by differential calorimetric analysis (DCA) (Toni Technik
Baustoffprüfsysteme GmbH-Germany) using (1 :1) water to
solid ratio. +e measurement time and temperature were
fixed at 24 hours and 25°C, respectively. From this mea-
surement, the heat rate during the hydration was monitored,
as well as the total heat released [24]. +e calcium con-
centration was carried out by Ca-ion-selective electrode

(ISE) (Mettler-Toledo GmbH-Germany). +e samples were
prepared according to gypsum solubility. Prior to each
measurement, the Ca2+-ISE was calibrated to ensure the
electrode efficiency. Both electrodes (Ca2+-ISE and con-
ductivity electrode) were immersed in 200ml deionized
water to record the blank value before the addition of 3.2 g of
hemihydrate. +e changes in calcium concentration and
reaction conductivity were recorded every 30 seconds for
four hours at 20°C [25]. Particle size distribution was de-
tected by Mastersizer 2000, Malvern Instruments GmbH-
Germany. Before starting the measurement, the sample
chamber was rinsed and filled with isopropanol; then, a
small amount of the powdered sample was added to the
sample chamber at a stirring speed of 2000 rpm to ensure
sample delivery to the measuring cell. +e amount of sample
was controlled by the so-called obscuration range of the laser
beam, which should lie between 10 and 20% according to the
user manual of the instrument [26]. +e specific surface area
of powder was determined by the physical adsorption of a
gas on the surface of the solid using the BET method
(Micromeritics ASAP2020 (Micromeritics GmbH)) [27, 28].
Both quantitative and qualitative analyses of hemihydrate
samples were measured using XRD. Rietveld refinement was
used to analyze the samples quantitatively. +e powder
samples were filled in the XRD sample holders and trans-
ferred to the instrument; then the XRD pattern was taken
using a Panalytical x′pert pro diffractometer with a Cu Kα
source operated at 40 kV and 40mA. +e range of 2θ was
between 8° and 40° [29]. +e morphology of the formed
crystals was recorded by scanning electron microscopy
(Quanta 250 FEG, FEI GmbH-Germany). To perform the
measurement, the sample has to be glued on the sample
holder of the SEM using either a carbon conductive tab or
silver paint. Samples were prepared without pretreatment
and results with high resolution were obtained [30]. To
monitor the dehydration of the generated dihydrate before
and after the first reaction cycle, a Simultaneous +ermal
Analysis (STA) method was utilized (STA 449 Netzsch
GmbH-Germany) at N2 atmosphere with a gas flow of
20ml/min. +is device consists of the thermal gravimetry
(TG) and differential scanning calorimetry (DSC) apparatus
fused into one systemwith the sole purpose of obtaining vital
information from the thermal events recorded in the in-
vestigation of the sample over time [6]. +e time of dehy-
dration can be determined with this method as well as the
mass loss caused by dehydration at certain temperatures. To
measure the water release of dihydrate, a small amount of
dihydrate powder was placed in a platinum crucible and
heated in the STA at 10K/min.

2. Results and Discussion

In the beginning, the first reaction cycle starts with hemi-
hydrate; therefore, this step is called the hydration-dehy-
dration process. +e impact of this process on hydration
kinetic and calcium concentration changes was measured.
Figure 2(a) shows the comparison in the heat rate between
the pure β-HH and the same hemihydrate after the 1st
reaction cycle. +e heat rate of the recycled β-HH is slower
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than the pure β-HH due to the agglomeration of the
hemihydrate particle which might hinder the solving of
hemihydrate. In addition to the heat development changes,
the total heat release in J/g was also measured during the
recycling of β-HH, as shown in Figure 2(b). To verify that,
the calcium ion concentration changes were measured
during the hydration process.

+e hydration reaction of β-HH before and after the 1st
reaction cycle can be divided into four steps, as shown from
the heat development curve in Figure 2(a). +e first peak
represents two hydration steps; in the first step, the hemi-
hydrate becomes humidified, and a water film will be
generated around the particles. +is is followed by the
solving process of the hemihydrate which should be exo-
thermal because the solubility of hemihydrate has an inverse
relation with temperature [12, 32, 33]. +is results in the
initial increase in heat development. +e variation between
pure β-HH and β-HH after the 1st reaction cycle in the first
peak of the heat development was due to the presence of

finer HH particle of the recycled material, as shown from d10
and d50 in Table 2. +rough the rapid solving of hemihy-
drate, the ions concentration increases rapidly until they
reach the start supersaturation denoted in Figure 2(a) with
the red arrow. In the next step, after reaching the super-
saturation, the hydration energy decreases up to the point
indicated by the blue arrow because of seed crystal for-
mation. During this time period, both processes (solving and
seeds formation) takes place. +e amount and rate of seeds
formation depend highly on the ion concentration generated
from the solving process. It is very important to note that the
supersaturation is the driving force behind seeds formation.
Moreover, the higher the ion concentration in the reaction
solution, the more seeds are generated [34, 35].

+e second peak of the heat development curve also
represents two hydration reaction steps. In the beginning,
the reaction energy increases again due to the continuous
solving of the hemihydrate without the formation of new
seeds. In the period which lies between the blue and green
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Figure 2: (a) Heat evolution curves and (b) total heat release of pure β-HH β-HH after 1st cycle.
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arrows, only solving the remaining hemihydrate, in addition
to the growing of the created seeds from the previous step,
takes place. In the last step, which is the retardation period,
most of the hemihydrate is consumed and the solving
process delivers insufficient ions for the dihydrate crystals to
be grown. At this point, when the ions concentration is
around the solubility of dihydrate, then hydration stops [12].
+e purity of hemihydrate, as well as the milling process,
plays an important role during its hydration. +e existence
of any dihydrate crystals changes the whole hydration
process. +erefore, the purity of hemihydrate before and
after the 1st reaction cycle was analyzed quantitatively using
XRD as illustrated in Table 1.

