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Research and development of alternative cementitious
materials as well as supplementary cementing materials
(SCMs) become mandatory for construction industry to
manage global warming as well as energy scarcity due to
huge energy consumptions and greenhouse gas emissions
entailed by the conventional cement technology. #e im-
provement in durability of materials is inevitably aimed to be
achieved for resource e-ciency and safety factor. Re-
searchers are trying to replace Portland cement (PC) with
SCMs and low-temperature cementitious materials such as
special cements and geopolymeric binders. Besides using
alternative cements and SCMs instead of pure Portland
cement, their composites with other inorganic materials can
work as smart building materials and work for environ-
mental aspects. In this special issue on alternative cemen-
titious materials and their composites, we have invited a few
papers that address such issues.

#e 0rst paper of this special issue addresses the im-
mobilization of harmful Pb using alkali-activated materials
made of industrial wastes, blast furnace slag (BFS) and coal
3y ash. #e Pb immobilization was accomplished at 99%.
#e best recipe for Pb solidi0cation was alkali-activated BFS
blended with sand, when compared to pure BFS and pure 3y
ash systems. #is was due to the lowest porosity of the sand-
blended system. #e high dosage of Pb lowered the strength
of materials. #e second paper proposed the use of natural
SCMs such as volcanic rock (scoria) and limestone for
economic bene0t and early-strength and durability im-
provements, respectively. #e accelerated strength performance
was due to the acceleration in precipitation of hydration products

when limestone powders were added. #e combination of
limestone and volcanic scoria created the best environment for
H2SO4 protection due to many reasons: calcium hydroxide
reduction, gypsum formation, and more Ca ions in the system,
which assisted retardation of acid attack. #e third paper
attempted to address the 0re resistance issue of conventional
cement by introduction of the geopolymer as an alternative. #e
0re resistance and mechanical tests were carried out on geo-
polymer concrete made of class F 3y ash and ground-granulated
blast furnace slag and compared to normal concrete made of
ordinary Portland cement (OPC). With the proposed formula,
geopolymer concrete was less 0re resistant than OPC concrete
because of its higher shrinkage.#e results showed the limitation
of starting materials containing high alkali contents. However,
the issue has to be deeply investigated formore understanding of
the 0re-resistant geopolymer.#e fourth paper proposed the use
of SCMs such as natural zeolite in concrete mix. It was worth to
note here that zeolite, a kind of the porous material, could
improve mechanical properties of concrete in the long term due
to its pozzolanic reaction.#e 0fth paper described hydration of
OPC in the presence of various powders such as glass powder,
limestone powder, and steel slag powder. #ey behaved di<er-
ently when met with OPC in that glass powder consumed
calcium hydroxide (CH) due to its pozzolanic reaction, while
limestone and steel slag powder did not react with CH and
provided more CH for the system, respectively.

#e sixth paper addressed the feasibility of natural rock,
a kind of inert material, to synthesize the alkali-activated
binder. #is paper showed a successful case for using silicate
minerals in groups of inosilicate and tectosilicate to produce
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the geopolymeric binder. #e seventh paper addressed the
utilization of autoclaved aerated lightweight concrete wastes
as an aggregate in concrete mix, aiming strength im-
provement by internal curing. #e experiments provided
positive results in introduction of such wastes for concrete
mix as they could supply additional water for internal
curing. #e eighth paper proposed new direction of ce-
mentitious materials for energy storage due to their ionic
and highly porous characteristics. #e challenging per-
spective of this cement-based battery is how to improve its
power output and service life. #e ninth paper addressed the
di-culty in strength and durability improvements of cement
paste back0ll for environmental cleaning-up, especially
solidi0cation of heavy metals in 0ne tailings containing
sulphide from zinc mine. A use of calcined kaolin for cement
replacement gave positive results both in short and long
terms in aspects of strength and durability. #e release of
toxic elements shall be further investigated to con0rm the
potential of solidi0cation. #e tenth paper investigated an
impact of glass waste aggregate contents on mechanical
properties of concrete, especially fracture parameters,
aiming to promote waste utilization for construction in-
dustry. In a replacement of the natural 0ne aggregate, a use
of glass cullet provided negative e<ect on fracture behavior.

#e eleventh paper addressed the problem of air leakage
to improve coal mining safety. #is paper o<ered a kind of
new and a<ordable airtight 0lling material which composed
various kinds of cementing materials. #e best recipe for
sealing composed of high amount of sulfoaluminate cement
due to its highly expansive behavior and fast strength de-
velopment. #e twelfth paper proposed the possibility for
a use of very 0ne steatite powder as cement replacement in
self-compacting concrete. #is paper showed that the nat-
ural clay mineral was possible to work as a supplementary
cementing material. #e thirteenth paper promoted a use of
high-volume 3y ash in concrete in structural application
such as column. It showed a good sign to adopt high-volume
3y ash for construction. #e fourteenth paper described the
modi0cation of hydration of Portland cement in the pres-
ence of nano-SiO2-polycarboxylate compounds which were
combinations of pozzolan and superplasticizer. #is paper
achieved the introduction of this new composite material for
controlling hydration of Portland cement. #e 0fteenth
paper proposed the mechanical properties of alkali-activated
slag concrete compared to those of Portland cement concrete.
#e 3exural and shear behaviors of reinforced slag concrete
were not signi0cantly di<erent from those of conventional
Portland concrete. #e last paper achieved the utilization of
palm oil fuel ash for Portland cement replacement in terms of
water permeability and chloride resistance.

K. Pimraksa
P. Chindaprasirt

J. Sanjayan
T.-C. Ling
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Correspondence should be addressed to Jan Kopĺık; koplik@fch.vutbr.cz
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Alkali-activated matrices are suitable materials for the immobilization of hazardous materials such as heavy metals. .is paper is
focused on the comparison of immobilization characteristics of various inorganic composite materials based on blast furnace slag
and on the in3uence of various dosages of the heavy metal Pb on the mechanical properties and 4xation ability of prepared
matrices. Blast furnace slag (BFS), 3y ash, and standard sand were used as raw materials, and sodium water glass was used as an
alkaline activator. Pb(NO3)2 served as a source of heavy metal and was added in various dosages in solid state or as aqueous
solution. .e immobilization characteristics were determined by leaching tests, and the content of Pb in the eluate was measured
by inductively coupled plasma optical emission spectroscopy (ICP-OES). .e microstructure of matrices and distribution of Pb
within the matrix were determined by scanning electron microscopy (SEM) equipped with energy dispersive X-ray spectroscopy
(EDS). Increasing the dosage of the heavy metal had negative impacts on the mechanical properties of prepared matrices. .e
leaching tests con4rmed the ability of alkali-activated materials to immobilize heavy metals. With increasing addition of Pb, its
content in eluates increased.

1. Introduction

Heavy metals such as Pb belong to hazardous materials,
which are harmful to the human beings. Lead is highly
toxic element, which attacks mainly the nervous system.
Lead exposure mostly occurs through the ingestion of
contaminated water or food. .erefore, it is important to
prevent its leakage into the environment by stabilization
or solidi4cation of waste materials before their deposition
into the land4ll [1]. A possible way on how to immobilize
heavy metals is using alkali-activated materials (AAMs).
AAMs present a broad range of materials (geopolymers,
activated blast furnace slag, etc.), but all of them
are activated by high pH during their preparation. .e
AAMs can be divided into two big groups: high-calcium
alkali-activated materials (HCAAMs) and low-calcium
alkali-activated materials (LCAAMs). HCAAMs are
represented mainly by activated BFS, and LCAAMs are
represented mainly by activated 3y ash or metakaolin.
.e structure of HCAAMs consists of the C-A-S-H gel as

a major hydration product. .is gel has a similar
structure as the C-S-H gel in hydrated ordinary Portland
cement and is made up of tetrahedrally coordinated
silicate chains, where aluminium is located in the
bridging position instead of silicon. .e structure and
composition of the C-A-S-H gel depend on the nature
and concentration of the used activator. AFm-type phases
(NaOH-activated binders), hydrotalcite (BFS with high
content of MgO), and zeolites (binders with high content
of Al2O3) are usually formed as secondary hydration
products [2–4].

Heavy metals can be immobilized by two types of
4xation–physical and chemical. Mostly, both types of
immobilization occur together. Physical 4xation is linked
with mechanical properties and porosity of the matrix.
Chemical 4xation means that there is a chemical bond
between the heavy metal and the matrix. Heavy metals can
be inhibited by transformation into a less soluble form as
well. After alkali activation, the heavy metals usually
occur in the form of silicate or hydroxide [5–7]. .e
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immobilization of heavy metals within AAMs can be
in3uenced by various factors, such as the composition of
the matrix, the type of alkaline activator, the immobilized
heavy metal, and the leaching medium [8, 9]. Previous
researches proved that Pb reached high eHciency of
immobilization in AAMs, but there is only little in-
formation about the in3uence of Pb dosage on immobi-
lization characteristics of AAMs [10–13].

.e aim of this work was to compare the ability of
three diIerent alkali-activated matrices based on BFS to
immobilize Pb within their structure. .e in3uence of
diIerent Pb dosages on the immobilization eHciency was
also investigated.

2. Materials and Methods

2.1. Materials, Sample Preparation, and Leaching Tests. BFS
and high-temperature 3y ash were used as rawmaterials..e
particle size distribution of both raw materials is listed in
Table 1. Liquid sodium silicate with the SiO2/Na2O ratio of

1.85 served as an alkaline activator. As 4ne aggregates, three
diIerent fractions of siliceous Czech standard sand com-
plying with ČSN EN 196-1 were used (the mass ratio of the
fractions was 1 : 1 : 1). Pb was used in the form of Pb(NO3)2.

.ree types of matrices were prepared. .e 4rst one
was based only on BFS. In the second one, 50 wt.% of BFS
was replaced by 3y ash. And the third one consisted of BFS
and standard sand. .e sample nomenclature and the
mixture designs are listed in Tables 2 and 3, respectively.
Pb was added in the dosages of 1, 2.5, and 5 wt.% to binder
mass and was added in two ways: as a solution and
as a solid. In both cases, the water-to-binder ratios were
the same.

.ewhole mixing procedure took four minutes. In the
beginning, all materials without aggregates were put
together and sand, if needed, was added after 30 s of
mixing. .e samples were cast in steel molds measuring
20 × 20 ×100mm. All analyses were performed after 28
days of moist curing (98% relative humidity) at labo-
ratory temperature (23 ± 2°C).

.e leaching tests were based on ČSN EN 12457-4. .e
demineralized water served as leaching agent. .e
solid/liquid ratio was 1 : 10, and the mixture was agitated for
24 hours. After the leaching time ended, the mixture was
4ltered by a membrane 4lter with the pore size of 0.45 µm,
and the concentration of Pb in solution was determined by
ICP-OES.

2.2. Methods. .e compressive strength was measured
according to the ČSN EN 196-1 using Betonsystem Desttest
3310. To determine the porosity, prepared matrices were
investigated by mercury intrusion porosimetry using
Quantachrome instrument PoreMaster 33. .e surface
tension of mercury was 480mN/m, and the contact angle
was 140° based on the recommendation. .e pore sizes were
determined in the range from over 170 μm to 0.0064 μm..e
ICP-OES data were obtained using Horiba Jobin Yvon
Ultima II Spectrometer. .e parameters of measurement
were as follows: RF power, 1350W; gas, argon; plasma gas,
13 L·min−1; auxiliary gas, 0.1 L·min−1; nebuliser gas,
0.85 L·min−1; plasma view, radial; nebuliser, Meinhard; and
nebuliser pressure, 3 bar. .e scanning electron microscopy
(SEM) and the energy dispersive X-ray spectroscopy (EDS)

Table 1: Particle size distribution of raw materials.

x (10%) µm x (50%) µm x (90%) µm x (99%) µm
BFS 0.88 10.73 33.97 59.57
Fly ash 4.18 44.56 236.89 486.20

Table 2: .e nomenclature of samples.

Mixture Mixture name
BFS; 1% Pb added as solid S1
BFS; 2.5% Pb added as solid S2
BFS; 5% Pb added as solid S5
BFS + sand; 1% Pb added as solid M1
BFS + sand; 2.5% Pb added as solid M2
BFS + sand; 5% Pb added as solid M5
BFS + 3y ash; 1% Pb added as solid P1
BFS + 3y ash; 2.5% Pb added as solid P2
BFS + 3y ash; 5% Pb added as solid P5
BFS; 1% Pb added as liquid SR1
BFS; 2.5% Pb added as liquid SR2
BFS + sand; 1% Pb added as liquid MR1
BFS + sand; 2.5% Pb added as liquid MR2
BFS + 3y ash; 1% Pb added as liquid PR1
BFS + 3y ash; 2.5% Pb added as liquid PR2

Table 3: .e mixture design of prepared matrices.

BFS
matrices

Matrices with
sand

Matrices with 3y
ash

BFS 100 wt.% 25 wt.% 50 wt.%
Fly ash — — 50 wt.%
Sand — 75 wt.% —
Activator/binder 8% 8% 8%
Water/binder 0.33 0.42 0.33
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Figure 1: Compressive strength of prepared matrices (28 days).
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analyses were performed using Zeiss EVO LS 10 equipped
with an Oxford X-Max 80mm2 detector in the backscat-
tering mode. .e working distance for all samples was
12mm and the accelerate voltage was 30 kV. All samples
were sputtered by carbon to obtain good surface
conductivity.

3. Results and Discussion

3.1. Compressive Strength. .e compressive strength of
prepared matrices is shown in Figure 1 and Table 4.
Following the results, the type of matrix had the highest
in3uence on the compressive strength. .e highest values
had the matrix with aggregates, and the lowest values
reached the matrix with 3y ash. .e results correspond
with the 4ndings in literature that, by replacing BFS with
3y ash, the compressive strength decreases [2]. No clear
behavior correlation was observed between the Pb
dosage amount and mechanical properties. Increasing
the dosage of Pb from 1 up to 2.5 wt.% led, in some cases,
to the compressive strength increase and in some cases to
the strength decrease. .e addition of 5 wt.% of Pb
caused the decrease of compressive strength in all types
of matrices.

3.2. Porosity. .e porosity of the prepared materials
depended mainly on the type of the matrix. .e total po-
rosity of chosen samples is listed in Table 5. .e matrix with
3y ash showed the highest porosity. High-temperature 3y
ash consists of spherical particles, which can be 4lled in with
similar smaller particles or can be hollow. Hence, partially
reacted 3y ash particles increased the porosity. .e lowest
porosity was observed in thematrix based on BFS. It is due to
a very compact microstructure of this matrix, which was
con4rmed by SEM analysis (Figure 2). .e dosage of Pb
in3uenced the porosity of matrices too. .e total porosity of
matrices increased with increasing Pb content. As can be
seen in Figure 3, around the areas, where Pb was cum-
mulated, the matrix was not compact and the cracks and
pores were formed. .is caused the increase in porosity.
.e state of Pb addition—liquid/solid—did not aIect the
porosity.

3.3. Leaching Tests. To determine the eHciency of Pb im-
mobilization, the leaching test based on ČSN EN 12457-4

was performed. .is test serves to determine whether the
material is suitable for land4lling and whether it does not
represent any hazard for the environment. Figure 4 shows
the concentration of Pb in eluates from the prepared
matrices. .e immobilization of Pb in all matrices was very
high and reached up to 99%. .e results correspond with
previous research and correlate with the total porosity of
the matrices [11]. .e highest Pb release occurred from
matrices with 3y ash, which also had the highest porosity
and the lowest mechanical properties. .e dosage of Pb had
the in3uence on immobilization too. With increasing Pb
addition, the content of Pb released into the leaching
medium increased as well. It should be taken into con-
sideration that when the Pb addition rose 4ve times, the
release increased only maximally three times..e eHciency
of Pb immobilization was better with higher dosages of Pb.

Table 5: .e porosity of matrices.

Total intruded volume (cm3/g) P1 P5 PR1 M1 M5 MR1 S1 S5 SR1
0.130 1.312 0.117 0.034 0.050 0.036 0.022 0.035 0.023

Table 4: Compressive strength of prepared matrices (7 days).

Mixture S1 S2 S5 M1 M2 M5 P1 P2
MPa 62.3 61.8 58.3 75.0 74.8 59.7 56.7 49.7
Mixture P5 SR1 SR2 MR1 MR2 PR1 PR2 —
MPa 40.1 55.4 53.2 70.5 76.3 50.3 52.7 —

Figure 2: .e microstructure of SR2 matrix.

Figure 3: .e microstructure of S2 matrix.
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.e pH of eluates is listed in Table 6..ematrices with sand
reached the lowest pH, because they contained the smallest
amount of the binder. .e presence of 3y ash led to the
decrease of pH. .e highest dosage of Pb (5 wt.%) caused
the decrease of pH as well.

3.4. SEM. .e SEM analysis showed three diIerent mi-
crostructures depending on the type of matrix. .e samples
S2, P2, M2, and SR2 were investigated. .e matrix based on
BFS had a compact structure with unreacted particles of
BFS and hydration products between them (Figure 3, Area 2;
Table 7). A similar structure was observed in the matrix
containing 3y ash, but moreover, unreacted particles of 3y
ash were identi4ed. .e addition of 3y ash led to the in-
crease in the content of Si and Al and the decrease in the

content of Ca (Table 8). A quite diIerent microstructure
occurred in the matrix with aggregates. .e unreacted
aggregates 4lled the major area of the sample and in be-
tween them there was the matrix with the same compo-
sition as observed in the S2 sample (Figure 5, Table 9, and
Area 6). .e aggregates were composed of quartz (Table 9
and Area 7).

When Pb was added as a solid, it behaved in the same
manner in all types of matrices. Pb was cumulated in pores
and formed speci4c structures (Figures 3, 5, and 6). .ese
structures consisted mainly of Pb and O. It can be assumed
that Pb transformed into its insoluble salt Pb(OH)2 after the
alkali activation. .ese 4ndings correspond to previous
research [14]. Minor amount of Pb was dispersed
throughout the matrix. A quite diIerent situation came up
with the addition of Pb as a solution. Pb was dispersed
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Figure 4: Concentration of Pb in eluates from matrices.

Table 6: .e pH of eluates from matrices.
Mixture S1 S2 S5 M1 M2 M5 P1 P2
pH 11.92 11.89 11.77 11.32 11.29 11.15 11.63 11.60
Mixture P5 SR1 SR2 MR1 MR2 PR1 PR2 —
pH 11.51 11.89 11.88 11.31 11.31 11.63 11.58 —

Table 7: EDS analysis of S2 matrix.
Area 1

Element O Na Mg Al Si Ca Pb — — — —
Atomic (%) 57.85 3.29 0.76 0.95 12.32 1.64 23.20 — — — —

Area 2
Element O Na Mg Al Si Ca Pb S K Ti Mn
Atomic (%) 58.13 4.62 3.93 3.00 15.23 12.80 0.97 0.88 0.19 0.07 0.18

Table 8: EDS analysis of P2 matrix.
Area 3

Element O Si Ca Al Pb — — — — —
Atomic (%) 81.61 3.95 3.61 1.03 9.79 — — — — —

Area 4
Element O Si Ca Al Pb Na Mg K Ti Fe
Atomic (%) 59.10 18.91 5.96 7.57 0.12 4.89 1.86 0.57 0.30 0.72
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equally throughout thematrix and did not create any speci4c
structures (Figure 2, Table 10).

4. Conclusions

.e immobilization of Pb in three diIerent matrices was
investigated. All matrices showed good ability to im-
mobilize Pb. .e increase in the Pb dosage led to the
increase of Pb concentration in eluates, but the immo-
bilization eHciency remained up to 99% in all cases. After

the alkali activation, Pb formed its insoluble salt Pb
(OH)2. Both the compressive strength and the porosity
were in3uenced by the Pb dosage. .e decrease of me-
chanical properties after the addition of higher Pb dosage
(5 wt.%) was observed. .e concentration of Pb in eluates
correlated with the porosity: when the porosity was
higher, more Pb was released in eluates. It can be assumed
that Pb was 4xed by physical 4xation, which was linked
with the mechanical properties of matrices. Pb was also
well immobilized, thanks to the formation of its insoluble

Table 9: EDS analysis of M2 matrix.
Area 5

Element O Si Ca Pb — — — — — — —
Atomic (%) 73.26 7.61 5.21 13.92 — — — — — — —

Area 6
Element O Si Ca Pb Na Mg Al S K Ti Mn
Atomic (%) 59.02 15.38 12.87 0.14 3.93 4.17 3.52 0.44 0.21 0.13 0.19

Area 7
Element O Si — — — — — — — — —
Atomic (%) 63.65 36.35 — — — — — — — — —

Figure 6: .e microstructure of P2 matrix.

Table 10: EDS mapping of SR2 matrix.
Element O Si Ca Al Pb Na Mg K Ti Mn
Atomic (%) 58.96 15.39 13.06 3.08 0.27 4.65 3.86 0.18 0.07 0.15

Figure 5: .e microstructure of M2 matrix.
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salt. .ere was a diIerence in Pb behavior when added
either as a solid or as a solution. In the case of solution, Pb
was dispersed throughout the matrix equally, but when
added as a solid, it formed speci4c structures, which
cumulated in pores.
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[14] J. Kopĺık, L. Kalina, J. Másilko, and F. Šoukal, “.e charac-
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Natural pozzolan is being widely used as cement replacement. Despite the economic, ecological, and technical benefits of its adding,
it is often associated with shortcomings such as the need of moist-curing for longer time and a lower early strength.This study is an
attempt to investigate the effect of adding limestone filler on the compressive strength and durability ofmortars/concrete containing
scoria. Sixteen types of binders with different replacement levels of scoria (0, 10, 20, and 30%) and limestone (0, 5, 10, and 15%) were
prepared. The development of the compressive strength of mortar/concrete specimens was investigated after 2, 7, 28, and 90 days’
curing. In addition, the acid resistance of the 28 days’ cured mortars was evaluated after 90 days’ exposure to 5% H

2
SO
4
. Concrete

permeability was also evaluated after 2, 7, 28, and 90 days’ curing. Test results revealed that there was an increase in the early-age
compressive strength and a decrease in water penetration depths with adding limestone filler. Contrary to expectation, the best acid
resistance to 5% H

2
SO
4
solution was noted in the mortars containing 15% limestone. Based on the results obtained, an empirical

equation was derived to predict the compressive strength of mortars.

1. Introduction

Natural pozzolan is being widely used as cement replacement
due to its ecological, economic, and performance-related
advantageous properties [1–6].However, its use caused longer
setting times and lower early strengths compared with plain
Portland cement [7, 8]. To overcome the disadvantages of
low early strengths of binders containing natural pozzolans,
adding limestone filler could be a solution.

During the last decade, limestone has proven to be an
effective partial replacement for OPC.The effect of limestone
filler on OPC is twofold. Replacing part of the OPC with
limestone filler will provide additional surface for precipi-
tation of hydration products, thereby promoting the early-
age hydration of the OPC [9, 10]. Besides the aforesaid
physical effect or what is called the filler effect, there is also a
chemical effect: the calcium carbonate of the limestone filler
can interact with the aluminate hydrates formed by OPC

hydration [9, 11, 12]. Calciummonosulfoaluminate hydrate is
unstable in the presence of calcium carbonate, and instead
calcium mono- and hemicarboaluminate hydrate will form.
This leads to the stabilization of the ettringite andwill result in
an increase in the total volume of the hydration products [9,
12, 13], which potentiallymight result in a decrease in porosity
and thus an increase in strength. The effect of this chemical
interaction in an OPC-limestone system is, however, not
so pronounced due to the limited aluminate content in the
anhydrous clinker. In OPC the limestone filler is therefore
often considered inert. The chemical interaction between
calcium aluminate hydrates (CAH) and calcium carbonate
(CC) might therefore be of greater importance in binders
containing supplementary cementitious materials of signifi-
cant contents of aluminates such as fly ash, metakaolin, and
natural pozzolan. The CAH formed during the pozzolanic
reaction react with the CC of the limestone filler and form
calcium carboaluminate hydrates [9].
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Portland cement concrete is vulnerable to acid erosion
because of its high content of alkaline hydrates. In recent
years, Portland cement concrete often incorporates pozzolans
due to various benefits. One of these important benefits is the
higher acidic resistance due to the dense microstructure and
reduced calcium hydroxide, Ca(OH)

2
[1]. However, the main

composition of limestone filler is calcium carbonate, CaCO
3
,

which easily suffers from acid attack.
Syria is rich in both limestone and volcanic scoria with

estimated reserves of about 12 billion cubic meters and
one billion tonnes, respectively [14, 15]. Although there are
numerous studies on using natural pozzolan and limestone
filler as cement replacement, very little works have been
carried out in the past to investigate the influence of adding
limestone filler on the mechanical and durability properties
of volcanic scoria-based binder mortar/concrete. In addition,
literature did not cover the wide area of durability and did
not give answers in many areas regarding the growing use of
limestone filler-volcanic scoria-OPC system.

The objective of this paper is to investigate the influence
of adding limestone filler on some properties of mortars/con-
crete containing volcanic scoria-based binders. Compressive
strength, acid resistance, and water permeability have par-
ticularly been investigated. Sixteen binders with different
replacement levels of volcanic scoria (0, 10, 20, and 30%) and
limestone filler (0, 5, 10, and 15%) have been produced for this
investigation.

The study is of particular importance for the following
points:

(i) Studying the strength development of both mortars
and concrete with the same (w/b) ratio was not probably
tackled before.Therefore, to predict the compressive strength
of concrete depending on the mortar results could be consid-
ered a good approach.

(ii) Replacement of OPC by volcanic scoria and limestone
filler could significantly minimize CO2 released into atmo-
sphere and save energy.

(iii) This study is the first of its kind in Syria. However,
it is not limited to the country. It can be applied to other
countries of similar geology, for example, Harrat Al-Shaam,
a volcanic field which covers a total area of some 45,000 km2;
about 15,000 km2 is located in the country, Figure 1. The rest
covers parts of Jordan and KSA.

(iv) As our country begins preparations for the huge
reconstruction after thewar comes to its end, the encouraging
results can be considered a motivation of other studies,
such as using these local supplementary cementing materials
in enhancement of properties of recycled concrete which
are expected to be inevitable building material during the
postwar reconstruction in Syria.

It is worth mentioning that, in previously published
papers on studying Syrian volcanic scoria as cement replace-
ment, the scoria was quarried from Dirat-at-Tulul (it is cur-
rently out of the governmental control) and ground with all
other binder components (i.e., clinker and gypsum) together
(i.e., intergrinding) into a specific fineness [1, 16, 17].However,
in the present study, another supplementary cementitious
material (i.e., limestone filler) was added as cement replace-
ment. In addition, the used volcanic scoria was quarried

from Tal Shihan (it is under control of the government),
which is about 75 km far from the Dirat-at-Tulul quarry.This
was clearly seen from the varying chemical and mineralogi-
cal compositions. All binder components (i.e., scoria, lime-
stone, and OPC) were separately ground into specific levels
of fineness. This grinding process was adopted because
it ensures achieving the required level of supplementary
cementitious materials fineness. In addition, more attention
was paid to investigating the effects of adding limestone filler
to the scoria-based cement on the physical, mechanical, and
some durability-related properties of paste/mortar/concrete.
The microstructure of ternary binder pastes was investigated
thoroughly, as well. Furthermore, prediction of mechanical
strength of mortars/concrete containing both volcanic scoria
and limestone filler can be of considerable benefit. Despite the
large number of studies which dealt with the natural pozzolan
and limestone filler containing concrete, there is a lack of such
a prediction.

2. Materials and Methods

2.1. Volcanic Scoria. Volcanic scoria (VS) used in the exper-
iments was collected from a Tal Shihan’ quarry, 70 km
southeast of Damascus, as shown in Figure 1. Mineralogical
and petrographic properties of VS were identified under
the polarizing microscope by using their thin sections (Fig-
ure 2(a)) and X-ray powder diffraction (XRD) analysis of
the powdered bulk samples was carried out (Figure 2(b)).
The petrographic examination showed that VS consisted of
amorphous glassy ground mass, vesicles, plagioclase, olivine,
and pyroxene.The chemical analysis of VS used in the study is
summarized inTable 1.This analysis was carried out bymeans
of wet chemical analysis specified in EN 196-2(1989).

2.2. Limestone. Limestone was quarried from Hama gov-
ernance, 210 km north of Damascus. Chemical and some
physical properties of limestone are presented in Table 1.
Its total organic carbon (TOC) and clay contents have been
determined in accordance with EN 13639 and EN 933-9,
respectively. Limestone sample has been dried and ground to
the required size. SEM of the limestone filler (LF) with EDX
analysis were shown in Figure 3.

2.3. Binder Samples. Sixteen binder samples have been pre-
pared; one plain Portland cement CEM I (control), three
binary binders with three replacement levels of 10%, 20%,
and 30% VS (EN 197-1), three binary binders with three
replacement levels of 5%, 10%, and 15% LF (EN 197-1), and
nine ternary binders containing both VS and LF as illustrated
inTable 2. 5%of gypsumwere added to all the binder samples.
All replacements were made by mass of cement. The clinker
has been obtained fromAdraCement Plant, Damascus, Syria.
All binder constituents have been ground by a laboratory
grinding ball mill of 25 kg raw mix capacity. Limestone
and volcanic scoria have separately been ground to 4100 ±100 cm2/g Blaine fineness, while the clinker and gypsumhave
been interground into 3600 ± 50 cm2/g. The Blaine fineness
was measured using air permeability method in accordance
with the European standard (EN 196-6). The particle size
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Figure 1: Map of Harrat Al-Shaam with a satellite view of the quarry. Photos of the studied quarry and the studied ground volcanic scoria.
(a) Map of Harrat Al-Shaam with a satellite view of the studied area. (b) The studied volcanic scoria quarry. (c) SEM of the studied ground
volcanic scoria.

(a)

Fu

An
An An An

An
An

An

An
Fo

Fo
Fo

Fo FoCa

Dp

Dp

Dp

100

64

36

16

4.0

0.0

In
te

ns
ity

0 10 20 30 40 50 60
2-theta

(b)

Figure 2: Petrographical examination and XRD analysis of the studied VS. (a) Microphenocrysts of olivine, pyroxene, and elongated
plagioclase in volcanic glass matrix with vesicles, some of which are filled with white minerals. (b) XRD pattern of the studied VS. (Fo:
Forsterite; An: Anorthite; Ca: Calcite; Dp: Diopside; Fu: Faujasite).
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Figure 3: SEM and EDX of the studied ground limestone; (a) and (b), respectively.

distributions of the constituents have been obtained using
Malvern Mastersizer 2000, a laser particle size analyzer, as
shown in Figure 4. The median particle sizes of LF, VS, and
OPC were about 9, 13, and 15 𝜇m, respectively. All binders
were designated according to the replacement levels. For
instance, VS30LF5 refers to the binder containing 30% and
5% of VS and LF, respectively.

2.4. Mortars. Mortar specimens of all binders used in the
experiments have been prepared using these binders and sand
meeting the requirements of ASTM C778. In all mixtures,
binder : sand and water : binder (w/b) ratios were kept con-
stant as 1 : 2.75 and 0.5 by weight, respectively. After being
kept in (RH ∼ 95%) for 24 hours, the mortar specimens
were demolded and kept in water at 22 + 2∘C until the time
of testing. No admixtures were used, as all mortar mixtures
were mixable at this water-to-binder ratio.

2.5. Concrete. Sixteen concrete mixes have been prepared
using grading of aggregate mixtures kept constant for all
concrete mixes. Aggregates used in the study were crushed
dolomite with natural sand added. Their quantities in 1m3
concrete mix based on the oven-dry condition were as
follows: 585.5 kg of coarse aggregate, 585.5 kg of medium-
size aggregate, 467.5 kg of crushed stone sand, and 312.5 kg
of natural sand. All concrete mixes were designed to have
a water-binder ratio of 0.5 and a slump of 150 ± 20mm.
Superplasticizer of “type F” (ASTM C494) was added. Con-
crete cubes (150mm) were cast for the determination of
compressive strength and water permeability.

2.6. Physical and Mechanical Properties of Pastes/Mortars.
Water requirements, setting times, and soundness of all
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Figure 4: Particle size distribution of the materials used in the
experimental part.

binder paste specimens have been determined in accordance
with EN 196-3. Six-halved specimens obtained from the three
mortar specimens used in the flexural strength tests have
been tested for the determination of compressive strength
of mortars under the same laboratory conditions as those
applied in the flexural strength test. The compressive and
flexural strength development was determined on 40 × 40× 160mm prismatic specimens, in accordance with EN 196-
1, at ages of 2, 7, 28, and 90 days, respectively. The values
reported in the results represent the average of six readings for
compressive strength test and the average of three readings
for all other tests.

2.7. Acid Attack Test. The relative acid resistance has been
determined in accordance with ASTM C267 (2001). The
aggressive acid environmental condition was simulated using
5% sulfuric acid (H

2
SO
4
) of pH ∼ 0.5. The 28 days’ cured
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Table 1: Chemical composition of the materials used in the study.

Chemical composition (%) Cementitious materials
OPC (clinker + gypsum) Volcanic scoria Limestone filler

SiO
2

19.57 44.91 1.57
Al
2
O
3

4.86 16.98 0.69
Fe
2
O
3

3.50 8.64 0.33
CaO 62.21 9.39 54.37
MgO 2.78 8.87 0.43
SO
3

2.12 0.01 0.01
Loss on ignition (LOI) 1.36 0.36 42.22
Na
2
O 0.22 2.76 0.02

K
2
O 0.34 1.75 0.01

TiO
2

0.6 0.9 0.07
Cl− 0.03 — 0.01
Insoluble residue 1.67 5.01 —
Total 99.26 99.58 99.73

Pozzolan activity index (ASTM C618) 78 (at 7 days)
89 (at 28 days)

Main compounds of ordinary Portland cement calculated according to Bogue’s formulas
C
3
S 60.82

C
2
S 10.22

C
3
A 6.96

C
4
AF 10.65

Table 2: Mixtures used in the experimental investigation.

Mix type Sample mixture (%)
Clinker + gypsum Limestone filler (LF) Volcanic scoria (VS)

VS0LF0 100 0 0
VS0LF5 95 5 0
VS0LF10 90 10 0
VS0LF15 85 15 0
VS10LF0 90 0 10
VS10LF5 85 5 10
VS10LF10 80 10 10
VS10LF15 75 15 10
VS20LF0 80 0 20
VS20LF5 75 5 20
VS20LF10 70 10 20
VS20LF15 65 15 20
VS30LF0 70 0 30
VS30LF5 65 5 30
VS30LF10 60 10 30
VS30LF15 55 15 30
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Figure 5: Photo of the Plexiglas containers with immersed mortar
specimens.

mortar cubes were immersed in the aggressive acid environ-
ment for 90 days. The Plexiglas containers with immersed
mortar specimens were kept covered throughout the testing
period to minimize the evaporation, as shown in Figure 5. At
2, 7, 14, 28, 56, and 90 days of exposure, the mortar specimens
were cleaned with distilled water; then the acid resistance
was evaluated through measurement of the weight loss of the
specimens determined as follows:

Weight loss (%) = [(𝑊1 −𝑊𝑡)𝑊
1

] × 100, (1)

where 𝑊
1
is the weight (grams) of the specimens before

immersion and𝑊
𝑡
is theweight (grams) of cleaned specimens

after 𝑡 day immersion. The average weight losses for each
mortar specimens have been reported.

2.8. Concrete Permeability. Concrete permeability measured
in terms of depth of water penetration has been carried out as
per the standard EN 12390-8. The results shown in this paper
are the average penetration depth.

3. Results and Discussion

3.1. Properties of Volcanic Scoria and Limestone Filler. As seen
fromTable 1, volcanic scoria is considered as suitablematerial
for use as cement replacement. It satisfied the standards
requirements for such a material by having a combined SiO

2
,

Al
2
O
3
, and Fe

2
O
3
of more than 70%, a SO

3
content of less

than 4%, and a loss on ignition of less than 10% (ASTM
C618:2001). SiO

2reactive content is more than 25%, as well (EN
197-1). In addition, it has a strength activity index with PC
higher than the values specified in ASTM C618 (2001).

The chemical composition of limestone filler has been
found to be 55% CaO (CaCO

3
ratio is about 97%) with a loss

on ignition value of 43%. Furthermore, some impurities such
as MgO, Fe

2
O
3
, SO
3
, SiO
2
, and Al

2
O
3
have been determined

where their total amount is about 3%. The total organic
content and clay content of the studied limestone have been

determined as 0.36% and 0.56%, respectively. According to
EN 197-1 standard, it is possible to classify these cements as
CEM II/A-L (group L: TOC is between 0.5% and 0.2%). In
addition, according to this standard, the CaCO

3
ratio of lime-

stone employed in the production of blended cement should
be at least 75%, and the clay content of limestone should
not exceed 1.2%. Based on the analysis results, the studied
limestone can be used as ingredient in cement production.

3.2. Physical Properties of Binder Pastes

3.2.1. Water Requirements. The results of water requirements
are given in Figure 6(a). Binary binders containing VS have,
to some extent, a greater water demand. However, as it can
be seen from Figure 6(a), there is no significant change in the
water content even for the binder containing 30% VS which
increased only by less than 3% compared to CEM I. This
could be explained by the lubricant effect of natural pozzolan
on paste when finely divided [1, 18] and the effect of VS
shapewhichwas characterized by shape-edged grain [19].The
limestone filler, despite its higher fineness, generally demands
less water than the corresponding pure cement. This is due
to the wider particle size distribution of limestone filler [20].
The particle size distribution of the clinker, which is harder
to grind, is narrower, with a slope equal to 0.88 on a Rosin-
Rammler diagram, as shown in Figure 6(b). That of the more
easily ground limestone, on the other hand, is wider, with a
slope of 0.69. These results are in good agreement with those
reported by Sprung and Siebel [21]. Further, no significant
change in water demand was observed in the ternary binders
as compared with the control.

3.2.2. Setting Times. Figure 7 illustrates the setting times of
the control paste and pastes containing VS, LF, or both. The
results showed that the setting times slightly increased with
VS replacement level. This could be due to the increase of
water demand [7, 22] and the pozzolanic reaction between
the glassy phase in VS and CH liberated during hydration
of C
3
S and C

2
S of clinker, which is, usually, slower than the

hydration of cement [7].
The initial setting times, by contrast, decreased with the

increase of LF replacement ratio indicating the acceleration
effect of CaCO

3
on the hydration of C

3
A to form sulfoa-

luminate and of C
3
S to form CSH and CH in cement. The

acceleration of setting times reached a maximum of 50min
when 5% LF was used. This is in well agreement with the
results reported by Kenai et al. [23]. The influence of adding
LF can easily be seen in Figure 7. While VS30LF0-based
paste has initial setting time of 194min, the VS30LF5- and
VS30LF10-based pastes showed a significant reduction in
initial setting times of about 17 and 23min, respectively.

It is worthwhile to note that all the investigated binders
are seen to comply with the standard requirements (initial
setting time≥45min andfinal setting time≤420min) accord-
ing to ASTM C595.

A plot of the initial setting time against the final setting
time for the whole tested samples as shown in Figure 8 indi-
cates that there is a strong correlation between the parameters
as the coefficient of determination (𝑅2) was calculated to be
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Figure 7: Initial and final setting times of the investigated binder pastes. (a) Initial setting times of the investigated pastes; (b) final setting
times of the investigated pastes.

0.95. A strong relationship exists between two variables when𝑅2 ≥ 0.85 [24]. Thus, an estimate of the final setting time can
be predicted from (2) when the initial setting time has been
obtained.

FST = 1.14IST + 27.43 (𝑅2 = 0.95) , (2)

where FST is final setting time (min) and IST is initial setting
time (min).

3.2.3. Soundness. According to the experimental results of
volume stability determined by the Le Chatelier accelerated
test, the soundness of all studied binders was satisfactory.
It can be said that most of them recorded values of less
than 0.5mm which is much less than the maximum value
of 10mm allowed by En 197-1. Interpretation of these results
is currently beyond the author’s understanding and needs
further investigation. Nevertheless, these results could be
attributed, to some extent, to the reduction in CaOfree and
MgOreactive compounds which create the swelling effect.
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Table 3: Compressive strength development of mortars.