As shown in Figure 3, a similar behavior as the heat rate
development was observed. In the beginning, the solving of
β-HH after the first cycle was similar to the uncycled β-HH,
and then the dissolution rate varies due to the agglomeration
that is generated from the hydration-dehydration process.
+e previous investigation of the pure β-HH displayed that
the surface area and the numbers of defects were responsible
for the hydration rate neglecting the effect of agglomeration.
Hence, when the agglomeration of the particles increases,
the hydration rate will be affected, as shown from the DCA
and Ca2+-ISE results in Figure 3. In order to explain that in
detail, surface area and particle size distribution measure-
ments were carried out. After the reaction cycle, twomaxima
of the particle size distribution were observed, as shown in
Figure 4.+is represents the formation of fine crystal d10 and
d50 values in addition to an agglomeration of these crystals
together with d90 value. As illustrated in Figure 3, at the
beginning of the hydration, the ion delivery rate of the
recycled β-HH was higher than the pure β-HH due to the
generation of finer hemihydrate crystals after the 1st reaction
cycle as presented form d10 and d50 values in Table 2 since
the finer the particle size, the higher the rate of ion delivery.
+erefore, the maximum supersaturation and conductivity
of the recycled β-HH are higher than the pure β-HH, as
shown in Figure 3. After a while, once the whole recycled
β-HH fine crystals are dissolved, the hydration rate was
retarded in comparison to the pure hemihydrate, as shown
from DCA, Ca2+-ISE, and conductivity measurements due
to the agglomeration that is generated from the hydration-
dehydration process as shown in Figure 4.

Table 2 summarizes the particle size distribution with
surface area changes.+e surface area increases after the first
reaction cycle, and this implies that the size of the crystal
decreases, as shown from d10 and d50 values. Figure 5
represents the SEM images of the pure β-HH and β-HH
after the 1st cycle before and after four hours of hydration.

+e crystal morphology differences between the pure
β-HH and β-HH after the first cycle before hydration
represent the generation of a fine hemihydrate crystal with
agglomeration. After four hours of in situ hydration, SEM
images were taken to view the morphology of the dihydrate
crystals. As shown in Figure 5, the formed dihydrate crystals
after the first cycle have the same crystal morphology as the
formed dihydrate crystal from the pure hemihydrate before
cycling. +e differences in the physical properties, as shown
from Table 2, have a large effect on the required amount of

water which is needed to achieve good workability as well as
the mechanical properties. +e w/s ratio was determined
according to a certain slump flow in the range of 82–85mm.

+e changes in crystal morphology and particle size lead
to a variation in the mechanical properties. +erefore, the
compressive strength for the pure β-HH and β-HH after one
cycle was measured and calculated, as shown in Figure 6.+e
drop in the compressive strength after the first reaction cycle
was due to the significant increase in the w/s ratio from 0.8 to
1 and the changes in the microstructure.

Regarding this change in the compressive strength, both
pore radius and the microstructure development were
measured by Mercury porosimetry and SEM, respectively.
+e pore radius size increases from 0.76 to 1.97 µm. Fur-
thermore, the voids between the dihydrate crystals after one
cycle increase, as shown in Figure 7. Hence, the formed
β-HH after the first hydration-dehydration process differs in
its properties than the unrecycled β-HH due to the grinding
process after the first hydration step. So, the grinding step
beside the dehydration process of the recycled material
decreases the particle size, increases the surface area, and
changes the microstructure. +e finer the particle size, the
higher the amount of required water to perform better
workability leading to a decrease in the compressive strength
of the recycled hemihydrate. In addition, the grinding step
increases the number of defects on the crystal surface, which
leads to a change in the set time and the microstructure of
the recycled hemihydrate.+e only way to get a hemihydrate
slurry with the needed workability is the usage of a super-
plasticizers, but those additives are influencing the hydration
behavior of the hemihydrate and the morphology of the
formed dihydrate crystals [36, 37]. +at was the reason to
keep the workability constant by adding more water. With a
constant amount of water, mixing of the hemihydrate slurry
was impossible.

From the XRD results obtained, the phase composition
of both types of hemihydrates has no significant changes
after the 1st reaction cycle, as shown in Table 1. +is in-
dicates that the hemihydrate was well dehydrated at 140°C as
no dihydrate phase was discovered. +e impurities which
were presented before cycling remain unchanged. Com-
monly known impurities in gypsum are usually in the form
of carbonates, silica, or soluble salts. +ese impurities varied
depending on the mine source of gypsum [12, 13, 38].

+e same hydration-dehydration process was applied to
the SA α-HH. After the hydration of SA α-HH, the obtained
dihydrate was calcined in a dry atmosphere at 140°C for four
hours. +erefore, the obtained hemihydrate after the first
hydration-dehydration process was in β form. Different
properties, such as the particle size, specific surface area, and
w/s ratio, were evaluated as shown in Table 3. +e applied
calcination condition on the obtained dihydrate was mainly
responsible for the variation in the physical properties be-
tween the SA α-HH and the HH after the 1st reaction cycle.

+e rate of change of calcium concentration and ion
conductivity over time for SA α-HH and SA α-HH after the
first cycle was recorded. As shown in Figure 8, the calcium
ion concentration rate for SA α-HH after one cycle became
faster than the uncycled sample. +e ion conductivity
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changes maintain similar behavior like calcium ion changes.
+e main reason for such changes was the grinding process
in addition to the applied calcination condition after the
hydration-dehydration process of the SA α-HH.+e original
SA α-HH has large particles with nearly a smaller number of
defects on its crystal surfaces, but due to the grinding
process, the crystal size decreases, and the number of defect

positions on the outer surface of each crystal increases. +e
particle size distribution becomes smaller during the recy-
cling processes with less agglomeration compared to the
pure SA α-HH, as shown in Figure 9. +erefore, the surface
area and the hydration rate of SA α-HH were significantly
increased. +e pure SA α-HH has a slower heat rate changes
than its recycled sample because of the large difference
between the sample before and after cycling since the
generated hemihydrate is in a β form not in α form due to the
applied calcination condition during the first recycling step.

+e recycled β-HH had shown retardation in its rate of
calcium ion concentration and ion conductivity changes in
contrast to the unrecycled β-HH, whereas the generated
hemihydrate after the first hydration-dehydration process of
SA α-HH had shown a rapid change in its rate of calcium ion
concentration and ion conductivity as illustrated in Figure 8.
+e reason is due to differences in the crystal morphology
between the started hemihydrate types and the impact of
recycling and grinding processes on the crystal surfaces.

+e generated dihydrates before and after the 1st hy-
dration cycle have been analyzed qualitatively using the
XRD, as shown in Figure 10. +e calcium sulfate dihydrate
phase was the major component found in the diffractograms
of all generated samples after hydration, as displayed in
Figure 10.+is indicates that the samples were well hydrated
as no hemihydrate or anhydrite phases were discovered.