Mix type Compressive (𝑓
𝑐𝑚
) strength of mortars (MPa), normalized

2 days’ curing 7 days’ curing 28 days’ curing 90 days’ curing
VS0LF0 20.6–100% 39.6–100% 48.7–100% 54.9–100%
VS0LF5 20.5–100% 38.9–98% 48.9–100% 54.5–99%
VS0LF10 19.9–97% 37.1–94% 46.6–96% 52.8–96%
VS0LF15 14.8–72% 32.6–82% 44.1–91% 49.1–89%
VS10LF0 16.2–79% 32.1–81% 45.9–94% 54.2–99%
VS10LF5 15.7–76% 31.7–80% 45.5–93% 53.4–97%
VS10LF10 14.6–71% 29.1–73% 42.1–86% 50.5–92%
VS10LF15 10.4–51% 27.3–69% 36.8–76% 45.4–83%
VS20LF0 11.9–58% 28.9–73% 39.1–81% 49.1–89%
VS20LF5 11.9–58% 28.0–71% 37.9–78% 48.2–88%
VS20LF10 11.6–56% 27.6–70% 37.5–77% 48.1–88%
VS20LF15 8.8–43% 23.1–58% 33.5–69% 43.3–79%
VS30LF0 8.3–40% 24.1–61% 34.4–71% 47.8–87%
VS30LF5 8.4–41% 23.3–59% 33.5–69% 44.2–81%
VS30LF10 7.8–38% 21.8–55% 31.4–64% 42.3–77%
VS30LF15 6.9–34% 18.6–47% 26.8–55% 38.8–71%

Table 4: Compressive strength development of concrete.

Mix type Compressive (𝑓
𝑐
) strength of concrete (Mpa), normalized

2 days’ curing 7 days’ curing 28 days’ curing 90 days’ curing
VS0LF0 18.1–100% 34.3–100% 42.1–100% 47.9–100%
VS0LF5 18.2–101% 34.2–100% 41.3–98% 46.5–97%
VS0LF10 17.8–98% 33.3–97% 40.0–95% 45.5–95%
VS0LF15 13.3–73% 27.2–79% 35.9–85% 49.1–86%
VS10LF0 14.6–80% 28.1–82% 40.1–95% 46.9–98%
VS10LF5 13.9–77% 28.0–82% 39.4–94% 46.0–96%
VS10LF10 13.2–73% 26.0–76% 36.8–87% 43.2–90%
VS10LF15 9.7–54% 22.7–66% 31.3–74% 37.8–79%
VS20LF0 10.5–58% 23.3–68% 34.2–81% 43.7–91%
VS20LF5 10.8–60% 24.7–72% 34.5–82% 43.6–91%
VS20LF10 10.7–59% 23.4–68% 33.7–80% 43.1–90%
VS20LF15 8.1–45% 19.0–55% 30.4–72% 38.6–81%
VS30LF0 7.7–43% 20.6–60% 32.3–77% 47.8–89%
VS30LF5 7.7–43% 19.3–56% 30.3–72% 40.1–84%
VS30LF10 7.4–41% 17.6–51% 29.1–69% 38.6–81%
VS30LF15 6.7–37% 14.9–43% 24.9–59% 35.6–74%

3.3. Mechanical Strengths of Mortars/Concrete

3.3.1. Compressive Strength of Mortars/Concrete. The results
of compressive strength development for all mortar/concrete
mixes containing varying amounts of VS, LF, or both are
given in Tables 3 and 4, respectively. As expected, all
mortars/concrete show an increase in strength with curing
time. Mortar/concrete specimens containing CEM I have
almost higher compressive strengths at any curing time
compared to binary or ternary binders. Also, it is seen that
the compressive strength of mortars/concrete containing VS
decreases with the replacement level for all curing times.
For instance, the compressive strength of plain mortars and

mortars containing 30% VS after 7 days’ curing decreased
from 39.6 to 24.1MPa, respectively. This could be explained
by (i) the reduction of cement content in the mix with the
increase of VS content, that is, the dilution effect [25], and
(ii) the slowness of the pozzolanic reaction between the glassy
phase in VS and the CH released during cement hydration.
However, due to the continuation of this reaction and the
formation of a secondary CSH, a greater degree of hydration
is achieved resulting in strengths after 90 days’ curing which
are comparable to those of plainmortars [1]. For instance, the
compressive strength of VS30LF0-basedmortar was found to
be 39% lower than plain mortar at 7 days’ curing, but this
reduction was only 13% after 90 days’ curing. The significant
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investigated binders.

gain in strength in mortars containing VS occurred when
moving from28 to 90 days’ curing timeswhile in plainmortar
specimens this was noted during the first 28 days. This could
be explained by the slow pozzolanic reaction and its progress
with age in VS-based binder mortars.

The strengths of mortars containing LF were not affected
by replacement of cement with LF content up to 10%. The
early strength was improved by substituting 5% LFwhile after
90 days of curing the strength of mortars prepared with 5%
LF was slightly lower than those prepared without LF. The
increase in the early strength of themortar due to the addition
of 5%LF can be attributed to its active participation in cement
hydration and filler effect of the fine particles of LF [13]. The
additional surface area supplied by the limestone particles
may provide sites for the nucleation and growth of hydration
products that leads to further increase in strength [13, 26].
Further, despite the fact that the limestone filler has no
pozzolanic property (i.e., it does not produce CSH) [27, 28],
limestone particles contribute to the strength development by
forming new hydration products like carboaluminate phases
and by reducing the pore ratio [26]. According to Vuk et
al. [29], Schmidt [30], and Voglis et al. [31], early strength
increased with the use of 5% limestone; however, later
strengths either remained the same or decreased relatively to
the control. When LF is included in large quantities (15%) it
acts as a diluent, so that strengths are lower than for compa-
rable Portland cements. This is consistent with the findings
reported by Sprung and Siebel [21] and Celik et al. [32].

The positive effect of adding LF on the early strength of 2
days’ cured mortar can easily be seen in Table 3. For instance,
the compressive strength increased from 8.3MPa to 11.6MPa
when replacing 10% VS by 10% LF in the VS30LF0 mix and
from 11.9MPa to 14.6MPa when replacing 10% VS by 10% LF
in the VS20LF0 mix. On the other hand, the positive effect
of VS on the later-age strength can also be observed from
Table 3. For instance, replacing 10% LF by 10% VS in the
VS0LF15 resulted in an increase in compressive strength by
about 8%.This substitution confirmed the contribution of VS
in the strength development through the pozzolanic reaction.
Such positive synergy with regard to mechanical strength of
concrete has also been reported by other researchers who
studied ternary blended mixtures of OPC, limestone powder
and fly ash, metakaolin, slag, or natural pozzolan [9, 28, 33–
38].

Further, an interesting result has also to be reported. The
binder containing 20% VS has compressive strengths similar
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Figure 9: Correlation between the compressive strength of concrete
and that of mortar of the same w/b ratio.

to that containing 20% VS and 5 or 10% LF. This means
that replacing 5 or 10% of OPC with 5 or 10% LF does not
impair the compressive strength even at later ages. The result
shows that the cement producers could burn 5 or 10% less
clinker and instead add LF. This is both economically and
ecologically beneficial, as less energy is needed and less CO

2

will be emitted.
Strength of concrete is commonly considered its most

valuable property, although, in many practical cases, other
characteristics, such as durability and permeability, may
in fact be more important [39]. Compressive strengths of
concrete presented in Table 4 have a trend similar to that
noted in mortars. The correlation between the compressive
strength of VS-based mortars and the compressive strength
of VS-based concrete is given in Figure 9. The compressive
strength of VS-based concrete seems to have a close rela-
tionship with that of volcanic-scoria-based mortars. A linear
regression analysis was conducted to determine the best-fit
relationship between all the measured compressive strengths
of mortars and concrete for all curing times. The following
linear equation was derived based on the analysis with a
regression coefficient of 0.98:

𝑓
𝑐
= 0.88𝑓

𝑐𝑚
+ 0.09, (3)

where 𝑓
𝑐
, 𝑓
𝑐𝑚

are compressive strength of concrete and
mortars in MPa, respectively. So, the compressive strength
of concrete at a given curing time can be predicted from a
knowledge of the compressive strength of mortar prepared
with the same w/b ratio. This linear equation is in good
agreement with that reported by Neville [39] for plain mortar
and concrete. Such similar relationships may need to be
developed for other types of aggregates, different w/c ratios,
and other curing conditions.

3.3.2. Flexural Tensile Strength of Mortars. Results of flexural
tensile strength of the prisms prepared from the produced
binder mortars and cured in water until the test dates are
arranged in Table 5. The values given in Table 5 show the
average of flexural tensile strength for 3 samples. A similar
trend to that observed for compressive strength seems to
be followed by the flexural strength results. However, the
results show that flexural strength is less sensitive than the
compressive strength to the addition of VS, LF, or both.
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Table 5: Flexural strengths of the investigated mortars after various curing times.

Mix type Flexural strength (MPa)
2 days’ curing 7 days’ curing 28 days’ curing 90 days’ curing

VS0LF0 4.8 6.8 7.6 8.1
VS0LF5 3.8 6.4 8 8
VS0LF10 3.5 6.9 7.7 7.6
VS0LF15 2.7 6.1 7.1 7.8
VS10LF0 4.3 5.9 7.4 7.8
VS10LF5 3.6 5.5 7.2 7.6
VS10LF10 3.8 6.0 7.1 7.6
VS10LF15 2.3 5.4 6.5 7.2
VS20LF0 2.8 5.4 6.8 7.3
VS20LF5 3.5 5.1 7.1 7.5
VS20LF10 2.7 5.4 6.7 7.4
VS20LF15 2.2 4.7 6.5 7.5
VS30LF0 2.2 4.9 6.4 7.4
VS30LF5 2.1 4.1 6.3 7.4
VS30LF10 2.2 4.4 6.6 7.3
VS30LF15 1.8 3.8 5.6 7.2
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Figure 10: Correlation between flexural and compressive strength
of the investigated mortars.

3.3.3. Correlation between Compressive and Flexural Strength
ofMortars. Thecorrelation between the flexural strength and
the compressive strength results were calculated for the entire
population of mortar test results as shown in Figure 10, and
hence the relation obtained is

𝑓
𝑡
= 0.5 (𝑓

𝑐
)0.7 (4)

with a correlation factor (𝑅2) of 0.97. So, knowing the
compressive strength 𝑓

𝑐
of mortar, the flexural strength 𝑓

𝑡

can be predicted using (4). This relation is similar to those
reported in the literature [39].

3.3.4. Correlation between Mechanical Strengths and Supple-
mentary Materials Content. According to the test results,
the mechanical strength of mortars containing VS, LF, or
both seems to have a close relationship with the content
of these additions. For each testing age, linear regression
analysis was conducted to determine the best-fit relationship
between measured mechanical strengths (compressive and
flexural strengths) for all mixtures prepared according to
the experimental design and the varying parameters. The
independent variables of VS percentage and LF percentage

were employed in the following two estimation equations (5)
derived by the authors:

𝑓
𝑐
; 𝑓
𝑡
= 𝑎
1
+ 𝑎
2
× VS + 𝑎

3
× LF + 𝑎

4
× VS × LF, (5)

where 𝑓
𝑐
, 𝑓
𝑡
are compressive and flexural strength of mortars

in (MPa), respectively; VS is the volcanic scoria content; LF
is the limestone filler content; 𝑎

1
, 𝑎
2
, 𝑎
3
, 𝑎
4
are constants. So,

the compressive and flexural strengths of mortars at a given
curing time can be predicted from knowledge of VS content
and LF content.

Table 6 presents the constants (𝑎
1
, 𝑎
2
, 𝑎
3
, 𝑎
4
) with

regression coefficients (𝑅2) of the correlation between the
experimental data and the proposed equation. However, it
should be emphasized that additional factors including the
type of natural pozzolan or limestone, composition and
strength of clinker, w/b ratio, and fineness of the mix ingredi-
ents may also be important parameters.

From the values shown in Table 6, it should be noted that
the highest 𝑅2 values were found in the correlation between
compressive strengths and the supplementary materials con-
tents.

Generally, as can be seen from the correlation values, the
predicted values were in good agreement with the measured
values obtained in the study.

3.4. Acid Attack. Most investigations have considered weight
loss as acceptable indicator for evaluating the resistance of
concrete to acid attack. Weight change was determined for
all mortars stored in 5% sulfuric acid solution. The results of
weight losses of 28 days’ cured mortar specimens according
to exposure time are presented in Figure 11.

As expected, the acid resistance of the mortars improves
with increasing the replacement level of VS. All mortars
containing VS had lower weight loss than the control mortar
at the ages of 2, 7, 14, 28, 56, and 90 days. This improvement



Advances in Materials Science and Engineering 11

Table 6: Constants 𝑎
1
, 𝑎
2
, 𝑎
3
, and 𝑎

4
and regression coefficient (𝑅2) of the correlation between the experimental data and the proposed

equations.

Curing time (day) Mechanical strength 𝑎
1

𝑎
2

𝑎
3

𝑎
4

𝑅2
2 𝑓

𝑐
21.5 −44 −40.1 94.8 0.927

𝑓
𝑡

4.9 −8.5 −13.9 39.4 0.856

7 𝑓
𝑐

39.3 −51.1 −41.7 35 0.959
𝑓
𝑡

6.7 −6.6 −2.2 −10 0.914

28 𝑓
𝑐

50.3 −51.1 −39.9 −18.6 0.958
𝑓
𝑡

7.9 −4.5 −4.2 1.2 0.811

90 𝑓
𝑐

56.5 −29.7 −42 −37 0.930
𝑓
𝑡

8 −2.4 −2.9 8.2 0.671
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of acid resistance is higher at early ages and decreases with
increasing the immersion time.Theweight loss of themortars
containing 30% VS was much less than half of the weight
loss of plain mortar at the first 2 and 7 days of exposure. The
better performance of VS-based cements can be due to the
pozzolanic reaction [40, 41]. This reaction between VS and
calcium hydroxide liberated during the hydration of cement
led to a refinement of the pore structure resulting in a highly
impermeable matrix [1, 40, 41]. This was confirmed by the
results of concrete permeability test. The pozzolanic reaction
also fixes Ca(OH)

2
, which is usually the most vulnerable

product of hydration of cement in so far as acid attack is
concerned [39]. In addition, as highly alkaline cements are
good willing partners for acid attack [42], replacing a portion
of cement with a less-alkaline pozzolanic material decreases
the total amount of the present alkali. Further, pozzolans
react with calcium hydroxide to form calcium silicate hydrate
with a lowCaO/SiO

2
ratio.The creation of calcium aluminate

hydrates (CASH-ASH, CAH) in the VS-based mortar also
contributes in increasing the chemical resistance of such a
mortar. It is believed that CAHmay bemore chemically stable
in highly acidic environments than CSH [43, 44].

Mortars containing up to 10% limestone filler showed
higher loss of weight values at all immersion times. This
could be due to the presence of calcium carbonate, CaCO

3
,

the main compound in the limestone, which easily suffers

from acid attack. This result, which is in good agreement
with the result of Bassuoni et al. (2007) [45], can also be
attributed to the highly aggressive sulfuric acid solution (i.e.,
5% concentration) and the relatively high fineness of LF (i.e.,
4100 cm2/g). As clearly seen in Figure 12(a), after 14 days
of exposure to 5% H

2
SO
4
, the deteriorated VS0LF5-based

mortar showed a structure of relatively high porosity with
some crystals of gypsum and CSH phases of low Ca/Si ratio.
This relatively low ratio, according to the authors, might be
due to the partial decalcification of CSH.

However, contrary to expectation, the weight loss of
mortars containing 15% limestone filler was much less than
the plain mortar when exposed to 5% H

2
SO
4
. Moreover, the

better performance with regard to the sulfuric acid resistance
was noted when adding 15% LF to the VS-basedmortars.This
can be attributed to the following main factors: (i) LF was
finer than OPC. It filled the micropores in mortar and the
ability of mortar to resist acidic attack was improved by the
reduced permeability and porosity, (ii) the presence of high
calcium carbonate (CaCO

3
) content increased the capacity

of limestone mortars to consume more aggressive acid, (iii)
the decreased proportion of cement reduced the portlandite
(CH) content, (iv) addition of calcium carbonate will bring
the calciumand thusmaintain the protection ofCSHof decal-
cification [46], (v) as LF content of 15% is the highest, a lot of
gypsum from reaction between CaCO

3
and sulfuric acid will

form [47]. This layer of gypsum can be capable of retarding
the deterioration process by acting as a surface sealing layer
[48]. Moreover, this layer has very low solubility in water
[49]. This result was confirmed by SEM and EDX analysis, as
shown in Figure 12(b), and (vi) carbonate ions from limestone
compete against sulfate ions to react withC3A of cement [50].
As generally expected, none of the binders used can provide
a long-term resistance when exposed to strong acids.

3.5. Water Permeability of Concrete. Permeability of concrete
to water is closely related to the durability of concrete. Water
penetration depth can be considered as an indication of
permeable and impermeable concrete [39]. A depth of less
than 50mm classifies the concrete as impermeable and a
depth of less than 30mm as impermeable under aggressive
conditions [39]. Figure 13 shows the water penetration depth
test results for all binder types. Concrete containing VS-,
LF-, or VSLF-based binders is supposed to have lower
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Figure 12: SEM and EDX of (a) VS0LF5-based mortar and (b) VS30LF15-based mortar after 14 days of exposure to 5% H
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permeability than CEM I concrete. But in this research, it
has been observed that, after 2-day curing, water penetration
depth of 10%VS-based concrete was higher than that of CEM
I. Increasing the moist-curing period of concrete from 28 to
90 days’ reduced water penetration depths of all VS-based
concrete. No concrete was found to be impermeable under
aggressive conditions, before 28-day curing. The only mix
that can be considered as impermeable under aggressive envi-
ronments after 28-day curing, according to Neville [39], is
VS30LF15-based concrete. However, all concrete containing
VS contents ≥ 20% and LF contents ≥ 5% recorded water
penetration depths less than 30mm.This can be attributed to
the filling effect of limestone filler and the pozzolanic reaction
of volcanic scoria.

3.6. Microstructure Observations of the Hydration Products.
Fragments of VS0LF0-, VS30LF0-, VS0LF15-, and VS30LF15-
based paste specimens broken off and washed with acetone
were examined and analyzed by SEM and EDX techniques.
Figures 14, 15, 17, and 18 present the SEM photos and the
EDX analysis of the studied pastes after 28 days’ curing. The
effect of adding limestone filler is clearly seen in modifying
the microstructure of plain and VS-based pastes.

As shown in Figure 14, the SEM and EDX microanalysis
of VS30LF0-based paste showed a very dense structure and
indicated that the examined fractured sectionsmainly consist
of CSH and CASH-ASH phases with very low CH content
which might be consumed through the pozzolanic reaction.
Different phases, by contrast, were detected when adding 15%
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Figure 14: SEM and EDX analysis of 28 days’ cured VS30LF0-based paste.

LF, as seen in Figure 15. EDX analysis of VS30-LF15-based
paste showed major elements such as Ca, O, Si, C, and Al
confirming the identification of carboaluminate hydrate and
CSH formation. This, which was further confirmed by XRD
analysis, as shown in Figure 16, is in agreement with the
results reported in the literature [9, 31, 51]. Presence of LF
could also fill the pores between the cement particles due to
the formation of carboaluminate phases.

On the other hand, in Figure 17 a large number of
needle-like crystals of ettringite in VS0LF15 can be seen.This
confirms that limestone filler seems to stabilize ettringite as
reported by other researchers [9, 11, 13]. This also confirms
the role of limestone filler in chemically interacting with the
aluminate phases in cement to stabilize a carboaluminate
phase at the expense ofmonosulfoaluminate [13]. In addition,
this action can increase the quantity of ettringite formed
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Figure 15: SEM and EDX analysis of 28 days’ cured VS30LF15-based paste.

0

100

200

In
te

ns
ity

0 10 20 30 40

E

MS
HC

MC

CASH
CH

MS

MC
E

CSH
CC

CASH
CH

MS CH

2-theta

Figure 16: XRD of 28 days’ cured VS30LF15-based paste (E:
ettringite; MS: Monosulfate; HC: hemicarboaluminate; MC: mono-
carboaluminate; CH: calcium hydroxide; CSH: calcium silicate
hydrates; CASH: calcium aluminate silicate hydrates; CC: calcium
carbonate).

which leads to an increase in solid volume and thus decreased
porosity and slightly improved mechanical strength [9].
Further, as clearly seen in Figure 18, darker areas were more
frequent in case of VS0LF0-based paste, indicating its higher
porosity when compared with the others.