Table 1: Chemical composition of pure β-HH and SA α-HH before and after the first cycle.

Chemical composition (%) Quartz Anhydrite II Hemihydrate Dihydrate Syngenite Calcite
β-HH 0.3 2.1 94.3 1.8 0.2 1.3
β-HH-1st cycle 0.5 3.4 94.6 0.0 0.2 1.3
SA α-HH 0.6 0.7 97.3 0.0 0.3 1.0
SA α-HH 1st cycle 1.0 1.1 96.1 0.1 0.3 1.3
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Figure 3: Ca2+-Ion concentration and ion conductivity changes for pure β-HH and β-HH after the first cycle: (a) ion concentration changes
and (b) ion conductivity changes.
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Table 2: Physical properties of pure β-HH and β-HH after the first cycle.

Sample name d10 (µm) d50 (µm) d90 (µm) BET surface area (m2/g) W/S ratio
β-HH 4.48 20.98 94.70 10.29 0.8
β-HH-1st cycle 1.80 8.18 135.90 11.86 1

(a) (b)

(c) (d)

Figure 5: SEM images pure β-HH and β-HH after the first cycle before and after hydration: (a, b) pure β-HH before and after hydration,
respectively, and (c, d) β-HH after the first cycle before and after hydration, respectively.
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Figure 6: +e compressive strength of the β-HH and β-HH after the first cycle.
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However, the intensity of the peaks differs slightly in length
and positions. A similar result was obtained in the inves-
tigations by Rabizadeh et al. [39]. +e DSC signals of the
generated dihydrate indicate the phase transformation from
dihydrate to soluble anhydrite through a two-step dehy-
dration process of CaSO4 · 2H2O⟶ CaSO4 · 0.5H2O
⟶ cCaSO4 as displayed in Figure 11 [6]. Moreover, the
TG curves are compatible with the theoretical stochiometric
percentage mass loss of water (21%). For instance, the
generated dihydrate crystals form β-HH before and after the

1st hydration cycle, as shown from SEM images in Figure 7,
can be confirmed by STA and XRD results.

From the SEM image, as shown in Figure 12, the high
influence of the grinding process on the crystal mor-
phology generates very fine particles with a large
number of defects. +erefore, the hydration rate after
the first reaction cycle increased. Due to this change in
the microstructure of hemihydrate, which was generated
after the recycling of SA α-HH, the compressive strength
fails.

(a) (b)

Figure 7: SEM images for dihydrate crystals formation from β-HH and β-HH after the first cycle.

Table 3: Physical properties of pure SA α-HH and SA α-HH after the first cycle.

Sample name d10 (µm) d50 (µm) d90 (µm) BET surface area (m2/g) W/S ratio
SA α-HH 6.30 70.88 192.30 1.28 0.35
SA α-HH 1st cycle 2.12 19.79 270.36 7.06 0.90
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Figure 8: Ca2+-Ion concentration and ion conductivity changes for pure SA α-HH and SA α-HH after the first cycle: (a) ion concentration
changes and (b) ion conductivity changes.
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Figure 10: XRD patterns for the generated DH before and after the first hydration cycle from (a) β-HH and (b) α-HH.
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3. Conclusion

One of the major findings from this study was that the
properties of the generated hemihydrate and dihydrate after
the 1st reaction cycle were based on several factors such as
type (α- or β-), purity, and properties of the hemihydrate in
addition to the calcination mechanism and grinding pro-
cedure. +e hydration rate of the recycled hemihydrate was
varied due to the variation between the physical properties
between the original hemihydrate and hemihydrate after the
1st reaction cycle. +e differences in the mechanical prop-
erties of the formed dihydrate before and after cycling were
based on several factors such as HH crystal size, HH surface
area, water to hemihydrate ratio, pores generation during
the drying process after hydration, the packing density, and
the dihydrate crystal morphology. +e grinding step of the
recycled material decreases the particle size, increases the
surface area, and changes the microstructure. +e finer the
particle size, the higher the amount of the required water to

perform better workability leading to a decrease in the
compressive strength of the recycled hemihydrate. Grinding
also leads to high surface defects on the crystals, which
impacts the setting time and the microstructure of the
recycled hemihydrate.With an increase of the surface area of
the hemihydrate, the water demand and the maximum
reached ion concentration in the reaction solution increase,
which leads to more seed crystals formation. Because of that
process, the dihydrate crystals get smaller, and the number
of branches increases. On the basis of the obtained results of
this study, the particle size, surface area, and surface mor-
phology of the starting material of hemihydrate are very
important which is altering the properties of hemihydrate
during the recycling process. +e recycled calcium sulfate
hemihydrate has to be taken as a new resource with its own
characteristics and special impurities. +e reveled result of
this study is significant for the normal production of beta
hemihydrate from the natural or FGD-gypsum. For better
results, the repetition of the recycling process is
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Figure 11: STA for the generated DH before and after the first hydration cycle from (a) β-HH and (b) α-HH.
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Figure 12: SEM images pure: (a) SA α-HH and (b) SA α-HH after the first cycle.
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recommended in order to improve the properties of the
recycled material after several reaction cycles. Investigations
of the following cycle steps are needed to understand the
mechanism in detail and to prove if there is a limit in the
surface increase of hemihydrate and dihydrate.
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Most previous studies on the strength properties of coal bottom ash (CBA) concrete have focused on concrete with a normal
compressive strength, and thus, studies on the strength properties of high-strength concrete (HSC) containing CBA are limited.
-erefore, the effects of replacing fine aggregates with CBA and variations in the curing age on the strength properties of HSCwith
a compressive strength of greater than 60MPa were investigated in this study.-e different CBA contents included 25, 50, 75, and
100%, and the different curing ages were 28 and 56 days. -e mechanical properties of the HSC with CBA incorporated as fine
aggregates were examined. -e experimental results revealed that CBA could be partially or totally substituted for fine aggregates
during HSC production. -e test results also showed that the compressive, splitting tensile, and flexural strengths of the HSC
containing CBA fine aggregates slightly decreased as the CBA content increased. Moreover, useful relationships between the
compressive strength, splitting tensile strength, and flexural strength were suggested, and the predictions reasonably agreed with
the measurements. Compared to those of the control specimen, the pulse velocities of the HSC specimens at various CBA contents
decreased by less than 3%. In addition, equations for predicting the strength values of CBA concrete by using the ultrasonic pulse
velocity were suggested.

1. Introduction

Coal bottom ash (CBA) is an industrial waste produced at
the bottom of coal furnaces in thermal power plants [1–5].
Gollakota et al. [6] indicated that ash ponds or lagoons have
caused numerous ecological problems and severe distress to
local communities due to their increasing landfill space and
escalating disposal costs. -erefore, CBA utilization is the
best way to minimize the environmental concern of CBA
and also conserves natural resources [7–9]. CBA was re-
cently applied in several fields, especially in the construction
industry [10–14].

-e recycling rate of CBA in Korea was 7.1%, 11.3%,
14.6%, 17.3%, and 23.4%, respectively, in 2014 through 2018
[15]. -us, the recycling rate of CBA in Korea has gradually
increased over the past 4 years. In addition, according to a
report [13] about recycling coal bottom ash, approximately

5% and 21% of the CBA were utilized as aggregate in mortar
and concrete in the US and EU, respectively.

Moreover, CBA was recently used in the mixture of
normal vibrating concrete and self-compacting concrete
because the sizes of CBA and natural fine aggregate are
similar and due to the pozzolanic activity of the CBA [11].
Several studies [16–22] actually reported that fine aggregates
could be replaced by CBA in concrete fabrication. Singh et al.
[16] reviewed the effect of using CBA as a natural fine ag-
gregate replacement on the properties of normally vibrated
and self-compacting concrete. -is review reported that
most of the compressive strength results of previous studies
slightly decreased with increasing CBA contents, whereas
some cases showed a high compressive strength at low re-
placement levels. Singh and Siddique [23] also implemented
experimental tests to evaluate the strength properties of CBA
concrete, which revealed that the compressive strengths of
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CBA concrete at the different curing days were insignifi-
cantly reduced by using the CBA.

Regarding the tensile strength and flexural strength of
conventional concrete containing CBA, test results in pre-
vious studies [24–27] showed that using CBA to replace fine
aggregates decreased the splitting tensile strength and
flexural strength of CBA concrete. Ngohpok et al. [26] es-
timated the mechanical properties of pervious concrete
containing recycled concrete and bottom ash aggregates.-e
splitting tensile strength and flexural strength decreased as
the recycled concrete and bottom ash aggregate contents
increased. Ibrahim et al. [28] also investigated the utilization
of CBA in self-compacting concrete. -ey showed that the
greatest tensile strength of the self-compacting concrete
containing CBA was 3.28MPa, when fine aggregate was
replaced by 10% CBA.

Due to the development of construction technology,
high-strength concrete (HSC) has become commercially
available [29–31]. However, most studies on the material
properties of CBA concrete have focused on the strength
properties of conventional concrete with a compressive
strength of less than 40MPa. Recently, Kim and Lee [32]
investigated the influences of replacing fine and coarse
aggregates with power bottom ash on the mechanical
properties of HSC. -is study reported that substituting
CBA for natural fine and coarse aggregates affected the
flexural strength more significantly than the compressive
strength of the HSC. CBA utilization for HSC is still limited;
therefore, experimental research on HSC with fine aggre-
gates partially or fully replaced by CBA is essential.

In this study, the strength properties of concrete spec-
imens with natural fine aggregates partially or fully replaced
by CBA aggregates (25, 50, 75, and 100%) and with a
compressive strength of greater than 60MPa were investi-
gated. For fresh concrete, a slump test was performed to
examine the workability of the CBA concrete. For hardened
concrete, the unit weight, compressive strength, tensile
strength, flexural strength, and ultrasonic pulse velocity were
investigated at different curing ages of 28 and 56 days. Fi-
nally, the relationships between the compressive strength,
tensile strength, and flexural strength and the ultrasonic
pulse velocity of the CBA concrete specimens were
proposed.

2. Experimental Program

2.1. Aggregates. -e natural fine and coarse aggregates used
in this study were crushed, but the source of each aggregate
was different. -e natural fine aggregates are shown in
Figure 1(a). -e particle size distribution of the natural fine
aggregates is shown in Figure 2. -e maximum size of the
natural coarse aggregates used in this study was 20mm. -e
density and water absorption results of the natural fine and
coarse aggregates are also shown in Table 1. -e densities
of the natural fine and coarse aggregates were 2.60 and
2.61 g/cm3, respectively.

-e CBA used in this study was collected from a thermal
power plant company. -e CBA fine aggregates, which
passed through a 5.0mm sieve and remained on a 0.15mm

sieve, were applied to fabricate the concrete. -e CBA used
for this study is presented in Figure 1(b), and the particle size
distribution of the CBA is also presented in Figure 2.-e test
results of the density and water absorption of the CBA are
shown in Table 1. -e test results indicated that the density
of the CBA was smaller than that of natural fine aggregates.
However, the water absorption of the bottom ash of 6.87%
was approximately 10 times higher than that of the crushed
fine aggregate of 0.69%. Additionally, the fineness modulus
of the CBA was 3.83, whereas that of the fine aggregates was
3.17. -e chemical compositions derived from energy dis-
persive spectrometry (EDS) analysis of the CBA are shown
in Table 2.-e CBA used in this study was mainly composed
of SiO2 (62.94%), Al2O3 (18.09%), and Fe2O3 (9.95%), and
the total amount of these compositions was 90.98%. -e
minor compositions included CaO and Na2O. Figure 3
shows the scanning electron microscopy (SEM) and EDS
analysis results. -e shape of the CBA is complex and ir-
regular. In addition, there are small voids with different sizes
in the CBA.

2.2. Mix Proportions. A concrete mix with a target com-
pressive strength of 60MPa at a curing age of 28 days was
designed. -e constituent materials used in the production
of the control concrete and the CBA concrete are indicated
in Table 3. -ere are five different mixtures of concrete with
various percentages of CBA as fine aggregates.

In previous studies [18–20], the water-cement ratio
ranged from 0.45 to 0.6, when the compressive strengths
were less than 40MPa, and also, the compressive strengths of
the concrete gradually reduced as the water-cement ratio
increased. Moreover, for a high-strength concrete mixture, a
high water content is not recommended because unbound
water may result in pores inside the concrete and cause the
concrete to shrink, which adversely affects the compressive
strength of concrete. Accordingly, in this study, the high
compressive strength of CBA concrete could be achieved
with a low water-cement ratio. A water-cement ratio of 0.3
was used in all the concrete mixtures in this study. -is
water-cement ratio was much less than that of the previous
studies.