4. Conclusions

From the experimental results, the following conclusions
could be drawn:

(i) The compressive strength of mortar/concrete contain-
ing VS-based binders was lower than that of plain cement
mortar at all ages. At early ages, the mortars containing 30%

Figure 17: SEM of 28 days’ cured VS0LF15-based paste.

VS had compressive strengths much lower than that of plain
cement mortar. However, after 90 days’ curing, the com-
pressive strengths of VS-based mortars were comparable to
those of plain cement mortar. Adding up to 10% LF content,
by contrast, develops almost the same compressive strength
as the corresponding plain cement.

(ii) The negative effect of VS on the early strength of
mortars can be compensated by using LF, while the negative
effect of LF on the compressive strength of mortars at later
ages can be compensated by using VS. This positive synergy
effectively counters the dilution effect on the strength perfor-
mance of blended cements. So, it is expected that the future
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Figure 18: SEM of 28 days’ cured VS0LF0-based paste.

world production and use of ternary blended cements will
significantly be extended.

(iii) A strong correlation was observed between the
compressive strength of concrete and that of mortars with
a similar w/b ratio, such that one can be estimated from
knowledge of the other.

(iv) Limestone filler is not solely an inert additive; CaCO
3

reacts with aluminates to form carboaluminate phases.
This has been confirmed by the results obtained and the
microstructural analysis.

(v) Results of loss in weight after (H
2
SO
4
) acidic exposure

indicate generally superior performance of VS-basedmortars
and inferior performance of LF-based mortars compared
to the respective control mortar. However, adding LF in
a significant quantity (15%) considerably improved sulfuric
acid resistance of the mortars investigated.

(vi) Based on the results obtained, the authors derived
an estimation equation of both compressive and flexural
strength development incorporating the effects of VS and
LF contents at a given curing time. The mechanical strength
of mortar containing VS, LF, or both could be adequately
predicted using (5). Development of such a good relation-
ship between mechanical strengths and the supplementary
cementing materials could be of considerable benefit. How-
ever, more parameters such as type and fineness of the mate-
rials used and w/b ratio should be taken into consideration.

(vii) Water permeability of VSLF-based concrete mixes
was much lower than those of either plain concrete or
VS-based concrete, especially at longer curing time and
high replacement levels. This has also been confirmed by
SEM/EDX analysis.

(viii) Use of ternary cements containing an adequate
combination of limestone filler and volcanic scoria can lead to
an efficient use of natural resources, saving energy consump-
tion and reducing gaseous emissions without compromising
the mechanical properties of cement. So, production of a
green concrete could be promoted.
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As a promising alternative to OPC concrete, geopolymer concrete has been investigated and has demonstrated superior mechanical
performance. Studying the thermal behaviour on the scale of a structural element is significant for introducing a new material to
engineering applications. Four geopolymer concrete beams and four OPC concrete counterparts with the same reinforcement
structure and similar concrete strength were subjected to three different heating cases at the rate of ISO834. The experimental
results showed that the geopolymer concrete beams underwent a colour change, severe cracking, and no spalling after the exposure.
While under load, the geopolymer concrete specimens exhibited a lower crack resistance and flexural stiffness. The residual load
capacities were 110%, 107%, and 90% of the ambient specimen for the geopolymer concrete samples and 103%, 97%, and 80% for
the OPC concrete samples. To some extent, the geopolymer concrete beams achieved superior fire endurance compared to their
OPC concrete counterparts.

1. Introduction

With the increasing awareness of emission reduction in all
industries, geopolymer concrete (GC) has been seen as a
promising alternative to ordinary Portland cement (OPC)
concrete. Due to the use of industrial by-products, such as
fly ash (FA), ground granulated blast furnace slag (GGBFS),
metakaolin, and mine tailings, the carbon footprint emitted
by the production of geopolymer cement is reported to be
80%–90% less than that of OPC [1]. These raw materials,
which are abundant in aluminium and silicon, can easily dis-
solve in alkaline solution, breaking down to covalentO-Si and
O-Al and eventually forming a Si-O-Al tetrahedral structure
[2]. The reaction is called alkali activation or geopolymeriza-
tion. Among the abovementioned synthesis precursors, FA
and GGBFS wastes from electricity plants and iron works,
respectively, have been found to be suitable for geopolymer
cement. Bothmaterials, which have huge annual productions,
need no more calcinations than metakaolin and require less
energy during fabrication. GGBFS was first employed as an
additive to FA-based GC, which generally needs thermal
curing to catalyse the reaction for better strength. Reports [3–
5] showed that the addition of GGBFS with an angular shape

not only enhanced its early-stage strength but also enabled it
to attain a strength and workability similar to those of heat-
cured GC dominated by FA with a spherical shape at room
temperature.

With decades of development, there have been numerous
investigations, patents, and applications of GC [6], but the
current use of this material in building construction is
rare. The distinctive mechanical properties of GC have been
extensively investigated in structural components, including
beams, columns, panels, and pipes [7]. Sumajouw et al. [8, 9]
pioneered and examined six underreinforced GC beams with
various reinforcement ratios for flexural failure. The load
capacities of another sixteen beams were also evaluated and
compared to AS 3600 [10]. The results revealed that the
flexural behaviours of GC specimens were similar to those
of conventional cement concrete in terms of the effect of
the reinforcement ratio on flexural capacity and the ductility
index. Other investigations [11–15] also reported analogous
performances of both types of beams in bending tests, such as
first cracking load, crack width, load-deflection relationship,
flexural stiffness, ultimate load, and failure mode. It was also
reported that the capacities computed fromAS 3600 [10], ACI
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Table 1: Chemical composition of FA and GGBFS (mass%).

Compounds SiO
2

Al
2
O
3

Fe
2
O
3

CaO MgO K
2
O SO

3
TiO
2

P
2
O
5

Na
2
O MnO

FA 32.31 13.47 12.3 25.95 9.02 0.45 3.94 0.69 0.02 0.54 0.18
GGBFS 30.64 11.62 0.44 42.29 8.46 0.57 2.05 1.46 0.03 0.42 0.5

318 [16], and IS 456 [17] were more conservative than the
experimental results [9, 11, 12]. Hence, the existing codes were
suitable for designing GC beams with conservative test-to-
prediction ratios. The GC beams were also shown to present
an equal or higher shear capacity than that of OPC concrete
beams [12]. All the articles above laid the foundation for the
construction application of GC.

However, before putting any new building materials into
practice, they should have a certain degree of fire resistance.
Materials that lack fire resistance could lead to the catas-
trophic loss of life and property, especially if the impaired
structure collapses. Due to the ceramic-like properties of
geopolymer matrix, GC was widely believed to possess better
fire resistance than OPC concrete [18, 19]. Previous studies
[20–22] investigated various systems of GC with respect to
residual strength, as well as the mechanisms of deterioration
on the macroscale and microscale. Though different types of
rawmaterials might lead to contrasting thermal performance
[18], an agreement on the three main causes of deterioration
was reached: pore pressure, phase transformation [23], and
incompatible deformation [21]. It was also proved in other
geopolymer systems that the precursor type, specimen size
[21], aggregate size [21], and heating regime [24] could
affect the residual strength of GC. Limited studies [25, 26]
highlighted the effects of high temperature on GGBFS/FA
geopolymer materials. Guerrieri and Sanjayan [26] analysed
the compressive strength of a combined FA and GGBFS
geopolymer paste after exposure to 800∘C with variables of
mixture proportion, alkaline solution modulus, and sodium
dosage. It was shown that the residual strengthwas influenced
by the initial strength and that GC with a low initial strength
would be enhanced by further hydration and sintering. Ren et
al. [25] investigated the residual behaviour of FA/GGBFS GC
subjected to different temperatures and cooling regimes. The
weight change, strength loss, and ultrasonic characteristics
were studied.

Despite the numerous works onGC in the shape of a cube
or cylinder, the results cannot be translated into the thermal
performance of larger specimens embedded with reinforce-
ments. Likewise, though GC members behaved similarly to
OPC concrete components in ambient conditions, the effects
of elevated temperature and rawmaterial type should be con-
sidered because of the distinct chemical reactivity and bulk
matrix of the geopolymer binder. A study on the behaviour of
damaged reinforced GC after elevated temperature exposure
was not found. To the authors’ knowledge, only Sarker and
Mcbeath [27] examined the fire endurance of a FA-based
GC panel. The report revealed that GC panels achieved less
cracking, no spalling, and a higher residual load capacity than
the OPC concrete counterparts. Furthermore, specimens in
most works were subjected to a certain temperature, which

did not mimic the actual conditions of a fire with a serious
rate of increase in temperature.

In this research, four GC beams and four OPC concrete
beams were fabricated and tested under a four-point flexural
load after three diverse temperature exposures. The mid-
span deflection, crack development, and load capacity were
examined and compared to those of OPC concrete beams.
Each heating regime was controlled at the rate of ISO834
[28], the most widely adopted temperature curve for fires.
The experimental data presented in this paper may assist
in the application of GC to the sustainable development of
infrastructure construction.

2. Experimental Work

2.1. Materials. Commercially available F class (low calcium)
FA and normal GGBFS were prepared for GC specimens.
GGBFS had a density of 2.9 g/cm3 and a specific surface
area of 470m2/kg. The chemical proportions of GGBFS and
FA determined by XRF are tabulated in Table 1. General-
purpose Portland cement was procured for OPC specimens.
The alkaline activator utilized was a sodium silicate solution
developed with an ordinary sodium silicate solution, sodium
hydroxide flakes with 98% purity, and tapwater.Themodulus
(SiO
2
/Na
2
O by mass) of the sodium silicate solution was

3.13 (SiO
2
= 25.72%, Na

2
O = 8.48%, and water = 65.8%).

Aggregates, including fine aggregates and coarse aggregates,
were employed in the SSD condition. The coarse aggregates
were crushed limestone from a local quarry with a size of
5–35mm, and the fine aggregates were river sand with a
fineness modulus of 2.58. The reinforcement of every beam
was normal ductility deformed bars.

2.2. Mixture Proportions. It was noted that the moisture
content and themodulus of the alkaline activator would affect
the workability and strength of GC [29, 30]. Based on many
trial experiments, the modulus and the water content of the
alkaline activator were adjusted to 1.8 and 73%, respectively,
by adding extra NaOH and water. The NaOH solution was
prepared one day prior to casting. The mixture proportions
of GC and OPC concrete are provided in Tables 2 and 3. The
initial strength of both concretes and reinforcement is given
in Figure 6.

2.3. Specimen Preparation. Four GC beams, four OPC con-
crete beams, and the corresponding heating cases are listed in
Table 4. As shown in Figure 1, the same size, same reinforce-
ment design, and similar concrete strengths were controlled
for a credible comparison. The reinforcement ratio of the
longitudinal tensile bars was 1.6% (𝐴

𝑠
= 628mm2, ℎ

0
=

257mm), indicating an underreinforced design. The stirrups
were placed along the shear span in case of shear failure.
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Figure 1: Test sample details.

Table 2: Geopolymer concrete mixture composition (kg/m3).

GGBFS FA Sand Coarse aggregates Alkaline activator
Sodium silicate Sodium hydroxide Water

140 210 644 1196 134 11 65

Reinforcement-structured and woodenmoulds were fab-
ricated onsite. GC and OPC concrete were mixed in a span
mixer with a power of 4 kW. The manufacturing procedure
of geopolymer specimens was as follows: (1) blend the
GGBFS, FA, and fine aggregates for 2min; (2) add coarse
aggregates and dry-mix them for another 1min; (3) add
alkaline activator andmix it for a final 1min; and (4) pour the
mixture into the moulds and compact them with an electric
vibrator. The specimens were demoulded 1 d after casting,
sprayed with water, and covered with plastic film for 30 d
for the ambient curing. Before the thermal exposure, the
specimens were put in a cool and dry place to reach SSD.
Three concrete cubes and two 500mm samples of tensile
rebar were derived from each specimen.

2.4. Heating Regime. Three heating treatments were used in
this work: Case (I) 400∘C for 1 h; Case (II) 600∘C for 1 h;

Table 3: OPC concrete mixture composition (kg/m3).

Cement Sand Coarse aggregates Water W/C ratio Sand ratio
488 599 1163 200 0.41 34

and Case (III) 600∘C for 2 h. ISO834 [28] was employed to
simulate the temperature in an actual fire. A gas furnace
was used to calcinate the specimens. It had a two-clamshell
structure insulated by high alumina fibre blankets with one
thermocouple and four burners equipped on each shell. The
specimens were placed upside down onto the insulation to
create a three-face burning scenario. The furnace could be
automatically operated using stored programmes. When the
temperature reached the target, the furnace would automat-
ically hold for the scheduled time and then cut off the gas
to let the specimens cool to room temperature inside. The



4 Advances in Materials Science and Engineering

Table 4

Material Heating case Temperature Sample ID

Geopolymer
concrete

— Ambient GB-A
(I) 400∘C GB-4
(II) 600∘C-1 h GB-6
(III) 600∘C-2 h GB-6-2

OPC concrete

— Ambient OB-A
(I) 400∘C OB-4
(II) 600∘C-1 h OB-6
(III) 600∘C-2 h OB-6-2

reserved samples were heated in the corresponding heating
case simultaneously (see Figures 2 and 3).

2.5. Loading Regime. As shown in Figure 1, the specimens
were under four-point load through a steel force distributor.
The force was implemented by an electrohydraulic servo
testing system (HONGSHAN China) with a maximum load
of 500 kN which can also automatically record the loads. A
preload of 5 kN was applied to detect the possible disorder of
instruments and ensure contact between every component.
After zero setting, step loadingwas operated. 20 kN and 10 kN
load for each step were used before and after the yielding of
reinforcement, respectively.The load in each stepwas held for
5min and all measurements were recorded before and after
the holding duration.

2.6. Measuring Method

2.6.1. Deflection. To measure the actual mid-span deflection,
avoiding the influence of the support settlement, three elec-
tronic dial indicators were placed to gauge the deflection and
the support settlement separately. At the beginning and end
of the load holding duration, all data weremanually recorded.

2.6.2. Cracks. The temperature cracks were traced on the
specimens with a marker pen after thermal exposure. During
the load holding, the opening and spacing of stressed cracks
were likewise traced. The widths of the main cracks were
detected twice at the beginning and end of the hold duration
using a readingmicroscope at the position of the longitudinal
steel bar. For safety, the data near the failure of the beamwere
not measured.

3. Results and Discussion

3.1. Physical Observation. Both specimen types underwent
qualitative changes, including a colour change and temper-
ature cracking, after being subjected to an elevated temper-
ature. The colour of the GC specimens turned to dark grey,
light grey, and pink in the three heating cases, respectively.
However, the colour of each specimen was nonuniform,
whichmight have resulted from the air motion in the furnace
and the location of each specimen. Some beams also locally
became orange, which was ascribed to the high iron content
of FA that induced a kinetic ferrihydrite-hematite phase
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20 400 8060 120100
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Figure 2: Temperature curves.
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Figure 3: Gas furnace.

change [31]. Comparatively, the colour changes of the GC
specimens were more obvious, which could reflect the degree
of damage to the structures.

The thermal cracking was affected by pore pressure, ther-
mal deformation, and phase change of geopolymer.The steam
pressure caused the initial cracks. However, the shrinkage
of geopolymer and corresponding incompatible deformation
with coarse aggregates were primary causes because when
aggregates expanded in high temperature, the geopolymer
exhibited evident shrinkage [20, 22, 23]. Meanwhile, the
dehydroxylation and dehydration were typical and dominant
phase changes of FA geopolymer at around 600∘C, which also
led to shrinkage.

Temperature-induced crack nets covered each specimen,
and their area and width developed progressively with the
heating regimes. The distribution of the temperature cracks
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Figure 4: Load-crack width curves.

of both types of specimens was also nonuniform along the
length and height. Most cracks began at the top of the
specimen, which was not directly get burnt, and then spread
to the bottom, where fewer cracks opened. This might have
been caused by the asymmetric reinforcement structure,
where the thicker ribbed steel bars at the bottom provided
more powerful constraints.

In comparison, the temperature cracks of the GC spec-
imens were more crucial than those of the OPC concrete
specimens, which were more intense and wider. It was
reported that the shrinkage of the geopolymer binder was
more substantial than that of the OPC paste, especially when
Na
2
SiO
3
was used as the alkaline activator [32]; the binder

also demonstrated sharp shrinkage at high temperatures [22,
33]. On the other hand, the observation contradicted the
results in [27] that GC cracked less, whichmight be attributed
to the distinctive type of geopolymer system. It is worth
noting that more pores and no spalling phenomena were
observed in the GC specimens.

3.2. Cracks. The initiation and propagation of cracks indi-
cate the ability of structural members to serve as such. In
addition to the temperature cracks, flexural cracks and shear
cracks formed under load. The width of the failure crack of
each specimen is provided in Figure 4. The bearing cracks
generally developed along the temperature cracks with the
load energy dissipated among them. This led to curl cracks,
making it difficult to trace the cracks of some specimens,
such as GB-6-2, until failure. As the temperature increased,
the cracks propagated faster, the height of which decreased,
foreboding an overreinforced failure.

The GC beams cracked faster than the OPC concrete
beams. The flexural cracks almost emerged in the first load

step, and all appeared in the second or third load step; one
or two of these cracks developed to failure cracks. The shear
cracks initiated later but becamewider andmore intense than
the flexural cracks, the latter indicating the pronounced dete-
rioration in shear capacity. One GC specimen experienced
shear failure, and the phenomenon did not fit the description
in [12] that GC beams acquired an equal or higher shear
capacity.

As shown in Figure 4(a), there was no distinct regularity
in the crack width with varying heating cases. The exposed
specimens developed wider cracks than the ambient samples,
and GB-4 developed the widest cracks. The curves were con-
centrated with a similar trend under a lower load (<150 kN)
and then dispersed as the load increased. The appearance
and extension of the crack span revealed the plasticity of
the GC beams. After the yielding of the reinforcements, the
width of GB-A and GB-4 rose quickly with a slight increase
of load showing an improvement in capacity and a clear
portent of failure. However, the spans of GB-6 and GB-6-
2 were not detected, and they collapsed abruptly during the
load-sustained period.

It is revealed in Figure 4(b) that the cases with a gradual
change in temperature equally had little impact on the crack
width of the OPC concrete beams. The exposed specimens
even developed narrower cracks than the ambient ones.
Comparatively, the GC specimens displayed wider cracks
than the OPC concrete specimens under the same load.
The inferior crack resistance was not in agreement with
former research showing that GC had a residual tensile
strength higher than that of the OPC concrete. This might be
attributed to the compounded effects ofmultiple factors, such
as the bond properties and material type.
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3.3. Load-Deflection Results. Defection could imply some
mechanical changes to the beams, such as local buckling,
local cracking, and reinforcement slippage. As shown in
Figure 5(a), the two-stage curves of the GC specimens
included the inelastic stage with cracks, the slope of which
reflected the stiffness, and the plastic stage, which presented
the ductility and bearing capacity. The GB-4 curve corre-
sponded approximately to that of GB-A and even overtook
the latter in the second stage, demonstrating a higher capacity,
while the slope noted a slight reduction in stiffness. GB-6
and GB-6-2 displayed similar load capacities. However, the
smaller slope and the shorter plateau of GB-6-2 indicated

an evident decrease in stiffness and plastic deformation. As
shown in Figure 5(b), the OPC concrete specimens gained a
positively gradual reduction in bearing capacity and bending
stiffness upon thermal exposure. This was especially true for
OB-6-2, which achieved the smallest capacity and stiffness.
It should be noted that the plateau stage was not detected
for OB-6 and OB-6-2, which suddenly failed in the load-
keeping period without conspicuous plastic deformation.
Comparatively, the curves of GC specimens were below the
curves of the OPC concrete specimens, indicating the smaller
flexural stiffness of the GC specimens after being subjected to
elevated temperatures.

3.4. Load Capacity and Failure Mode. The failure mode of
each specimen was determined through the crack and deflec-
tion results, along with field observation. The pronounced
increases in crack width and deflection were considered to
be the marks of reinforcement yielding, and the yielding
load was correspondingly recorded; the ultimate load was
recorded automatically by the testing system.

The ambient specimen GB-A presented the typical failure
of an underreinforced beam under bending. From the yield-
ing of the steel bar to the crush of compressive concrete, the
capacity improvedwith a sharp increase in deflection, and the
width of the cracks clearly indicated the following collapse
with proper ductility. Nonetheless, the yielding features of
the exposed specimens, such as GB-4 and GB-6, were not
prominent, and the increment of capacity also decreased.
Some beams broke down without reinforcement yielding,
such as GB-6-2, which gained a slight increase in crack width
and deflection, along with shorter cracks, before failure. The
collapse of GB-6-2 started from the stratiform cracks on the
mid-span upper concrete and was followed by the heaving
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Table 5: Flexural bearing capacity of simply supported beams.

ID 𝑃y/kN 𝑃u/kN Reduction ratio/%
Type Geopolymer concrete
GB-A 250 268 —
GB-4 270 300 +11
GB-6 255 270 +0.7
GB-6-2 — 265 −1
Type OPC concrete
OB-A 285 301 —
OB-4 295 310 +3
OB-6 285 291 −3
OB-6-2 — 240 −20

and crush of concrete, conspicuous characteristics of an
overreinforced failure.

The evolution of the specimens’ capacities and damage
patterns was closely connected to the residual strength of the
concrete and reinforcement after being exposed to elevated
temperatures. As shown in Figure 6, the residual strength
of GC was higher than that of the OPC concrete, which
lost more strength for the same case. Furthermore, GC was
characterized by the strength gain behaviour observed in
Case (I). For the reinforcements, a shaper reduction in tensile
strength occurred after thermal exposure at 600∘C. It was
reported in [34, 35] that the basic properties of steel bars
could recover after being exposed to temperatures lower than
600∘C.

Table 5 provides the yielding capacity (𝑃y), ultimate
capacity (𝑃u), and the reduction ratio to the ambient speci-
men. GB-4 obtained a remarkable improvement in yielding
and ultimate capacity that was mainly attributable to the
strengthening behaviour of GC. The enhancement of GC
after temperature exposure was commonly reported in [18,
33, 36, 37] that the alkali activation of the remnant precursors
induced by ambient curing was catalysed by the high temper-
ature when free water was not liberated.The augmentation of
GC predominated over the damage brought about by vapor
pressure and thermal incompatibility. Meanwhile, the deteri-
oration of the rebar was relatively slight, and it was concluded
that GB-4 achieved the net result of a higher capacity.

In other cases, 600∘C was the critical temperature for GC
[25].The geopolymerization terminated because of the loss of
moisture, while the geopolymermatrix was still complete [33,
38, 39]. The main reasons for the decrease in cubic strength
might be the thermal incompatibility between the binder
and aggregates [22], which regularly amounts to between

65% and 80%. It was revealed in some studies [20, 22, 23]
that while coarse aggregates progressively expanded at ele-
vated temperatures, geopolymer binders experienced notable
shrinkage. Furthermore, dehydration and dehydroxylation
could be somewhat responsible for the reduction of strength
[37]. However, on a larger scale, GB-6 had a similar capacity
to GB-A. Because of the nonuniform temperature field of the
specimen, the outer concrete began to lose strength while the
inner part was strengthened. In addition, with the sharper
decrease of tensile strength for the rebars, GB-6 did not have
an improvement in capacity. Contributing to the weakest
GC and steel bars, GB-6-2 achieved the lowest capacity
without rebar yielding, demonstrating the characteristics of
overreinforced failure.

GC beams under a flexural load resembled the mechani-
cal performance and changing behaviour of theOPCconcrete
beams. The OPC specimens had a relatively obvious decline
in capacity. From the angle of the bearing capacity, the GC
beams had better fire resistance (see Figure 7).

4. Conclusion

The geopolymer concrete beams after exposure to elevated
temperatures experienced clear colour changes and temper-
ature cracks, which evolved with the aggravation of heating
conditions. The temperature cracks were more intense and
wider than those of the OPC concrete beams. The evident
features after fire exposure could be utilized to appraise the
extent of the fire damage of geopolymer concrete structures.
Under loads, the geopolymer concrete specimens cracked
earlier, developed more shear cracks, and exhibited lower
flexural stiffness than the OPC concrete counterparts. With
a similar failure mode to the OPC concrete beams, the
geopolymer concrete beams achieved a higher capacity in
Case (I) and retained more load capacity in the other heating
cases.

The structural performance of geopolymer concrete after
being subjected to elevated temperature was influenced by
multiple factors, and thematerial demonstrated some defects;
this was inconsistent to the behaviour of the ambient beams
and the behaviour described in former research. Further
investigations should be conducted to analyse the temper-
ature field and bond behaviour, as well as to improve the
crack resistance and flexural stiffness of GC for possible
applications.
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This study is aimed at the utilization of natural zeolite as a prospective type of Supplementary Cementitious Material in connection
with the innovations of construction solutions through thematerials.The influence of zeolite on several properties of cement-based
composites is studied. Basic characteristics of input powdery materials as well as the technological parameters of zeolite tested on
mortar containing 50% of cement replacement are presented. The technical parameters of concrete containing 8, 13, and 25% of
cement replacement by zeolite are presented as well. The paper is valuable due to the three-year testing period. The density of
the hardened concrete was found to be decreasing with increasing zeolite content. While no significant differences in compressive
strength were found after 28 days, differences between individual samples were clear after the long-term period. The presence of
zeolite influenced the compressive strength positively in the case of the 8% and 13% replacement, while the higher proportion of
natural zeolite (25%) caused lower compressive strength after 28 days but was similar to the reference concrete after three years. A
major increase in strength was detected for all samples in the long-term period. It confirms the long-term potential of zeolite for
strength improvement.

1. Introduction

The ordinary Portland cement is one of the most utilized
binder materials for the production of building materials.
However, its production has negative environmental impact
due to the requirement of high amount of energy, production
of greenhouse gases, and so on. Utilization of supplementary
cementitiousmaterials (SCMs) for the production of cement-
based composites can help to significantly minimalize these
adverse influences. Additionally, different SCMs bring several
types of improvement to composites properties, for example,
better workability or durability. Moreover, the costs of con-
crete can decrease. The incorporation of SCM is a feature
of the current advanced concrete and is connected with the
modern approaches to concrete production. Thus, it can be
successfully involved in themodernmethods of construction.
Natural zeolite is one of the best-applicable SCMs,mainly due
to its pozzolanic activity.

The quality and durability of concrete are strongly depen-
dent on the kind, properties, and dosage of the basic com-
ponents (cement, water, and aggregates) and the additives
and admixtures. The alternative materials play an important
role in current concrete technology such as SCMs. Due to
the improvement of mechanical properties and durability
of concrete, the trend of utilization of SCMs has increased
[1–3]. SCMs improve the microstructure of concrete by
minimizing its porosity and improving the resistance against
the aggressive attack due to their chemical nature [2, 4–7]. In
the standard EN 206 [8], three kinds of Type II additions—fly
ash, blast furnace slag, and silica fume—are mentioned,
and the conditions of their application to the concrete are
specified.

The other kinds of addition can be used in specific cases
of concrete structure exposure. Both zeolite and silica fume
are recommended if a chemical attack occurs. The standard
[8] defines the kind of addition in accordance with both the
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nature and intensity of chemical environment, but the recom-
mended dosage is not specified in the standard.Therefore, the
practical production of concrete can be uncertain.There are a
number of studies investigating zeolite as cement supplement
(pozzolanic additions) [9–17]. Some results of these studies
are ambiguous, as shown below.There is a lack of information
on the influence of specific dosage of additions on the long-
term properties of the concrete and information about other
relevant properties, such as length deformation and water
absorption capacity.

Natural zeolites are hydrated aluminosilicates that have
high amounts of reactive SiO

2
and Al

2
O
3
. Their reactivity is

mainly attributed to their highly porous structure, which is
related to the large external surface area giving interaction
of zeolite with lime [11, 12], ability of ion exchange, and
meta-stability, which supports the dissolution of zeolitic
crystals and precipitation of hydrated calcium silicates and
aluminates during interaction of OH− ions available in the
saturated lime solution [13, 14].

Researchers have found that the zeolites of different
modifications act as pozzolanic additions in concretes; during
cement hydration, CSH and CAH gel phases increase, which
also increases the resistance of Portland cement compositions
to acids and sulphate corrosion and increases its durability as
well [11].

Regarding the early-age strength, the references are differ-
ent. According to Yun-Sheng et al., zeolite added at 15% to the
cement mix increases the early-age strength of concrete [15].
Turkish researchers carried out tests on concrete specimens
containing 5, 10, 20, and 40% of zeolite. Compressive strength
was measured after one, two, seven, and 28 days of curing.
The results showed that the concrete specimens with zeolite
additive had lower compressive strength compared to the
control specimen after 24 hours of curing. The same trend
was observed after two and seven days of curing. After 28 days
of curing, the compressive strength of specimens containing
5% of zeolite increased by 6.8% compared to the control
specimens; the compressive strength of the next specimens
increased by 15.9%, 22.3%, and 4.1% for specimens containing
10%, 20%, and 40% of zeolite, respectively [16].

According to Ramezanianpour et al. [17], the addition of
natural zeolite delays the strength development during the
first seven days, after which the concretes containing 10% of
natural zeolite provide almost similar compressive strength
compared to that of the reference concretes. The strength of
concrete mixtures containing 15% of natural zeolite, however,
is marginally lower than that of the reference concrete. The
pozzolanic activity of natural zeolite is significantly high, as
most of the pozzolanic reactions occurred between seven and
28 days.Theuse of natural zeolite leads to considerable reduc-
tions in water permeability and capillary absorption for each
of the selected water-to-cementitious material ratios. The
highest improvements through the use of natural zeolite were
observed in the rapid chloride permeability and electrical
resistivity tests. The electrical resistivity of concrete samples
containing natural zeolite was two to four times better
than those of the reference samples. These improvements
were more significant for concretes with higher water-to-
cementitiousmaterials ratios (w/cm).The electrical resistivity

and rapid chloride penetrability of mixtures with 10 and 15%
natural zeolite and w/cm of 0.50 was better than that of the
reference concrete with w/cm of 0.35, indicating that using
10–15% of natural zeolite was more effective in improving
permeability than reduction in w/cm from 0.50 to 0.35. The
depth of carbonation increases with the use of natural zeolite.
While the reduction of chloride penetration enhances the
concrete resistivity against corrosion, the increased carbon-
ation results in the opposite performance. Study of the SEM
images shows significant improvements in porosity of the
studied pastes through the use of natural zeolite. In addition,
studying the images taken from transition zone reveals that
natural zeolite enhances the structure of the transition zone
favourably. The calcium hydroxide content is considerably
reduced by the use of natural zeolite as an SCM, which results
in the production of secondary C-S-H.

According to Vejmelková et al. [18], both the bulk and
thematrix density of cement-based composites decrease with
increase in the zeolite supplementary. Poon et al. [19] also
state that 15% replacement of zeolite results in lower porosity,
while a higher replacement level (25%) increases the porosity
at all studied ages.

The drying shrinkage of products made with Portland-
pozzolan cements is dependent on the hydration products
and water demand of the mixtures. Although tests should
be conducted to determine the drying shrinkage of Portland
cement andnatural pozzolans combinations, there is a scarcity
of studies in this field [20]. Jana [21] investigates the effects
of using 10, 20, and 30% of zeolite as an SCM. He observes
that drying shrinkage of zeolite mixtures at 10 and 20%
of Portland cement replacement levels is similar or slightly
higher than that of the control mixture, whereas by using
30% of zeolite, the drying shrinkage is about 20% higher than
the control mixture. Moreover, Kasai et al. [22] examined
drying shrinkage for the mortars blended with clinoptilolite
and mordenite. Both clinoptilolite and mordenite blended
mortars experienced higher shrinkage than the control one.

It is reported that although natural zeolite reduces the
slump of concrete, it can prevent bleeding and segregation.
Regarding hardened concrete, natural zeolite increases com-
pressive strength due to its pozzolanic property. Moreover, it
enhances the durability of conventional concrete by reducing
concrete permeability and,mainly, by improving resistance to
alkali-aggregate reaction [23]. According to Najimi et al. [24],
natural zeolite can be properly used as an SCM in normally
consolidated concrete, considering the environmental pro-
tection and sustainable development. Chan and Ji [25] report
that the pozzolanic reactivity of natural zeolite is between that
of silica fume and fly ash.

This paper is aimed at the utilization of zeolite as a
perspective kind of SCM and its influence on the long-term
(up to three years) properties of concrete, since there is a lack
of information about the long-term properties. Most reports
are oriented towards the 28-day properties, or eventually up
to one year, because of the challenges of long-term research.
However, the pozzolanic additions need a longer time to
develop their properties in the construction due to the slower
progress of pozzolanic hydration processes. The short-term
values of properties could be misleading.



Advances in Materials Science and Engineering 3

Table 1: Chemical composition and particle size characteristics of binders.

Binder SiO
2

CaO Fe
2
O
3

Al
2
O
3

MgO CaO/SiO
2

𝑑(0.5) 𝑑(0.9)
[% wt.] [—] [𝜇m] [𝜇m]

OPC (CEM I 42.5N) 20.34 64.1 2.99 2.97 9.03 3.150 26.68 67.87
Natural zeolite 78.75 3.50 1.73 11.6 1.16 0.040 20.68 91.97
Silica fume 97.00 0.70 1.50 1.10 — 0.007 0.226 8.647

Comprehensive results for zeolite, including basic char-
acteristics (chemical composition and particle size distri-
bution), technological parameters (mixing water demand,
initial setting time, activity index, and relative linear defor-
mation), and technical parameters of concrete incorporating
zeolite (density, compressive strength, and total water absorp-
tion) are presented in the paper. For comparison, addition of
silica fume is presented as well.

2. Materials and Methods

The main scope of the experiment is to observe the long-
time technical parameters (density, compressive strength,
and water absorption) of zeolite-based concrete and to assess
the possibility of the practical utilization of natural zeolite for
the production of progressive building material.

2.1. Materials Characteristics. Three types of mineral binders
are used in the experiment. Ordinary Portland cement (OPC)
class CEM I 42.5N came from Turňa nad Bodvou, Slovakia,
natural zeolite (NZ) came from Lehôtka pod Brehmi, Slo-
vakia, and silica fume (SF) came from Istebné, Slovakia.

The chemical composition of ordinary Portland cement,
natural zeolite, and silica fume was determined through X-
ray fluorescence analysis (XRF). SPECTRO iQ II (Ametek,
Germany) with silicon drift detector (SDD) with resolution
of 145 eV at 10,000 pulses was used for the analysis. The
primary beam was polarized using Bragg crystal and Highly
OrderedPyrolyticGraphite (HOPG) target.The sampleswere
measured at 300 and 180 s at voltage of 25 kV and 50 kV and
current of 0.5 and 1.0mA in a helium atmosphere by using the
standardizedmethod of fundamental parameters for cements
or liquids. The chemical compositions of binder solids are
listed in Table 1.

The particle size distribution of binder solids was deter-
mined using a laser granulometric analyser (Mastersizer
2000; Malvern Instruments Ltd, UK). The parameters of
grain size distribution are characterized by 𝑑(0.5) and 𝑑(0.9)
medians, which are also listed also in Table 1. The curves of
particle size distribution of binders are shown in Figures 1–3,
respectively.

The differences in the particle size of binding materials
are evident and in accordance with their character. Results
also inform indirectly about the specific surface area in terms
of mutual comparison: the smaller the particle size, the larger
the specific surface area.

2.2. Technological Characterization of Natural Zeolite. Tech-
nological characterization (water demand for standard con-
sistency, initial setting time, activity index, and relative linear
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Figure 1: Particle size distribution of OPC.
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Figure 2: Particle size distribution of natural zeolite.

deformation) of natural zeolite was investigated. Both the
water demand and initial setting time were tested on pastes
composed of 50% of OPC and 50% of NZ and pastes consist-
ing ofOPConly, while thewater-to-binder ratio was 0.5. Both
the strength activity index and relative linear deformation
were tested on mortars consisted of 1350 g of normalized
silica sand, 500 g of binder, and 225 g of water, while two
samples with different binder composition were tested. The
controlmixture contained 100%ofOPCand researchmixture
contained 50% of OPC and 50% of NZ.

The water demand for standard consistency (the consis-
tency that will permit the distance between plunger of Vicat
apparatus and base-plate of 4–8mm) and the initial setting
time (the elapsed time, measured from zero to the time at
which the distance between the needle and the base-plate is
3–9mm) were measured using standard methods for testing
cements (according to [26]).

The activity index was found in accordance with [27].
Here, the activity index refers to the ratio of the average
compressive strength of SCM-basedmortar and the reference
cement-based mortar at the designated ages. Compressive
strength was tested in accordance with [28].

The deformation changes of tested mortars were mea-
sured through active linear deformation [mm], using the
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Figure 3: Particle size distribution of silica fume.

length comparator, while three samples were measured for
each recipe. The relative linear deformation was then calcu-
lated as the ratio of the active linear deformation [mm] to the
actual length of the sample [mm]. Specimens of dimensions
40 × 40 × 160mm were measured during 60 days at regular
intervals. During this time, samples were kept in standardwet
conditions (20∘C temperature and water curing).

2.3. Physical-Mechanical Properties of Natural Zeolite-Based
Concrete. Themineral binders (OPC, NZ, and SF) were used
for concrete preparation. Natural normal-weight fine and
coarse aggregates of fractions 0/4, 4/8, and 8/16 (NFA-0/4,
NCA-4/8, NCA-8/16) were used. The superplasticizer based
on polycarboxyl ether (PCE) was used to obtain optimal
consistence together with tap water.

The experiment was focused on testing the concrete
mixture designed by the acceptance of the standard rec-
ommendations for the composition for aggressive exposure.
The recipe of the reference concrete was designed to achieve
the compressive strength corresponding to C 35/45 strength
class (according to [8]). Water-to-binder ratio (w/b) was 0.45
and cement content was 360 kg per 1m3 of fresh concrete.
Natural zeolite was applied in varying replacement percent-
ages to cement (8%, 13%, and 25% by weight). For directly
showing binder modification by well-known silica fume, it
was decided to use the combination of 8% of zeolite and 8%
of SF. The materials and compositions of the tested concretes
are given in Table 2.

The samples of cubes shape with dimensions 150 × 150
× 150mm were prepared with standard methods. Specimens
were released after one day and consequently cured in
water under laboratory conditions until the tests execution.
The standard tests (density, compressive strength, and water
absorption) were executed after 28 days and the compressive
strength after 365, 730, and 1095 days (one, two, and three
years) according to [29–31].

3. Results and Discussion

3.1. Technological Characterization of Natural Zeolite. The
water demand for standard consistency, initial setting time,
and activity index of mortars are listed in Table 3. The
consistent results comparing [17, 32, 33] have been found, in
fact, to determine the expansion of water demand (probably
due to a larger specific surface area) and to increase the setting
time increasing of zeolite-blended mortars. The presented
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Figure 4: Relative linear deformation of the 100% OPC and 50%
OPC + 50% NZ mortar.

results for the zeolite paste also refer to the higher need for
water to obtain the standard consistency. The initial setting
time is practically three times longer than that of cement.
Activity index after seven days (20.4) and 28 days (48.5%)
shows low increase in strength at an early age and high
cement replacement (50%).

Deformation changes in testedmortars are given through
60-day development of relative linear deformation, as shown
in Figure 4.

Results of drying shrinkage presented worldwide are
oftennot consistent because of nonuniformmethods, appara-
tus, and curing conditions; these results are discussed in both
positive and negative ways [21, 24, 34]. Here, the method of
relative linear deformation is given for the direct comparison
of two kinds of mortars cured under the same conditions,
while the effect of zeolite is clearly visible. The relationship
between the linear deformation changes and the risk of crack-
ing is generally known.

The linear deformations of both samples are quite active
up to 60 days, while the linear deformation of zeolite samples
is somewhat larger than that of the cement-only samples; the
values ranges of NZ and OPC based samples are −120 to +50
and −62 to +37, respectively. Jana [21] reports similar results
when using 30% of zeolite as SCM; he obtained about 20%
higher drying shrinkage than that of control mixture without
zeolite.