In addition to the control concrete mixture, for each
mixture, CBA replaced 25, 50, 75, and 100% of the natural fine
aggregates by volume in the concrete. -e unit contents of
cement and natural coarse aggregates were fixed at 595.0 kg/
m3 and 878.5 kg/m3, respectively, when fabricating all the
mixtures. Ordinary Portland cement (OPC) was used as the
basic binder. A high water-reducing agent (HWRA) with a
unit content of 3.6 kg/m3, which corresponded to 0.6% OPC
by weight, was used to enhance the workability of the CBA
concrete at a low water-cement ratio. -e CBA concrete
mixtures were designated M00, M25, M50, M75, and M100,
in which the number in each mixture label represents the
percentage of the fine aggregates replaced by CBA.

2.3. Casting and Curing the Specimens. Cylindrical speci-
mens with dimensions of 100mm× 200mm were cast to
measure the unit weight, compressive strength, and splitting
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tensile strength of the CBA concrete, and prism specimens
with dimensions of 100mm× 100mm× 400mm were fab-
ricated to measure the flexural strength of the concrete. As
soon as the specimens were cast, they were covered with
plastic wrap and moist-cured for one day after casting.-en,
the specimens were demolded at a curing age of 24± 1 hour
and then cured in the water tank at 23± 2°C until the
specified testing age.

2.4. Test Procedure. For the fresh concrete, a slump test was
performed to examine the workability of the concrete. For
the hardened concrete, the unit weight, compressive
strength, splitting tensile strength, flexural strength, and
ultrasonic pulse velocity of the concrete were measured at
curing ages of 28 and 56 days. -e compressive strength of
the CBA concrete specimens was measured by testing
cylindrical specimens with a hydraulic testing machine in
accordance with the KS F 2405 test method [33]. -e
splitting tensile strength test was also determined by
testing cylindrical specimens in accordance with the KS F
2423 test method [34]. -e flexural strength of the CBA
concrete was measured by testing prism specimens under
four-point loading in accordance with the KS F 2408 test
method [35]. -e average values of the three specimens

were recorded to obtain the mechanical properties of the
concrete.

An ultrasonic pulse velocity test was also implemented,
and the test results were used to estimate the uniformity and
relative quality of the CBA concrete. -e ultrasonic pulse
velocity tests conformed to the ASTM C597-09 test method
[36]. -ree cylindrical specimens of each mixture were
prepared, and both ends of each specimen were polished to
ensure flat contact between the transducers and end surfaces
of the specimen. Moreover, to achieve accurate pulse travel
time measurements, the applied frequency of the trans-
ducers was 54 kHz. During this test, one transducer was held
on the surface of a cylindrical specimen, which transmitted
pulses of compressional waves through the concrete spec-
imen. -ese pulses were received and converted into elec-
trical energy by another transducer, which was held on
another surface of the concrete specimen.

3. Test Results and Discussions

Concrete applications in the construction industry may be
considered in terms of two concrete properties. One is the
mechanical properties of the concrete, and the other is the
durability of the concrete. -is study investigated the me-
chanical properties of HSC including CBA, but the concrete
durability was beyond the scope of this study.

3.1. Workability. -e workability of the fresh CBA concrete
was determined by performing a slump test. -e test results
are shown in Figure 4. -e slump of the CBA concrete
mixtures declined as the crushed fine aggregate replacement
by CBA increased. -e slumps of CBA concrete mixtures
M25, M50, M75, and M100 were 75, 70, 67.5, and 45mm,
respectively, whereas that of the control concrete mixture
was 80mm. -e reduction in the workability of CBA
concrete was caused by the increase in surface area and the
irregular shapes of the CBA particles. In addition, utilization
of CBA as fine aggregates enhanced the concrete texture,
which had more irregular and porous particles than the
control concrete. For that reason, the interparticle friction
increased, which led to an obstruction of the workability of
the fresh concrete. -e test results in this study are

(a) (b)

Figure 1: Natural fine aggregates and CBA aggregates. (a) Natural fine aggregates. (b) CBA aggregates.
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Figure 2: Grading curves of the CBA and natural fine aggregates.
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comparable to those reported by Singh and Siddique [20].
-eir test results indicated that the water demand of CBA
concrete increased to attain the same slump values as control
concrete and that the water requirement decreased, when a
water-reducing admixture was used.

3.2. Unit Weight. -e unit weight test results of the concrete
specimens with different CBA contents are presented in
Figure 5. -is figure shows that the unit weights of the
concrete decreased as the CBA content increased. At a curing
age of 28 days, the unit weight of CBA concretemixturesM25,
M50, M75, and M100 slightly decreased by 2.1, 3.2, 5.3, and
7.6% compared to that of the control concrete mixture
(2370.2 kg/m3), respectively. At a curing age of 56 days, the
unit weight of the CBA concrete mixtures M25, M50, M75,
and M100 decreased by 2.0, 3.7, 5.8, and 6.7% compared to
that of the control concrete mixture (2386.5 kg/m3), respec-
tively. -e decline in the unit weight of the CBA concrete
mixtures might be attributed to the smaller density of the
CBA aggregate compared to that of natural fine aggregates.
Hence, the CBA aggregates play the role of lightweight ag-
gregates rather than conventional crushed aggregates.

-e unit weights of the concrete specimens with different
curing ages are also shown in Figure 5. When the curing age
increased from 28 to 56 days, the unit weights of the concrete
with 0, 25, 50, 75, and 100% replacement of crushed fine
aggregate by CBA insignificantly increased by 0.7, 0.9, 0.2,
0.1, and 1.6%, respectively. With the interaction of the
chemical components of the CBA with cement paste, the
concrete matrix at a curing age of 56 days was slightly more
packed than that at a curing age of 28 days. -at was why the
unit weight of the CBA concrete increased slightly with
increasing curing age.