3.2. Physical-Mechanical Properties of Natural
Zeolite-Based Concrete

3.2.1. Density. Thedensity of hardened concrete is referred as
one of the durability-related properties, due to the porosity
and permeability context. Concrete porosity is inversely
proportional to density. Usually, the concrete permeability
increases with an increase in porosity and decreases with an
increase in density. The relation between permeability and
porosity depends on the pore system properties. Lower con-
crete porosity leads to reduction in permeability and con-
sequently in better durability. A very highly impermeable
concrete reduces or eliminates the ingress of water and other
aggressive chemicals and gases. This leads to improved con-
crete durability due to avoided expansive reactions, which can
occur in the presence of these aggressive agents [35].
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Table 2: The recipes of concrete mixtures. Components proportion was calculated for 1m3 of fresh concrete.

Mixture OPC NZ SF NFA-0/4 NCA-4/8 NCA-8/16 PCE w/b∗

[kg⋅m−3] [kg⋅m−3] [%] [kg⋅m−3] [%] [kg⋅m−3] [kg⋅m−3] [kg⋅m−3] [kg⋅m−3] [—]
V0 360 — — — — 825 235 740 0.8 0.45
VZ1 330 29 8 — — 825 235 740 0.8 0.45
VZ2 313 47 13 — — 825 235 740 0.8 0.45
VZ3 270 90 25 — — 825 235 740 0.8 0.45
VZ-SF 302 29 8 29 8 825 235 740 0.8 0.45
∗Using the k-value = 2 for silica fume in accordance with EN 206.

Table 3: Technological parameters of zeolite comparing to cement.

Binder Water demand Initial setting time 7-day activity index 28-day activity index
[%] [min.] [%] [%]

OPC 100.00 110 100 100
50% OPC + 50% NZ 126.62 320 20.4 48.5
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Figure 5: Density of hardened concretes after different time of
hardening.

The results of density measurement are summarized in
Figure 5. Values at 28 days and three years of setting and hard-
ening ranged from 2270 to 2340 kg⋅m−3 and from 2260
to 2370 kg⋅m−3, respectively. The density of all concretes
increased during the time, excluding the concrete V0. The
highest growth of density was found between measurements
after 28 and 365 days—that is, during the first year of harden-
ing. The density increased during the later stage only gradu-
ally. Concrete V0 obtained the highest density of all after 28
days but the lowest at the end of the experiment. Concrete
VZ1 obtained highest density after one year and also in later
stages. The amount of zeolite proportionally affected the
density; thus, the higher dosage of zeolite caused the lower
concrete density.This is in contrast to some research [36, 37],
but, there, the zeolite content was up to 10%. According to
Vejmelková et al. [18], both the bulk and matrix densities of
the cement-based composites decrease with increase in the
zeolite supplementary. Also, Poon et al. [19] observe that 15%
replacement of zeolite resulted in lower porosity (affecting
density), but a higher replacement amount (25%) increased
the porosity at all the studied ages. Based on those comments
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Figure 6: Time dependence of compressive strength of hardened
concretes.

and our results, the decrease in density can be attributed to
the increase in zeolite amount.

The long-term results (one-, two-, and three-year) of all
concretes incorporating the natural zeolite are higher than
that of the OPC sample (V0), unlike the 28-day values. In
this case, the results are lower and do not show the clear
dependence on the amount of zeolite. This is clearly visible
just after the long-term period.The presence of zeolite mani-
fests itself differently over a longer period of setting and
hardening of concrete.

Silica fume in combination with zeolite (concrete VZ-SF)
decreased the density significantly compared to the reference
concrete (V0) after 28 days. On the other hand, the density of
VZ-SF was about 2.6% higher than V0 after three years.

3.2.2. Compressive Strength. The compressive strength was
measured on 150mm cubes after 28, 365, 730, and 1095 days
of hardening.The time-development of compressive strength
is shown in Figure 6. Generally, compressive strength of
all concretes increased during the time, as also reported
in previous research [17, 24]. The values after 28 days of
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setting and hardening ranged from 40 to 60MPa, while
values after three years ranged from 70 to 90MPa. The
initial reference strength (after 28 days) was almost the
same for all concretes except VZ3. In the case of VZ3,
the strength development was slower because of the high
dosage of zeolite in the binder (25%). The early strength of
concrete is commonly supplied by the hydration of CaO and
silicates from cement clinker, while the pozzolanic activity
of zeolite later influences the strength. The CaO/SiO

2
ratio

of the zeolite used was under 0.5 (Table 1), which refers to
its pozzolanic nature. It was in accordance with results from
Ramezanianpour et al. and others [17, 36]. The amount of
zeolite in total binder influenced the compressive strength,
especially after two and three years of hardening. Concretes
VZ1 and VZ2 with 8% and 13% of zeolite supplementary
achieved about 16.4% and 6.2% higher compressive strength
compared to the reference concrete after two years and 10.4%
and 4.5% after three years, respectively. Concrete VZ3 with
25% zeolite supplementary obtained about 3.8% and 6.7%
lower compressive strength compared to sample V0 after two
and three years, respectively. According toValipour et al. [38],
the optimal content of zeolite to obtain highest compressive
strength is 10%.

The significant increase in the compressive strength of all
concretes was observed in the long term (three-year period).
It confirms the long-term potential of natural zeolite to
improve the mechanical properties. The positive change in
strength was observed between 28-day and 3-year measure-
ments, following the increase of about 33%, 53%, 30%, 83%,
and 67% for concretesV0,VZ1,VZ2,VZ3, andVZ-SF, respec-
tively. The concrete VZ3 achieved the most significant in-
crease in compressive strength during the monitored period.

The silica fume significantly influenced the compressive
strength of concrete. While the strength of VZ-SF sample
after 28 dayswas similar to that of the other samples, the long-
term strength values after forwarding periods were much
higher. It is also evident that the strength development shows
convex behaviour for all VZ concretes and concave behaviour
for only VZ-SF concrete. Thus, the compressive strength of
SF concrete increased faster than zeolite-based ones, but the
strength of zeolite samples grew faster at the end of the
monitored period.

The activity index was calculated as a relation between
compressive strength of the related concrete and the reference
concrete (VZ-/V0) after three years of hardening. This value
characterizes the improvement or deterioration of zeolite-
based concrete compared to the control one. It was 1.1, 1.0, 0.9,
and 1.2 for samples VZ1, VZ2, VZ3, and VZ-SF, respectively.
As expected, the higher zeolite content in binder caused lower
compressive strength against the reference concrete.

With the exception of VZ-3, the long-term results
(one-, two-, and three-year) of all concretes incorporating the
natural zeolite are higher than that of the OPC sample (V0),
except 28-day values. In this case, the results are close to each
other and do not show the clear dependence on the amount of
zeolite. This is clearly visible just after the long-term period.

3.2.3. Water Absorption. The water absorption of hardened
concretes is summarized in Figure 7. Values after 28 days of
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Figure 7: Time dependence of water absorption of hardened
concretes.

setting and hardening ranged from 4.0 to 5.0%, while values
after three years ranged from 4.2 to 5.7%. The long-term
changes in water absorption of zeolite-based concretes were
not significant. The relative differences in 28-day and three-
year values were 12.5, 4.0, and 14.0% for VZ1, VZ2, and VZ3,
respectively.The highest increase inwater absorption (26.8%)
was found for VZ-SF. Contrary to the control OPC sample
(V0), values increase during the three-year period while the
amount of zeolite in concrete influences the water absorption
negatively. The higher content of zeolite leads to increase in
water absorption. It is connected with the water absorption of
natural zeolite, which is higher than that of cement [34]. Poon
et al. [19] report that the porosity increases due to the higher
replacement amount (25%) of zeolite at all studied ages; this
may also be attributed to the higher absorption ability. It
was recognized that the water absorption grew together with
density. This result is unexpected, because several research
works [17, 24] obtained adverse results.

The long-term results (one-, two-, and three-year) of all
concretes including the natural zeolite are higher than that
of the OPC sample (V0), unlike 28-day values. In this case,
VZ1 andVZ-SF obtained lower values.The presence of zeolite
manifests itself differently over a longer period of setting and
hardening.

4. Conclusion

In this paper, the technological properties of natural zeolite
and the long-term mechanical properties, density, and water
absorption of concrete based on natural zeolite as SCM were
evaluated. The results can be summarized as follows:

(i) At high cement replacement (50%) by the zeolite,
the zeolite paste led to a higher demand for mixing
water to obtain the standard consistency than that of
OPC paste. The initial setting time was practically 2.9
times longer. Strength activity index after 28 days was
48.5%; this low increase in strength at an early age
reflects the slow hydration process.

(ii) The long-term density of all zeolite-based concretes
was higher than that of OPC concrete, unlike the
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28-days values. Although the increase in zeolite
amount caused the decrease in density, samples incor-
porating 25% zeolite achieved higher density than
that of OPC in all later ages.

(iii) Amajor increase in strengthwas observed for all sam-
ples in the long term (three-year period). An increase
in the zeolite amount caused a decrease in compres-
sive strength, but the replacement of 8% and 13% of
cement by natural zeolite brought about an improve-
ment in long-term compressive strength compared to
the only-OPC-based concrete. A higher replacement
(25%) caused a decrease in strength after 28 days of
setting and hardening; however, significant positive
change (83%) was observed during the three-year
period. This confirms the long-term potential of zeo-
lite to improve the strength. Silica fume, in combina-
tion with natural zeolite, significantly improved the
strength.

(iv) Long-term changes in water absorption of zeolite-
based concretes were not significant, up to 14.0% in
relative difference (26.8% for VZ-SF). Except for the
V0 sample, values were increasing during the three-
year period,while the higher amount of zeolite in con-
crete negatively influenced the water absorption.

(v) Generally, the long-term properties of zeolite-based
concrete are different from that of 28-day properties,
while both the density and compressive strength are
influenced positively. The differences in concretes
composition are manifested after a longer time, when
the results are ordered more clearly and show a better
sequence dependence on the sample’s composition.

The results demonstrate the long-term potential of SCMs
for the improvement of the concrete properties, which are
important for the long-term role of concrete in the structure.
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[37] D. Nagrockienė, G. Girskas, and G. Skripkiūnas, “Properties
of concrete modified with mineral additives,” Construction and
Building Materials, vol. 135, pp. 37–42, 2017.

[38] M. Valipour, M. Yekkalar, M. Shekarchi, and S. Panahi, “Envi-
ronmental assessment of green concrete containing natural zeo-
lite on the global warming index inmarine environments,” Jour-
nal of Cleaner Production, vol. 65, pp. 418–423, 2014.



Research Article
The Role of Various Powders during the Hydration Process of
Cement-Based Materials

Shuhua Liu, HonglingWang, and JianpengWei

State Key Laboratory of Water Resources and Hydropower Engineering Science, Wuhan University, Wuhan 430072, China

Correspondence should be addressed to Shuhua Liu; shliu@whu.edu.cn

Received 19 June 2017; Accepted 7 August 2017; Published 11 September 2017

Academic Editor: Prinya Chindaprasirt

Copyright © 2017 Shuhua Liu et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The role of various powders including glass powder (GP), limestone powder (LP), and steel slag powder (SSP) during the hydration
process of cement-based materials was investigated by using X-ray diffraction (XRD), thermogravimetric and differential thermal
analysis (TG-DTA), scanning electron microscopy (SEM), and strength tests. GP has adverse impact on early strength, but the
pozzolanic reaction at later stage enhances the strength development greatly. LP can significantly improve early strength. SSP has
a good contribution to the early and later strength of the paste when its content is less than 15%. GP has little effect on the kind of
hydration products but relatively large effects on the quantity. Calcium hydroxide (CH) content of GP paste decreases over curing
age gradually, which is different from pure cement paste because its pozzolanic activity consumes more CH than that generated
from the cement hydration. SSP and LP mainly play a role of filling effect at early stage. Nucleating effect of LP also promotes the
early hydration of cement.The hydration of LP occurs at later stage and forms the calcium carboaluminate hydrates.The hydration
of SSP is relatively slow, which generates CH at later stage and is effective in the strength development.

1. Introduction

Mineral admixture has become an indispensable compo-
nent in concrete because it generally has some pozzolanic
reactivity during the hydration process. Mineral admixture
can replace cement and reduce cost of concrete; moreover,
it can improve the workability of fresh concrete or some
properties of hardened concrete.Therefore, the use ofmineral
admixture in concrete brings significant benefits.

Glass powder (GP) is ground waste glass which mainly
comes from industrial waste glass (such as flat glass and glass
fiber) and household waste glass (such as glass containers
and light bulbs) [1]. GP has not been used as a cement
replacement until recent years. It is amorphous and contains
large quantities of silicon and calcium. Soda-lime glass is
pozzolanic or even cementitious in theory when it is ground
enough [1]. The use of GP in cementitious materials can
effectively enhance the strength and inhibit the ASR reaction
of the system [2–4]. GP was used to prepare reactive powder
concrete (RPC) by replacing partial Portland cement to
reduce the cost [5, 6]. It is found that using Portland cement,
glass powder, silica fume, and water reducer can prepare

high performance concrete with compressive strength up to
100MPa. Concrete with GP has improved properties, that is,
higher strength, lower dry shrinkage, and so on than those
of the concrete with fly ash [3, 7]. However, the study on the
action mechanism of GP in cement-based materials is still at
the initial stage.

The main component of limestone powder (LP) is calcite
(CaCO3), which is a cheap and easily available material. At
present, LP is mainly used to replace partial fine aggregate or
asmineral admixture in the concrete. As amineral admixture,
LP is observed to have hydration reactivity when it is ground
to a certain degree of fineness and it needs to have a certain
environment and enough hydration time [8]. LP reacts
with aluminum phase in cement clinker to form calcium
carboaluminate hydrates, which effectively accelerates the
hydration and hardening process [9], and thus improves the
properties of concrete [10, 11].

Steel slag powder (SSP) is the slag exhausted from
converter, electric furnace, and refining furnace, whose main
components are silicate and ferrite. In developed countries,
themajority of SSP is used as aggregate in concrete [12]. China
has studied the application of SSP as mineral admixture in
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Table 1: Chemical compositions of raw materials/mass, %.

Compositions SiO2 Al2O3 CaO Fe2O3 MgO SO3 K2O Na2O P2O5 loss
Cement 21.25 2.91 63.09 3.24 0.68 3.36 1.12 0.31 0.17 3.52
GP 55.75 10.64 6.60 0.28 1.01 0.27 0.54 9.92 0.03 11.9
LP 1.79 0.56 54.69 0.35 0.40 0.03 — 0.06 — 41.93
SSP 14.11 3.51 42.39 17.45 6.60 0.50 0.13 0.22 1.63 8.72

recent thirty years. The studies have shown that SSP can be
used as a kind of active cementitious material, but its activity
is much lower than that of cement clinker.

Recently, little existing literatures focused on investiga-
tion of the hydration properties and process of the three vari-
ous powders. As mineral admixtures, the hydration process
and strength development of cement-based materials con-
taining the three powders are relatively different. In this
paper, GP, LP, and SSP will be used as mineral admixtures to
study the role during the hydration process of cement-based
materials.

2. Experimental

The ordinary Portland cement PO 42.5 (POC) complied with
the Chinese standard GB175-2007 is used in this test. The
chemical compositions of GP, LP, SSP, and POC determined
by X-ray fluorescence (XRF) are listed in Table 1. The main
compositions of GP are SiO2, Al2O3, and Na2O accounting
for 55.75%, 10.64%, and 9.92%, respectively. LP contains high
content of CaCO3, which mainly relied on raw limestone.
The content of CaO, Fe2O3, and SiO2 in SSP is around 74%,
because the source of steel slag is iron and steel materials,
smelting slag material, eroded lining refractory, and the
sediment carried by the solid material. SSP contains C2S,
which can also be detected by XRD test.

40mm × 40mm × 40mm paste specimens used in
this paper were prepared by the paste mixer with water to
binder ratio of 0.4. All the specimens were cured in normal
environment with relative humidity (RH) higher than 90%
and temperature of 20 ± 2∘C till the stipulated age of 3, 7,
28, and 90 days. The mixture ratios are shown in Table 2.
The content of mineral mixtures in cementitious system is
15%, 30%, and 45% by mass. The samples containing 30%
powders were used for microtest. The compressive strength
of the pastes at different ages was tested by WAY-2000, a
battery solution type compression testing machine. Specific
test procedure is referred to GB/T17671-1999,Method of Test-
ing Cement-Determination of Strength. The cores of broken
pastes were collected to be soaked in anhydrous ethanol to
stop the continued hydration for SEM tests. Before XRD
and TG-DTA tests, the specimens were removed from the
ethanol and quickly ground into powder in the agate mortar
and dried in 60∘C for 2 hours to avoid carbonization. The
chemical compositions were measured by Axios advanced
X-ray fluorescence instrument, in voltage range from 30 to
60 kV, current 50 to 100mA. Morphology of the specimens
was investigated by using a SEM (JSM-5610LV, Japan). The
XRD was detected by X’Pert Pro, PANalytical of Netherland,
with scanning speed of 6∘/min. The TG-DTA experiments

Table 2: Mix proportions of the cement pastes/g.

Samples Cement GP LP SSP Water
PC 600 0 0 0 240
GP-15 510 90 0 0 240
GP-30 420 180 0 0 240
GP-45 330 270 0 0 240
LP-15 510 0 90 0 240
LP-30 420 0 180 0 240
LP-45 330 0 270 0 240
SSP-15 510 0 0 90 240
SSP-30 420 0 0 180 240
SSP-45 330 0 0 270 240
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Figure 1: Effect of GP content on the compressive strength of the
paste.

were measured on the Diamond TG/DTA analyzer, pro-
duced by Perkin Elmer Instruments Plant (Shanghai), in
the temperature range from 0 to 900∘C, using platinum
crucibles with approximately 4mg of sample, under dynamic
N2 atmosphere (50mL/min).

3. Results and Discussion

3.1. Strength. Figures 1–3 present the compressive strength
of the three groups. According to the results, GP reduces
the early strength of the paste, and the strength reduction
becomes more obvious with the increase of GP content,
which indicates that GP has significant adverse effect on the
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Figure 2: Effect of LP content on the compressive strength of the
paste.
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Figure 3: Effect of SSP content on the compressive strength of the
paste.

strength of the composite cementitious materials. But, the
later strength of the GP sample improves faster than that of
the pure cement (PC) sample. The strength of PC paste at 90
days increases 4.9% higher than that at 28 days, while GP-15,
GP-30, and GP-45, respectively, increase 33.7%, 48.3%, and
17.9%. The characteristics of the multiedges and smooth sur-
face of the glass particles might reduce the early mechanical
properties of the cementitious system. Furthermore, GP has
no independent hydraulicity but has high pozzolanic activity.
At the later stage, GP reacts with Ca(OH)2, the hydration
product of cement, and generates calcium silicate hydrate (C-
S-H) which makes the microstructure denser and improves
strength.

Different from GP group, the strength of LP group at 3
and 7 days first increases and then decreases along with the

increase of LP content. When the content is 15%, the paste
strength increases obviously.

When the content increases to 30%, the paste strength
decreases and is lower than that of PC sample. The strength
at 28 and 90 days is all less than that of PC sample. Moreover,
the more the LP content is, the more the strength decreases.
The reason is that a proper content of LP provides the
nucleation site [13] for cement hydration at early stage, which
promotes early hydration of cement [14] and thus improves
the strength; but at the later stage, the hydrates from the
cementitious system containing LP are less than that of PC
sample, resulting in lower strength [15].

The strength of SSP group increases along with the curing
age. 15% SSP content has little reduction effect on the strength
and the strength at 7 days even is higher than that of PC
sample. When the content is 30% or higher than 30%, the
strength decreases rapidly, which suggests that large amount
of SSP is disadvantageous to the strength.

In order to analyze the activity of the three powders,
the activity index [16] is used to reflect their activity. The
calculation progress is as formulas (1) to (3). Here, 𝑅𝑠𝑎 is the
relative strength of cement paste containing powders, 𝑅𝑎 is
the strength of cement paste containing powders, and 𝑞0 is the
mass fraction of the cement. For the reference (PC sample),
𝑞0 = 100, its relative strength is 𝑅𝑠𝑐. 𝑅𝑐 is the reference
strength,

𝑅𝑠𝑎 =
𝑅𝑎
𝑞0
,

𝑅𝑠𝑐 =
𝑅𝑐
100
.

(1)

Although the cement content of the paste containing
various powders decreases correspondingly compared to PC
group, 𝑅𝑎 is higher than 𝑅𝑐 and 𝑅𝑠𝑎 is higher than 𝑅𝑠𝑐 in gen-
eral because of the enhancement of hydration activity effect.
And the difference between the two is relative strength of the
hydration activity effect contribution, which is called relative
strength of hydration activity (𝑅𝑠𝑝).The calculation is formula

𝑅𝑠𝑝 = 𝑅𝑠𝑎 − 𝑅𝑠𝑐. (2)

Thus a relative index is obtained, which is the contri-
bution rate of hydration activity (𝑃𝑎), which can be used
to characterize the hydration activity contribution of the
powders in the cement paste. The calculation formula is as
follows, and the results are shown in Table 3:

𝑃𝑎 =
𝑅𝑠𝑝

𝑅𝑠𝑎
=
𝑅𝑠𝑎 − 𝑅𝑠𝑐
𝑅𝑠𝑎
= 1 −
𝑅𝑠𝑐
𝑅𝑠𝑎
= 1 −
𝑅𝑐 ∗ 𝑞0
𝑅𝑎 ∗ 100

. (3)

The contribution rate of GP increases along with the cur-
ing time.The value of contribution rate developing from early
negative to the late positive reveals that the pozzolanic reac-
tion degree of GP at the later stage is significantly higher than
that at the early stage. LP’s early contribution rate is high and
decreases along with the curing time in general, which indi-
cates that the early filling effect and accelerating effect obvi-
ously improve the strength of the paste, but the later hydration
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Table 3: The compressive strength contribution rate of the mineral
mixtures’ hydration activity.

Samples 3 days 7 days 28 days 90 days
GP-15 −0.25 −0.38 −0.26 −0.10
GP-30 −0.31 −0.30 −0.36 0.04
GP-45 −0.12 −0.09 −0.15 0.06
LP-15 0.26 0.25 −0.06 0.01
LP-30 0.13 0.14 0.04 0.11
LP-45 0.08 −0.13 −0.20 0.12
SSP-15 0.14 0.25 0.04 0.14
SSP-30 0.10 0.14 −0.08 0.16
SSP-45 −0.10 −0.01 −0.19 0.07
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Figure 4: XRD patterns of PC paste at different curing ages.

activity is low. SSP has better early filling effect and the later
hydration activity works a long time; thus the SSP group has
higher early and later contribution rate than GP group.

3.2. Hydration Products

3.2.1. XRD. Figures 4–7 display the hydration products of the
pastes with different powders. The main crystal hydrates of
GP samples are similar to those of PC paste, that is, Ca(OH)2
(CH), calcium aluminate hydrate (CAH), and unreacted
clinker, because the main chemical compositions of GP and
cement are similar. Compared with the PC sample, the CH
of GP group decreases gradually along with curing time,
because GP consumes some CH by pozzolanic reactivity at
the later stage. GP has feeble pozzolanic reactivity at early
stage, whichmainly occurs at later stage.The pozzolanic reac-
tivity of GP needs to be under certain excitation conditions,
such as enough alkali, thermal, and physical conditions [17].
In this experiment, the pozzolanic reactivity of GP is excited
by an alkaline environment produced by cement hydration.

Compared with GP group, Figure 6 displays that CH
diffraction peak of LP group significantly reduces, while
CaCO3 (CC) diffraction peak is greatly enhanced, which is
main composition of LP. A small amount of calcium carboa-
luminate hydrates C3A-CaCO3-11H2O diffraction peak can
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Figure 5: XRD patterns of GP-30 cement paste at different curing
ages.
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Figure 6: XRD patterns of LP-30 cement paste at different curing
ages.

be found at 90 days but hardly found at 28 days. It is probably
because the cement contains a little C3A and LP reacts with
C3A in cement to generate carboaluminate hydrates; thus it
has a little strength contribution rate at later stage. The for-
mation of calciumcarboaluminate hydrates has been found in
other researches, the generation time may be at 7 to 127 days,
and the time is based on reaction activity of different LP [18].

Figure 7 displays XRD pattern of SSP, which shows that
SSP contains C2S. Figure 8 displays the hydration products of
SSP group at 28 days and 90 days.Themain crystal hydration
products are CH, the unhydrated clinker, and a small amount
of CC. The CH content of SSP group gradually increases
along with the curing time because SSP consumes no CH but
C2S generates CH, and the cement hydration continues to
produce CH, so the CH content will increase overall which
proves that the later strength contribution rate of SSP can
keep high over a long time.

3.2.2. TG-DTA. The TG-DTA curves of the pastes are shown
in Figures 9–12. The characteristics of all TG-DTA curves
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Figure 8: XRD patterns of SSP-30 cement paste at different curing
ages.

are roughly the same. All the DTA curves have an obvious
endothermic peak at 400 to 500∘C where the samples mainly
take off the coordinated water. The position of highest
endothermic peak is about 470∘C which is caused by the CH
and C-S-H’s (mainly CH) dehydrated decomposition where
the TG curves have a significant weight loss gradient which
relates to the weight loss of CH [19].

Based on the endothermic peak and the weight loss
rate of TG-DTA curves, the CH content can be calculated
quantitatively. The dehydrated decomposition of CH will
occur at 400 to 500∘C which will result in a loss in quality
and the content of CH can be calculated as formula (4). The
CH content is shown in Figure 13.

Ca (OH)2 → CaO +H2O
74 18

𝑊CH 𝑊H

(4)

Figure 13 indicates that the CH content of LP sample, in
accordance with PC sample, increases gradually over curing
time which is consistent with the CH diffraction peaks of
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Figure 9: TG-DTA curves of PC paste at different curing ages.
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Figure 10: TG-DTA curves of GP-30 cement paste at different
curing ages.

XRD patterns. And it is the same as SSP sample because
both cement and SSP can generate CH instead of the CH
consumption resulting from the pozzolanic hydration which
has been proven by the XRD patterns. Different from PC, LP,
and SSP, the CH content of GP sample declines along with the
curing time because GP consumes CH during the pozzolanic
reaction, which has also been revealed in the XRD patterns.
Along with the curing time, on the one hand, the cement
generates CH; on the other hand, GP consumes some CH.
In fact, the amount of CH changing along with curing time
is determined by the relative content of cement and GP and
their reaction speed.

3.2.3. SEM. SEM images of the pastes at 28 and 90 days are
shown in Figures 14–17. Figure 14(a) reveals that PC paste at
28 days has a large amount of fibrous C-S-H gel, some needle-
shaped ettringite, and hexagonal CH crystals which forms a
framework by staggering, overlapping to a network structure
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Figure 11: TG-DTA curves of LP-30 cement paste at different curing
ages.
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curing ages.
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and connecting with the surrounding unhydrated cement
particles. But, the microstructure of the paste at 28 days
appears loose. Figure 14(b) displays that the cement hydration
is more adequate over curing age, and various hydration
products fill into the original loose pores and form dense
microstructure. The more hydration products are produced
over curing age, similar to the TG-DTA and XRD results.

Similar to the PC sample, a large number of fibrousC-S-H
gel can also be observed in Figure 15(a), and sometimes it also
presented strip or rod-like, tubular, foil-like sheet [20]. The
microstructure of the paste containing GP becomes denser
than that of PC sample; it is difficult to observe and identify
the crystal phases. GP plays the role as the filler at the early
stage. It can be found from Figure 15(b) that the paste has
formed dense microstructure, and most of the hydration
products are unable to identify from the morphology. GP
consumes CH generated by cement hydration and forms C-
S-H gel, which has been proven by XRD and TG-DTA tests.
C-S-H gel connects with other hydrates and forms a denser
entirety, which plays an important role in the improvement of
strength and microstructure and illustrates why the strength
contribution rate of GP becomes positive at the later stage.

Figure 16(a) displays that the hydration products of
LP-cement paste at 28 days adhere to the surface of LP
particles. The hydration products of C3S generate free Ca2+
which will produce hydration products along the surface
of limestone particles; this is the so-called “crystal nucleus
effect.” This effect can promote the early cement hydration
and increase the early strength but hinder the development
of later strength, which is consistent with the strength test.
Figure 16(b) shows that the C-S-H gel presents II type
network at 90 days. At the same time, LP particle surface has
been eroded, which confirms that LP takes part in the later
hydration reaction again.

Figure 17(a) shows that the microstructure is loose; thus
the early hydration degree of SSP is very low at 28 days.
It can be seen from Figure 17(b) that C-S-H gel has been
basically filled in the pore system at 90 days. The surface
of the SSP has been corroded seriously and covered by C-
S-H gel which indicates that SSP reacts with cement at the
later stage. CH crystals have been gradually surrounded by
other hydration products and formed dense microstructure,
which better explains why SSP has a relative high strength
contribution rate over a long time.

4. Conclusions

(1) GP has negative effect on the early strength but a high
strength development due to the pozzolanic reaction at later
stage. LP can obviously improve the early strength, especially
at 3 and 7 days; it mainly plays a role of filling effect and
nucleating effect at the early stage and reactive effect at later
stage. SSP has a high contribution to the early and later
strength of the paste when its content is under 15%. The
early filling effect and the later hydration of SSP improve the
strength contribution rate over a long time.

(2) GP has little effect on the kind of hydration products,
but relatively large effect on the quantity. CH content of
PC sample increases gradually along with the curing age,
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Figure 14: SEM images of PC samples at curing age of (a) 28 days and (b) 90 days.
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Figure 15: SEM images of GP-30 cement samples at curing age of (a) 28 days and (b) 90 days.
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Figure 16: SEM images of LP-30 cement samples at curing age of (a) 28 days and (b) 90 days.
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Figure 17: SEM images of SSP-30 cement samples at curing age of (a) 28 days and (b) 90 days.

while the GP group is contrary. The CH content produced
by cement hydration gradually increases, which stimulates
the pozzolanic activity of GP; GP consumes CH more than
that cement hydration generates. And CH content of LP
and SSP samples are similar to PC group which increases
along with curing age. The LP hydration product calcium
carboaluminate hydrates can be detected by XRD and also be
confirmed by SEM.The active substances C2S of SSP generate
CH at the later stage.

(3) GP, LP, and SSP mainly play the role of filling effects
at the early stage, and the nucleating effect of LP promotes
the early hydration of cement. The surface of GP, LP, and SSP
has been eroded at 90 days indicating that they take part in
hydration reaction at later stage, which is also proven by the
strength tests.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This project is funded by the National Key R&D Program
of China (2016YFC0401907) and Opening Funds of Guangxi
Key Laboratory of New Energy and Building Energy Saving
(15-J-22-4-001).

References

[1] Z. Z. Bian, “The recycle and utilization of waste glass in China
looked from the practice of developed countries,”Glass, vol. 60,
no. 1, pp. 51–55, 2003.

[2] G. S. Xie, Y. N. Kong, and S. H. Liu, “Research progress on
alkali aggregate reaction of glass concrete,” Advanced Materials
Industry, no. 7, pp. 65–71, 2012.

[3] A. Shayan and A. Xu, “Value-added utilisation of waste glass in
concrete,” Cement and Concrete Research, vol. 34, no. 1, pp. 81–
89, 2004.

[4] W. Jin, Alkali-silica reaction in concrete with glass aggregate:
a chemo-physico-mechanical approach [Ph.D. thesis], Columbia
University, New York, NY, USA, 1998.

[5] S. H. Liu, Z. H. Xu, Y. B. Sun et al., “Study on the application
of waste glass powder in ultra-high performance cement-based
material,” China Concrete and Cement Products, no. 11, pp. 77–
79, 2012.

[6] C. Qu, Z. Y. Gao, S. H. Liu et al., “Study on the application of
waste glass powder in reactive powder concrete,” Concrete, no.
8, pp. 82–84, 2011.

[7] N. Schwarz and N. Neithalath, “Influence of a fine glass powder
on cement hydration: comparison to fly ash and modeling the
degree of hydration,”Cement and Concrete Research, vol. 38, no.
4, pp. 429–436, 2008.

[8] L. D. Zhang and J. M. Mou, Nanostructures and Nanomaterials:
Synthesis, Properties, and Applications, The Science Publishing
Company, 2001.

[9] G. Kakali, S. Tsivilis, E. Aggeli, and M. Bati, “Hydration pro-
ducts of C3A, C3S and Portland cement in the presence of
CaCO3,” Cement and Concrete Research, vol. 30, no. 7, pp. 1073–
1077, 2000.

[10] P. Poitevin, “Limestone aggregate concrete, usefulness and
durability,” Cement and Concrete Composites, vol. 21, no. 2, pp.
89–97, 1999.

[11] P. Lu and S. B. Lu, “Effect ofCaCO3 onhydration ofC3S,” Journal
of the Chinese Ceramic Society, vol. 15, no. 4, pp. 28–32, 1987.

[12] J. N. Murphy and T. R. Meadow, “Enhancement of the cemen-
titious properties of steelmaking slag,” Canadian Metalurgical
Quarterly, vol. 36, no. 5, pp. 331–335, 1997.

[13] S. H. Liu, “Influence of limestone powder on the hydration cha-
racteristic of complex binder,” Journal of BuildingMaterials, vol.
13, no. 2, pp. 218–221, 2010.

[14] R. J. Detwiler and P. D. Tennis,TheUse of Limestone in Portland
Cement: A State of the Art Review, Portland Cement Asociation,
Skokie, Ill, USA, 1996.

[15] H. Yuan, “The influence of limestone powder on concrete per-
formance,” Central South University, vol. 21, no. 2, pp. 13–15,
2009.

[16] X. C. Pu, Ultra-High Strength High Performance Concrete,
Chongqing University Press, 2004.

[17] Q. B. Yang, S. Zhang, S. Huang, and Y. He, “Effect of ground
quartz sand on properties of high-strength concrete in the
steam-autoclaved curing,” Cement and Concrete Research, vol.
30, no. 12, pp. 1993–1998, 2000.



Advances in Materials Science and Engineering 9

[18] W. A. Klemm and L. D. Adama,Carbonate Additions to Cement,
American Society for Testing and Materials, Philadelphia, Pa,
USA, 1990.

[19] Z. F. Xu, M. X. Zhang, and J. H. Li, “Study on properties of
low grade compressive strength cement-based composite mat-
erials modified by superfine silica fume,” Bulletin of the Chinese
Ceramic Society, vol. 31, no. 2, pp. 401–405, 2012.

[20] R. Z. Yuan, Cementitious Materials Science, Wuhan University
of Technology Press, 1996.



Research Article
Development and Characterization of Norite-Based
Cementitious Binder from an Ilmenite Mine Waste Stream

Mahmoud Khalifeh,1 Arild Saasen,1 Helge B. Larsen,2 and Helge Hodne1

1Department of Petroleum Engineering, University of Stavanger, 4036 Stavanger, Norway
2Department of Mathematics and Natural Sciences, University of Stavanger, 4036 Stavanger, Norway

Correspondence should be addressed to Mahmoud Khalifeh; mahmoud.khalifeh@uis.no

Received 6 May 2017; Revised 5 July 2017; Accepted 20 July 2017; Published 23 August 2017

Academic Editor: Kedsarin Pimraksa

Copyright © 2017 Mahmoud Khalifeh et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Norite is a major type of solid waste generated during the production of ilmenite. This study focuses on the usability of norite as
a solid precursor of alkali-activated cement. Sensitivity analysis was performed to find the influence of different alkali types and
particle sizes of the source material on polycondensation. Norite was ground and mixed with sodium hydroxide and potassium
hydroxide solutions to produce a binder. Potassium-containing systems were more effective compared to sodium-containing
systems with respect to strength development. The X-ray diffraction patterns indicated formation of zeolites, albite, and oligoclase
based on the type of activator and used additives. The patterns also revealed formation of an amorphous phase in the matrices of
the binder that was cured at 87∘C.Microstructure analysis revealed some degree of crystallization with different Si : Al ratios, which
indicated heterogeneity of the binder matrices.

1. Introduction

Alkali-activated binders are a class of inorganic alkaline
polymers, which are produced during the alkaline activation
of silica-rich and alumina-rich materials. The reaction shows
a complex process. Generally, in an alkaline medium, the
bonds of Si-O-Si are broken and aluminum (Al) atoms
penetrate into the original Si-O-Si structure. Consequently,
aluminosilicate gels (oligomers) are formed and finally poly-
condensation takes place. Cations (e.g., Na+, K+, and Ca+)
must be present in the framework cavities to balance the
negative charges of ions [1, 2]. The result is a cementitious
phase with high mechanical strength and high fire and
acid resistance. Polycondensation depends on parameters
such as chemical and mineralogical composition, particle
size, and surface area of the source materials. In addition,
curing pressure and temperature, Si : Al ratio of the used
substances (the active silica content), alkali type (e.g., NaOH,
KOH), alkali concentration, liquid-to-solid ratio, and types of
additives significantly influence the binder synthesis [3–8].

Based on the source used, different types of binders can be
produced such as fly ash-based and blast furnace slag-based

binders. Utilization of fly ashes in the production of binders
has been extensively studied [9, 10]. However, few studies
have been carried out on the usability of natural rocks tomake
binders in alkaline media.

One of the world’s largest ilmenite producers has its
quarry on the southwest coast of Norway. The mine is
operated by Titania AS and the facility uses differentmethods
to separate ilmenite from ore. The facility produces 850,000
metric tons of ilmenite concentrate per year. Ilmenite is a
mineral chemically described as FeTiO3. When the iron is
removed, the final product becomes TiO2 which is known
as “titanium white,” a widely used white pigment. Normally,
ilmenite is found in large quantities in the anorthosite or
norite rocks. Thus, norite or anorthosite must be separated
from the valuable ilmenite. This can be done by conventional
separation techniques that leave large amounts of ground
norite and anorthosite particles as a waste stream. Norite
is one of the main waste tailings during the production of
ilmenite at Titania AS. The norite used in this study was
supplied by Titania AS.

Norite is an intrusive igneous rock and is predominantly
composed of orthopyroxene and plagioclase. Orthopyroxene

Hindawi
Advances in Materials Science and Engineering
Volume 2017, Article ID 6849139, 7 pages
https://doi.org/10.1155/2017/6849139

https://doi.org/10.1155/2017/6849139


2 Advances in Materials Science and Engineering

Table 1: Chemical composition of norite (wt.%).

SiO2 TiO2 Al2O3 Fe2O3 MgO CaO Na2O MnO K2O P2O5 Cr2O3 SO3 LOI
43 8.2 15.5 12.5 6.8 6.6 3.4 0.1 0.9 0.3 0.03 0.1 2.57

Table 2: Traced minerals in the norite.

Minerals Mass%
Plagioclase [(Na, Ca, Al)-silicates] 64
Hyperstone [(Ca, Mg, Fe, Al)-silicates] 10
Biotite [(K, Mg, Al)-silicates] 7
Other silicates 5
Ilmenite [FeOTiO2] 13
Sulfides 0.5
Apatite [Ca(PO4)3(F, Cl, OH)] 0.5

Table 3: Chemical composition of GGBFS (wt.%).

SiO2 Al2O3 CaO MgO TiO2 Mn2O3 S2− Na2O
34 13 31 17 2.4 0.6 1.1 0.9

is an inosilicate and therefore has interlocking chains of
silicate tetrahedra. Plagioclase is a common series of alumi-
nosilicate (tectosilicate) minerals within the feldspar family.
In the Streckeisen classification system, norite is in the
group with gabbro and anorthosite. Similar to gabbro and
anorthosite, norite is very rich in plagioclase compared to K-
feldspar, feldspathoids, and quartz [11, 12]. Therefore, norite
has the potential to be utilized as a solid precursor in the
development of a new cementitious binder.The current study
presents a fundamental procedure for developing a norite-
based binder in alkali media.

2. Experimental Program

2.1. Materials. Titania AS provided the norite; its chemical
analysis and the traced minerals are presented in Tables 1
and 2. The laboratory at Titania AS reported a pH value
of 6.5 for the norite [13]. Sodium hydroxide (NaOH) and
potassium hydroxide (KOH) pellets used for the preparation
of alkali solutions were caustic soda and caustic potash
with 99% purity. Sodium silicate solution (Na2SiO3) and
potassium silicate solution (K2SiO3) were used in some mix
designs.TheNa2SiO3 (supplied byMerckKGaA inGermany)
was reported to contain 28.5% SiO2, 8.5% Na2O, and 63%
H2O; the K2SiO3 (supplied by Univar AS, Norway) was
reported to contain 38% potassium silicate and 62% H2O.
An aluminum- and calcium-rich blast furnace slag (product
name “Merit 5000” fromMerit 5000, Sweden) was used as an
additive (Table 3). Distilled water was used throughout the
experiments.