3.3. Compressive Strength. -e compressive strength test re-
sults of concrete specimens with different CBA contents are
presented in Figure 6. At a curing age of 28 days, the overall
compressive strength of the CBA mixtures decreased as the
CBA content increased. -e compressive strength of CBA
concrete mixture M25 increased insignificantly by 1.2% in

comparison to that of the control concrete mixture (69.4MPa).
In contrast, the compressive strength values of CBA concrete
mixtures M50, M75, and M100 declined by 3.0, 4.6, and 8.8%
compared to that of the control concrete mixture, respectively.
At a curing age of 56 days, the compressive strength values of
CBA concretemixturesM25,M50,M75, andM100 declined by
2.0, 3.0, 4.8, and 6.2% compared to that of the control concrete
mixture (76.7MPa), respectively. -e decline in the com-
pressive strengths of the CBA concrete can be explained by the
increase in the porosity in the concrete because the pores in the
CBA concrete cause a negative influence on the compressive
strength of the concrete specimens.-e test results in this study
were comparable with the previous experimental studies re-
ported by Muthusamy et al. [37] and Abdulmatin et al. [3]. In
their studies, the incorporation of CBA aggregates instead of
natural fine aggregates had an adverse effect on the com-
pressive strength of concrete at a curing age of 28 days. -e
substitution of stronger materials (natural aggregates) by
weaker materials (CBA) was the factor causing the decline in
the compressive strength of the concrete specimens.

Moreover, the compressive strength values of the CBA
concrete in all mixtures exceeded 60MPa, which could be
regarded as HSC. -e test results in this study implied that
CBA could be used for the fabrication of HSC.

-e long-term strength of CBA concrete may be higher
than that of control concrete because of the pozzolanic activity
of the CBA [3, 38]. For example, Abdulmatin et al. [3] showed
that the compressive strength of a CBA mortar increased by
16.1–26.8%, when the curing ages increased from 28 to 90 days,
whereas the compressive strength of the control mortar in-
creased by 17.7%, when the curing ages increased from 28 to 90
days. However, in this study, the effect of curing for only 28 and
56 days on the strengths of CBA concrete was investigated,
because the strengths at these curing ages are usually con-
sidered when designing concrete structures.

-e compressive strength values of the concrete speci-
mens with different curing ages are also shown in Figure 6.
When the curing ages increased from 28 to 56 days, the
compressive strength values of the concrete with 0, 25, 50,
75, and 100% replacement of fine aggregates by CBA in-
creased by 10.4, 6.9, 10.4, 10.2, and 13.6%, respectively. -e
substantial increase in the compressive strength of the CBA
concrete mixtures at a curing age of 56 days was due to the
pozzolanic activity of the CBA. For the CBA concrete with a
longer curing age, calcium hydroxide begins to react with the
CBA particles and create calcium silicate hydrate (C-S-H)
gel [23]. With increasing curing age, calcium silicates and
aluminates are formed by the reaction between reactive silica
in the CBA and alkali calcium hydroxide from the hydration
of cement. -ese calcium silicates and aluminates fill the
voids in the interfacial transition zone and enhance the
compressive strength.

Table 1: Physical properties of the CBA, natural fine, and coarse aggregates.

Material Density (g/cm3) Water absorption (%) Fineness modulus
Natural fine aggregates 2.60 0.69 3.17
Natural coarse aggregates 2.61 1.44 6.77
CBA 1.84 6.87 3.83

Table 2: Chemical composition of the CBA.

Compound CBA (%)
SiO2 62.94
Al2O3 18.09
Fe2O3 9.95
CaO 5.08
Na2O 1.58
K2O 0.99
MgO 1.37
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3.4. Splitting Tensile Strength. -e splitting tensile strength
values of the concrete specimens with different CBA con-
tents are shown in Figure 7. -e tendency of the tensile
strength test results with the increase in the CBA contents
was less clear than that of the compressive strength. At a
curing age of 28 days, the splitting tensile strength of the
CBA concrete mixtures including 25% CBA as fine aggre-
gates was 15.8% lower than that of the control concrete
mixture. However, the splitting tensile strength values of the
CBA concrete mixtures incorporating 50, 75, and 100% CBA
as fine aggregates were 9.7, 4.0, and 17.2% lower than that of
the control concrete mixture, respectively. At a curing age of
56 days, the splitting tensile strengths of the concrete
mixtures incorporating 25, 50, 75, and 100% CBA as fine

aggregates were 6.8, 7.4, 6.4, and 4.9% lower than that of the
control concrete mixture, respectively. -e splitting tensile
strength difference between the CBA concrete and the
control concrete became less distinct at a curing age of 56
days than at 28 days. -e decrease in the splitting tensile
strength with increasing CBA content was due to the in-
crease in the volume of pores in the concrete gained by
replacing the fine aggregates with CBA.

In addition, the splitting tensile strength of each mixture
exceeded 4MPa. -is meant that the splitting tensile
strength of HSC containing CBA as fine aggregates in this
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Figure 3: SEM and EDS results of the CBA. (a) SEM morphology of the CBA. (b) EDS spectra of the CBA (at the red circle in (a)).

Table 3: Mixing proportions of the CBA concrete.

Mixture Replacement of fine aggregates
with CBA (%) W/C Water

Unit content (kg/m3)
Cement
(OPC)a

Natural coarse
aggregates

Natural fine
aggregates CBA HWRAb (0.6%×

cement)
M00 0 0.3 178.5 595.0 878.5 663.0 0.0 3.6
M25 25 0.3 178.5 595.0 878.5 497.2 117.7 3.6
M50 50 0.3 178.5 595.0 878.5 331.5 235.3 3.6
M75 75 0.3 178.5 595.0 878.5 165.7 353.0 3.6
M100 100 0.3 178.5 595.0 878.5 0.0 470.7 3.6
aOPC: ordinary Portland cement. bHWRA: high water-reducing agent.
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study would be comparable to that of conventional normal-
strength concrete containing natural aggregates.

-e splitting tensile strength values of the concrete
specimens with different curing ages are also shown in
Figure 7. When the curing age increased from 28 to 56 days,
the tensile strengths of concrete with the substitution of 0
and 75% of CBA as fine aggregates decreased by 1.3 and
3.8%, respectively, whereas the tensile strength values of the
concrete with 25, 50, and 100% replacement of fine ag-
gregates by CBA increased by 9.2, 1.1, and 13.4%,
respectively.

3.5. Flexural Strength. -e flexural strength test results with
different CBA contents are shown in Figure 8. At a curing
age of 28 days, the flexural strength values of the CBA
concrete mixtures incorporating 25, 50, 75, and 100% CBA
as fine aggregates were reduced by 1.0, 4.6, 7.3, and 17.1% in
comparison with that of the control mixture (6.6MPa),
respectively. At a curing age of 56 days, the flexural strength

values of CBA concrete mixtures M25, M50, M75, andM100
were reduced by 3.4, 5.5, 6.5, and 20.2% in comparison with
that of the control mixture (7.6MPa), respectively. -e
flexural strength difference between the CBA concrete and
the control concrete at a curing age of 56 days was quite
similar to that at a curing age of 28 days. At both curing ages
of 28 and 56 days, compared to the flexural strength of the
mixture containing natural fine aggregates only, the re-
duction in the flexural strength of the mixture containing
100% CBA fine aggregates was more remarkable than that of
mixtures containing 25, 50, and 75% CBA fine aggregates.

-e flexural strength values of the concrete specimens
with different curing ages are also shown in Figure 8. When
the curing age increased from 28 to 56 days, the flexural
strength values of the concrete containing 0, 25, 50, 75, and
100% replacements of fine aggregates by CBA increased by
13.8, 11.1, 12.7, 14.9, and 9.6%, respectively. -e increase in
flexural strength of the CBA concrete with increasing curing
time primarily resulted from the pozzolanic reaction of the
CBA, as described in the earlier section regarding com-
pressive strength.

3.6. Relationship between the Compressive Strength, Splitting
Tensile Strength, and Flexural Strength. In this study, to
examine the relationship between the different strengths of
CBA concrete, a regression analysis was performed. In the
regression analysis, the coefficient of determination (R2),
normally ranging from 0 to 1, represents the goodness of a
model fit. An R2 value close to 1 indicates that the regression
accurately fits the data and vice versa. Regression analysis
was performed based on two approaches.-e first regression
analysis incorporated the test results obtained only in this
study, and the second incorporated the test results obtained
in this study and in previous studies by using exponential
functions.

-e relationship between the splitting tensile strength
and compressive strength of the CBA concrete under two
different curing ages is demonstrated in Figure 9(a).
Moreover, the relationship between the splitting tensile
strength and compressive strength of the CBA concrete,
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which are based on the test results in this study, is derived by
the following equation:

ft � 2.9085e
0.0062fc , R

2
� 0.19, (1)

where ft is the splitting tensile strength (MPa) and fc is the
compressive strength (MPa).

-e splitting tensile strength of the CBA concrete was
nearly exponentially proportional to that of the compressive
strength. -e porosity in the concrete matrix derived from
replacing fine aggregates with CBA increased, which resulted
in decreases in both the compressive strength and the
splitting tensile strength of the concrete. However, in-
creasing the curing time led to an increase in both the
compressive strength and the splitting tensile strength. -e
relationship between the splitting tensile strength and
compressive strength of the CBA concrete based on the test
results in this study and in previous studies [24, 39] is shown
in Figure 9(b). -e compressive strengths of the CBA
concrete varied from 15 to 37MPa in the study by Rafiei-
zonooz et al. [24] and ranged from 40 to 59.5MPa in the
study by Nikbin et al. [39]. -e compressive strength values
of CBA concrete in previous studies were less than ap-
proximately 60MPa, whereas the compressive strength
values of the CBA concrete in this study ranged from 63.3 to
76.7MPa, thereby exceeding 60MPa.

-e proposed exponential equation used to predict the
relationship between the compressive strength and the
splitting tensile strength of CBA concrete, as obtained from
the test results in this study and in previous studies, is
expressed as follows:

ft � 1.6635e
0.0175fc , R

2
� 0.66, (2)

where ft is the splitting tensile strength (MPa) and fc is the
compressive strength (MPa).

Overall, this equation underestimated the tensile
strength values, when the compressive strength values
ranged from approximately 40 to 60MPa, whereas it
overestimated the tensile strength values, when the com-
pressive strength values ranged from approximately 60 to
80MPa.

-e relationship between the flexural strength and
compressive strength of the CBA concrete under two dif-
ferent curing ages is shown in Figure 10(a). -e flexural
strength of the CBA concrete increased as the compressive
strength increased. -e relationship tendency between the
flexural strength and compressive strength of the CBA
concrete was similar to that between the splitting tensile
strength and compressive strength of the CBA concrete. -e
relationship between the flexural strength and compressive
strength of the CBA concrete, based on the test results in this
study, is derived by the following equation:

fr � 1.5192e
0.0208fc , R

2
� 0.81, (3)

where fr is the flexural tensile strength (MPa) and fc is the
compressive strength (MPa).

Rafieizonooz et al. [24] and Nikbin et al. [39] also
implemented an experimental program for measuring the
flexural strength of concrete containing CBA aggregates.-e

relationship between the flexural strength and compressive
strength of the CBA concrete based on the test results in this
study and in their studies is shown in Figure 10(b). An
exponential equation for predicting the relationship between
the flexural strength and compressive strength of CBA
concrete is suggested as follows:

fr � 2.627e
0.0151fc , R

2
� 0.71, (4)

where fr is the flexural tensile strength (MPa) and fc is the
compressive strength (MPa).

-is equation underestimated the flexural strength
values when the compressive strength values ranged from 40
to 60MPa, whereas it overestimated the flexural strength
values, when the compressive strength values ranged from
60 to 80MPa.

Finally, the relation between the splitting tensile strength
and flexural tensile strength of the CBA concrete under two
different curing ages is shown in Figure 11(a). Overall, the
splitting tensile strength values of the CBA concrete were
nearly proportional to the flexural strength values of the
CBA concrete. -e relationship equation between the
splitting tensile and flexural strength of the CBA concrete,
based on the test results in this study, is proposed by the
following equation:

ft � 3.3715e
0.0436fr , R

2
� 0.21, (5)

where ft is the splitting tensile strength (MPa) and fr is the
flexural tensile strength (MPa).

-e relationship between the splitting tensile strength
and flexural tensile strength of the CBA concrete based on
the test results in this study and in previous studies [24, 39] is
shown in Figure 11(b). An exponential equation for pre-
dicting the splitting tensile strength of the CBA concrete by
using the flexural strength is suggested as follows:

ft � 1.2717e
0.195fr , R

2
� 0.64, (6)

where ft is the splitting tensile strength (MPa) and fr is the
flexural tensile strength (MPa).

3.7. Ultrasonic Pulse Velocity. -e ultrasonic pulse velocity
experimental results of concrete specimens with different
CBA contents are illustrated in Figure 12. At a curing age of
28 days, the ultrasonic velocities of the CBA concrete
mixtures M25, M50, M75, and M100 were reduced by 0.4,
0.9, 2.1, and 2.7% compared to the control mixture M00,
respectively. At a curing age of 56 days, the ultrasonic ve-
locities of CBA concrete mixtures M25, M50, M75, and
M100 were also reduced by 0.9, 1.4, 2.1, and 2.6% compared
to that of the control mixture M00, respectively. Ultrasonic
pulse waves pass faster through a solid body than through
space [40]. Hence, increases in the void content of the CBA
aggregate might cause a decrease in the ultrasonic pulse
velocity. Moreover, when the curing age increased from 28
to 56 days, the ultrasonic velocities of the CBA concrete
mixtures with CBA fine aggregate contents of 0, 25, 50, 75,
and 100% increased by 1.0, 0.5, 0.5, 1.0, and 1.1%, respec-
tively. -erefore, the test results indicated that the ultrasonic
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pulse velocities of the CBA concrete mixtures decreased with
increasing CBA content but slightly increased with in-
creasing curing age.

-e relationship between the compressive strength and
ultrasonic pulse velocity of the CBA concrete obtained in
this study is shown in Figure 13(a). As expected, the overall
compressive strength of the CBA concrete increased as the
ultrasonic pulse velocity of the CBA concrete increased. -e
relationship between the compressive strength and the ul-
trasonic pulse velocity of the CBA concrete is shown in
Figure 13(b), in which the test results in this study and in
other studies [18, 24] are included. -e measured values in
this study and those in the existing studies represented
significant deviations.-is phenomenonmight be due to the

difference between the chemical components of the CBA
used in this study and those in the existing studies. By using
these test results, an equation for predicting the relationship
between the compressive strength and the ultrasonic pulse
velocity of the CBA concrete is suggested as follows:

fc � 0.6968e
0.001V

, R
2

� 0.17, (7)

where fc is the compressive strength (MPa) and V is the
ultrasonic pulse velocity (m/s).

As expected, the coefficient of determination (R2) in (4)
was not high, meaning that the relationship between the test
results and predictions was not good because there were
significant deviations between the test results in this study
and those in the existing studies, as shown in Figure 13(b).
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Figure 9: Relationship between the splitting tensile strength and compressive strength. (a) Test results in this study. (b) Test results in this
study and previous studies.
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Figure 10: Relationship between the flexural strength and compressive strength. (a) Test results in this study. (b) Test results in this study
and previous studies.
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Figure 14(a) shows the relationship between the splitting
tensile strength and ultrasonic pulse velocity of the CBA
concrete obtained in the study. As the ultrasonic pulse
velocity increased, both the compressive strength and the
splitting tensile strength of the CBA concrete increased.

-e relationship between the splitting tensile strength
and the ultrasonic pulse velocity of the CBA concrete is
shown in Figure 14(b), in which the test results in this study
and in another study [24] are included. By using these test
results, an equation for predicting the relationship between
the splitting tensile strength and the ultrasonic pulse velocity
of the CBA concrete is suggested as follows:

ft � 0.0004e
0.0021V

, R
2

� 0.71, (8)

where ft is the splitting tensile strength (MPa) and V is the
ultrasonic pulse velocity (m/s).

In the figure, there are some deviations in predicting the
splitting tensile strength when the ultrasonic pulse velocities
were between approximately 4200 and 4500m/s. -e

predictions underestimated the measurements in this study
but overestimated the measurements in the other study.

Finally, the relationship between the flexural strength
and ultrasonic pulse velocity of the CBA concrete measured
in this study is shown in Figure 15(a). -e CBA concrete
flexural strength was closely related to the ultrasonic pulse
velocity.

-e relationship between the flexural strength and the
ultrasonic pulse velocity of the CBA concrete is shown in
Figure 15(b), in which the test results in this study and in
another study [24] are also included. An equation for
predicting the relationship between the flexural strength and
the ultrasonic pulse velocity of the CBA concrete is suggested
as follows:

fr � 0.0062e
0.0016V

, R
2

� 0.59, (9)

where fr is the flexural strength (MPa) and V is the ul-
trasonic pulse velocity (m/s).

As the predictions underestimated the splitting tensile
strength values of the CBA concrete, which were measured
in this study, the predictions also underestimated the flex-
ural strength values of the CBA concrete, which were
measured in this study. -ese phenomena occurred because
the splitting tensile strength of the CBA concrete was related
to the flexural strength, as shown in Figures 11(a) and 11(b).

4. Conclusions

-e strength properties of CBA concrete with compressive
strength values greater than 60MPa were investigated in this
study. Based on the extensive experimental results, the
following conclusions can be drawn:

(1) -e test results showed that, at low CBA contents,
the unit weight of the HSC concrete slightly reduced
by approximately 2%-3%. -ese results implied that
low CBA contents could be applied to fabricate HSC
with a normal weight.
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Figure 11: Relationship between the splitting tensile strength and flexural strength. (a) Test results in this study. (b) Test results in this study
and previous studies.
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Figure 14: Relationship between the splitting tensile strength and ultrasonic pulse velocity. (a) Test results in this study. (b) Test results in
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Figure 15: Relationship between the flexural strength and ultrasonic pulse velocity. (a) Test results in this study. (b) Test results in this study
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(2) For the CBA concrete, even if it contained total
replacement for fine aggregates, the compressive
strength exceeded 60MPa. -e test results implied
that the CBA concrete possibly reached the level of
HSC. -erefore, CBA could be utilized for fabri-
cating HSC as a partial or total substitution for fine
aggregates.

(3) Overall, replacing fine aggregates by CBA insignif-
icantly affected the splitting tensile strength of the
HSC. Particularly, at the curing age of 56 days, the
splitting tensile strengths of HSC including CBA
slightly reduced at the various CBA contents.
However, clear reducing tendencies were observed in
the flexural strengths of the CBA concrete mixtures
at the curing age of 28 and 56 days.

(4) -e experimental results showed that the ultrasonic
pulse velocity of the HSC specimens with various
CBA contents reduced by approximately 3%. -is
phenomenon indicated that the density of the HSC
specimens decreased. Accordingly, utilizing CBA as
fine aggregates in HSC would reduce the concrete
strength. -e test results actually showed that the
strengths of the CBA concrete decreased as the ul-
trasonic pulse velocity of the CBA concrete
decreased.

(5) Equations to predict the compressive strength,
splitting tensile strength, and flexural strength of the
CBA concrete by using the ultrasonic pulse velocity
were suggested. -e coefficient of determination in
predicting the strengths of the CBA concrete was not
high because the measurements in this study and in
previous studies were scattered. -erefore, further
extensive experimental studies are needed to im-
prove the accuracy of the predictions.
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