2.2. Test and Analysis Methods. As the norite particle size
was high, 0.4–2mm, the specific surface area of the norite
was increased to enhance its reactivity by milling. Therefore,
every 100 g of the norite was ground by using a Retsch PM100
ball mill at 356 rpm for 10 minutes. Particle size distribution

(PSD) of the ground norite, Figure 1, was measured using
a Sympatec HELOS laser diffraction particle size analyzer.
The analysis was done at Tel-Tek National Research Institute,
Norway. Sauter mean diameter (SMD) and volume mean
diameter (VMD) were reported to be 6.43 and 47.16 𝜇m,
respectively. The particle density of norite was estimated to
be 2.00 g/cc.

A Zeiss Supra 35VP model scanning electron micros-
copy-energy dispersive X-ray spectroscopy (SEM-EDXS)
analyzer was used. The analysis was performed at ambient
temperature and under high vacuum conditions.

An Agilent Cary 630 FTIR (Fourier transform infrared)
spectrometer was used to investigate the structure of the
norite and the investigation was carried out in the 1200–
400 cm−1 region. The KBr (potassium bromide) wafer tech-
nique was used for the spectra determination [2].

X-ray powder diffraction (XRD) analysis of the norite and
the binder was performed using X-ray synchrotron radiation
with the wavelength of 0.6888 Å. The XRD measurements
were performed with a PILATUS2M pixel detector-based
diffractometer at the Swiss-Norwegian beamline (SNBL-
BM01A), at the European Synchrotron Radiation Facility,
ESRF, Grenoble, France. The two-dimensional diffraction
patterns spanned a maximal diffraction angle, 2𝜃, of 46
degrees. One-dimensional diffraction patterns were obtained
by azimuth integration using the program Fit2D [14]. The
mineral analysis program,Match!, andCrystallographyOpen
Database (COD) were used for phase identification [15].

To measure the compressive strength of the binder, two
different uniaxial compressive strength (UCS) mechanical
testers were utilized: a Zwick/Z020 for specimens with com-
pressive strength lower than 10MPa and a Toni Technik-H
for specimens with compressive strength higher than 10MPa.
The Zwick/Z020 and Toni Technik-H testers applied TestX-
pert II v3.2 and TestXpert v7.11 testing software, respectively,
to calculate UCS of the specimens.

2.3. Specimen Preparation. In order to produce a pure norite-
based binder, the ground norite was mixed with an alkali
solution for 2minutes. To investigate the influences of ground
granulated blast furnace slag (GGBFS) and type of alkali
silicate solution, the GGBFS and alkali silicate solution were
introduced into some of the mixes as presented in Tables 4
and 5.When an alkali silicate solution was required, the alkali
solution and the alkali silicate solution were mixed prior to
adding the solid phase. Whenever the GGBFS was necessary,
it was entered into the blend during the final part of the
mixing. A Hamilton Beach blender was used for the mixing.

The slurries were poured in cylindrical plastic molds
with 52mm diameter and 100mm length. The specimens
were cured at ambient pressure and different temperatures:
ambient temperature and 87∘C. Tables 4 and 5 present themix
designs.
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Table 4: Compressive strength of the binders without any additives. The specimens were cured at 87∘C and ambient pressure.

Specimen 1
Norite
(g) Alkali sol. Wt. of alkali sol. (g) L/S ratio Curing time

(days)
Estimated compressive strength

(±2MPa)
300 8M NaOH 125 0.42 5 2.5
300 8M NaOH 125 0.42 7 3
300 8M NaOH 125 0.42 14 23
300 8M NaOH 125 0.42 28 24

Table 5: Influence of GGBFS on the compressive strength of the binder. The specimens were cured at ambient pressure.

Specimen Norite
(g)

GGBFS
(g) Alkali sol. Wt. of alkali

sol. (g)
K2SiO3
(g)

Na2SiO3
(g)

L/S
ratio

Curing
temp.
(∘C)

Curing
time
(days)

Estimated
compressive
strength
(±2MPa)

2 183 91 8M NaOH 52 0 72 0.45 23 7 20
3 183 91 4M KOH 53 72 0 0.46 23 7 26
4 248 40 10M NaOH 61 61 0 0.42 87 1 5.0
4 248 40 10M NaOH 61 61 0 0.42 87 5 9.0
4 248 40 10M NaOH 61 61 0 0.42 87 7 9.0
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Figure 1: Graphical representation of particle size distribution analysis of the analyzed norite.

3. Results and Discussion

For a better understanding of the binder synthesis, sets of
analytical experiments were conducted. For each test, only
one parameter was changed while the others were kept
constant.The compressive strength of the different specimens
wasmeasured, besides the XRD andmicrostructure analyses.

3.1. Effect of Particle Size. The norite particle size could
be important for understanding its physical and chemical
properties. So, two specimens were prepared to evaluate the
influence of the norite particle size on its reactivity. The
specimens were prepared by using the nonground and the
ground norite. The maximum particle size of the nonground

norite was reported to be 2mm. Both specimens were mixed
by using 8MNaOH and cured at ambient pressure and
temperature for 7 days. A liquid-to-solid mass ratio of 0.42
was selected to maintain fluidity of the slurries; however,
generally, a liquid-to-solid mass ratio of 0.35 is recom-
mended [16]. The prepared slurry with the nonground norite
never solidified while the ground norite solidified (Figure 2).
Although the larger precursor particles have lower surface-
to-volume ratio and the slurry requires a lower activator
content, the formation of gels was not observed. The smaller
the particle sizes, the higher the reactivity of the norite. Likely,
the large particles do not participate in the reaction to form
the binder but they act as an aggregate (Figure 4(a)). It could
be said that milling activates the material mechanically.



4 Advances in Materials Science and Engineering

(a) (b)

Figure 2: Effect of particle size on the reactivity at 87∘C and ambient pressure: (a) nonground norite and (b) ground norite.
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Figure 3: Strength development of specimen 1 at 87∘C and ambient
pressure.

Figure 3 presents the compressive strength development
of the norite-based binder, which was cured at 87∘C and
ambient pressure. A radical strength development was
observed after 7 days of curing.The specimens were prepared
by mixing the norite with 8M solution of sodium hydroxide
(Table 4).

3.2. Microstructure Analysis of the Binder

3.2.1. Scanning Electron Microscopy (SEM). Figure 4 presents
the SEM images of specimen 1, which was cured at 87∘C
and ambient pressure for 7 days. The crystallization is
shown through Figures 4(a)–4(c). Two crystals were selected
for element analysis to confirm the polycondensation. The
crystals are marked with a green cross (Figures 4(b)-4(c)).
The resulting crystals mainly contain Si, Al, O, and Na. The
element analysis of the marked crystals resembled erionite
and oligoclase. From microstructural observations, it could
be said that the selected matrices are not homogeneous
(Figures 4(b)-4(c)). One crystal has a Si : Al ratio of 1.5
(Figure 4(b)), while the other crystal has a Si : Al ratio of 2
(Figure 4(c)). Higher magnifications on the crystals showed
existence of some fissures as shown in Figure 4(b).

As shown in Figure 4(b), some rod-like species have been
identified in some parts of the binder. The influence of these
rod-like species on the compressive strength could not be
figured out and, in this regard, further studies should be
carried out in the future.

3.2.2. X-Ray Diffraction Analysis. Figure 5 shows the
XRD patterns of the binder cured for 7 days at 87∘C
and ambient pressure. The XRD analysis shows that the
starting material mainly consists of anorthite sodian
(Al1.52Ca0.52Na0.48O8Si2.48). But erionite, albite, and stilbite-
Na seem to be synthesized as a result of polycondensation. In
addition, the formation of an amorphous phase was noticed
as a broad diffuse halo, or a “hump,” in the 2𝜃 range between
5 and 15∘. Nonetheless, it has been shown that amorphous
inorganic polymers are formed in the 2𝜃 range between 20
and 39 degrees. The identification of the amorphous phases
requires further study.

The XRD patterns show that when the norite was mixed
with pure 8MNaOH solution, the content of the amorphous
phase increased (Figure 5(a)). He et al. [17] reported that
curing alkali-activated based slurries at elevated temperatures
leads to a higher degree of crystallization. It should be
mentioned that, for the K-containing system, the pattern
showed lower content of the amorphous phase compared to
the Na-containing system. However, the GGBFS used as an
additive was almost amorphous.

The oligoclase determined by the XRD patterns
(Al1.277Ca0.277Na0.723Si2.723) with low content of erionite-Ca
(Al3.954Ca1.22H72.096K6Mg0.26O49.2Si14.046) was the reaction
product of a Na-containing system (Figure 5(a)). Oligoclase
is a high sodium content feldspar which could be reasonable
due to the use of Na-containing solution [12]. Erionite-Ca is
a member of the zeolite minerals. Gougazeh and Buhl [18]
studied the synthesis of zeolite A by treating the activated
metakaolin from natural kaolin with various concentrations
of NaOH at 100∘C. Their result shows that zeolite A was the
major constituent phase, while quartz and hydroxysodalite
were the minor constituents of the final product.

Further, the patterns show that albite (AlNaO8Si3) and
stilbite-Na (Al2.42Ca0.84H18Na0.75O24.12Si6.64) are the reaction
products for the K-containing system (Figure 5(b)). Albite
is a plagioclase feldspar mineral and stilbite is a series of
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Figure 4: SEM images of specimen 1 cured for 7 days at 87∘C and ambient pressure; (a) pores are visible; (b) needle structures; (c) elemental
analysis of a selected point.

tectosilicate minerals of the zeolite group. Kawano and
Tomita [19] reported the synthesis of zeolites from obsidian
in various concentrations of NaOH and KOH solutions at
150 and 200∘C. They showed that smectite, phillipsite, and
rhodesite formed in an NaOH solution as pH increased and
smectite, merlinoite, and sanidine were produced in KOH
solutions as pH increased.The pH and Si : Al andNa : K ratios
of the reacting solutions were important parameters deter-
mining the nature of the products formed from obsidian.
Formation of the zeolite could be due to the quantity of silica
and grain size as investigated by Prudhomme et al. [20].

3.2.3. Infrared Analysis (IR). The infrared spectra of the
norite and the norite-based binder are given in Figure 6. The
binder was cured for 7 days at 87∘C and ambient pressure.
As shown in Figure 6, the chemical shifts of main IR charac-
teristic bands and appearance of new peaks were observed.
The IR for the solid precursors (norite) and the binder
consists of the strongest vibrations at 980–1020 cm−1 and
420–560 cm−1. Comparing the IR spectra of the norite and

norite-based binder shows that, during polycondensation,
the outstanding band at 1008 cm−1 shifted towards a lower
wavenumber (1000 cm−1). It seems that 1008 cm−1 band is
caused by asymmetrical vibration of Si(Al)-O bonds and
540 cm−1 band by bending vibration of Si-O-Al bonds [2, 21].
The appearance of new peaks at 881 and 577 cm−1 is due
to reaction. Mucsi et al. [22] studied the formation of fly
ash-based geopolymer by using Fourier transformed infrared
(FTIR) spectroscopy and suggested that the appearance of a
new peak at 881 cm−1 is related to Si-O stretching and the
bending of O-H in the Si-OH bond.

3.3. Influence of the GGBFS on the Compressive Strengths.
Inclusion and influence of GGBFS on fly-ash have been
studied on the setting time and strength development of
fly ash-based binder. It is believed that addition of an
amorphous silica phase leads to a shorter setting time and
higher compressive strength. It has also been reported that
the addition of GGBFS to concrete enhances setting time of
concrete at ambient temperature. However, it may affect the
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Figure 5: X-ray patterns of the norite-based binders cured for 7 days at 87∘C and ambient pressure.
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Figure 6: FTIR of aluminosilicates of the solid precursor and the
norite-based binder, which was cured for 7 days at 87∘C and ambient
pressure.

final compressive strength of the slurry due to incomplete
reaction [16, 23].

As themeasured 7-day compressive strength of the binder
was low, the influence of GGBFS was studied. As shown
in Table 5, addition of the GGBFS to the slurries strongly
influenced the compressive strength of the specimens, which
were cured at ambient pressure and temperature. However,
there was no supplementary information about the hydraulic
reactivity relation for the used GGBFS.

3.4. Effect of Alkali Solution. The influence of alkali type
was studied in this work. The obtained results show higher
compressive strength for the specimens prepared using

K-containing systems than with sodium (Table 5). It has been
reported that dissolution of aluminosilicate in a sodium solu-
tion is more effective than in a potassium solution. However,
the compressive strength of the binder is higher for the K-
containing systems than for theNa-containing systems [2, 24,
25]. This phenomenon is explained by the size of K+ cations
and the formation of zeolite in the geopolymer structure
[26]. Therefore, to get the same strength as the K-containing
system, the amount of sodium solutionmay be increased.The
used concentrations are classified as corrosive in the criteria
for classification of substances; therefore, the K-containing
system may have a lower risk of hazard, which makes it user-
friendly. Hence, it could be said that K-containing systems are
more user-friendly in comparison to Na-containing systems.
However, a combination of potassium and sodium solutions
substantially reduces the compressive strength (Table 5).

4. Conclusion

A norite-based binder has been successfully produced from
the waste tailing of an ilmenite mine consisting mainly of
anorthosite. The particle size of the source material sig-
nificantly affected the reactivity. The IR spectra of norite-
based binder showed a shift towards a lower wavenumber.
The maximum compressive strength was obtained for the
fully potassium-containing system while a combination of
sodium and potassium reduced the strength development.
The XRD patterns showed formation of oligoclase, albite,
and zeolites. Furthermore, the patterns indicated amorphous
phases for the Na-containing systems at 87∘C of curing; how-
ever, crystallization was expected at elevated temperatures.
The SEM images showed some degree of crystallization and
heterogeneity in the binder matrices.
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Global warming is a vital issue addressed to every sector worldwide, including the construction industry. To achieve the concept
of green technology, many attempts have been carried out to develop low-carbon footprint products. In the construction sector,
AutoclavedAeratedConcrete (AAC) has becomemore popular and beenmanufactured tomeet the construction demand.However,
errors frommanufacturing process accounted for approximately 3 to 5% of the AAC production.The development of AACwaste as
lightweight aggregate in concrete is one of the potential approaches which was extendedly studied in this paper.The results showed
that the compressive strength of AAC-LWA concrete was decreased with an increase in volume and coarse size. The optimummix
proportion was the AAC aggregate size of 1/2 to 3/8 with 20 to 40% replacement to normal weight aggregate. Internal curing
by AAC-LWA was also observed and found to provide sufficient water inside the specimens, leading to an achievement in higher
compressive strength.Themain goal of this study is not only utilising unwanted wastes from industry (recycling of waste materials)
but also building up a new knowledge of using AAC-LWA as an internal curing agent as well as the production of value-added
lightweight concrete products.

1. Introduction

To achieve the concept of green construction technology,
many attempts have been carried out to develop low-carbon
footprint products or techniques. An approach of trans-
forming wastes from any industrial sectors to become a
new raw starting material for other industries has received
much more attention as a zero-waste society. Commonly, the
simplest eliminating of industrial wastes is to utilise them
as cement or concrete replacement, for example, cement
additives or concrete aggregates. In Thailand, although a
conventional masonry wall is made from local clay-bricks,
with launching of Lightweight Autoclaved Aerated Concrete
(AAC) blocks they turn into a new choice for engineers and
builders, therefore becoming more and more popular in the
construction industry. However, it was reported that scraps
and wastes from overall AAC block production accounted

for approximately 3 to 5% (58 tonnes monthly), resulting in
a huge number of AAC residues heading directly to a land-
filled site (Figure 1). Developing AAC wastes as a lightweight
aggregate in concrete production is one of the potential
approaches that not only is beneficial for utilising industrial
by-products and the reduction of energy consumption but
also is beneficial for a strength improvement by internal
curing and a reduction of final concrete weight [1, 2].

External curing is a commonmethod to acquire sufficient
Portland cement hydration, which can be achieved by pre-
venting moisture loss on surfaces, wrapping with any wet-
covers, or even submerging the concrete samples in the water
bath. However, in some cases, the effectiveness of external
curing may be limited due to an unsatisfied penetration
of curing-water into the samples by physical barrier or
geometry of the concrete components [3]. Internal curing is
an alternative approach introducing internal water reservoir
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Figure 1: Scraps of AAC block production.

for curing purpose inside the concretemixtures. It has already
been proved that internal curing can significantly enhance
the strength and reduce an autogenous shrinkage of the final
concrete products [4, 5]. Any porous lightweight material
can be used as an internal curing aggregate (e.g., vermiculite,
perlite, pumice, scoria, expanded shale, expanded clay, and
crushed-AAC wastes) [6, 7] as they could absorb water
during preparation and mixing and then gradually release
reserved water inside the mixtures during hardening process
[8]. Moreover, the rough surface and coarse pore structure
of those lightweight aggregates can also contribute to an
interlocking manner on transition zones between cement
paste and aggregate (interconnected surfaces), leading to an
improvement in mechanical properties [9].

The main aim of this paper is to utilise available local
AAC waste as a lightweight aggregate in concrete produc-
tion which could allow converting industrial wastes into
value-added products. Lightweight and highly uniformly
distributed porosity are key characteristics of AAC that could
serve as an internal curing material to provide sufficient
curing condition for concrete construction.The suitable sizes
and optimum replacement percentage of AAC aggregate
were investigated as well as the final properties of fresh and
hardened concrete during the internal curing approach.

2. Materials and Preparations

Portland cementwas a commercial grade type Iwith a specific
gravity of 3.15. Local river sand was used as a fine aggregate
with specific gravity and fineness modulus of 2.39 and 2.90,
respectively. The moisture content of sand was 0.80% with a
bulk density of 1,645 kg/m3. Coarse aggregate was commer-
cial grade gravel from local suppliers. The specific gravity,
moisture content, and bulk density were 2.70, 0.50%, and
1,540 kg/m3, respectively. AAC wastes were collected from
PCC Autoclave Concrete Company Limited, Chiang Mai,
Thailand. Its specific gravitywas 1.06with a dry-unitweight of
360 kg/m3. As-received AAC, with a water absorption value
of 28 to 30%, was crushed into a smaller size by a standard
Jaw crusher (Figure 2).

The gradation of AAC coarse aggregates was then anal-
ysed by the US standard sieve analysis. The effective coarse
size used in this study was between 3/8 (9.5mm.) and 3/4

Table 1: Grading of crushed-AAC aggregates.

Sieve size (mm.) Percent retained on the sieve
2 (50.80) 1.31
1 (25.40) 9.18
3/4 (19.05) 18.22
1/2 (12.70) 20.12
3/8 (9.53) 11.35
#4 (4.75) 11.14
Pan 28.67

Table 2: Mixture labels and descriptions.

Label Description
NC Normal weight aggregate concrete
LWA Lightweight aggregate

LWA20 Concrete with 20% lightweight aggregate
replacement

LWA40 Concrete with 40% lightweight aggregate
replacement

LWA60 Concrete with 60% lightweight aggregate
replacement

S1 Lightweight aggregate with class size of 1–3/4

S2 Lightweight aggregate with class size of 3/4–1/2

S3 Lightweight aggregate with class size of 1/2–3/8

S4 Lightweight aggregate with mixed class size of
1–3/4 to 3/4–1/2 to 1/2–3/8 by 20 : 40 : 40

(19.0mm.), which accounted for around 50% of the overall
amount of AAC aggregates and has an average fineness
modulus of 7.20 (Table 1). It is noted that the majority
of effective AAC-LWA size values were 3/4, 1/2, and
3/8, and the size classes (as indicated with S1 to S4) of
coarse aggregates replacement were therefore employed in
the experiment. Mixture labels and descriptions of concrete
mixtures, including size classes of AAC-LWA, are illustrated
in Table 2.

The coarse aggregate, commercial grade, and size distri-
butions are in the comparison ofASTMC33with size number
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Figure 2: Crushed-AAC scraps into AAC aggregates.

0
10
20
30
40
50
60
70
80
90

100

1 10 100
Sieve size (mm)

Lower
Upper

NWCA

Cu
m

ul
at

iv
e w

at
er

 re
ta

in
ed

 o
n

th
e s

ie
ve

 (%
)

Figure 3: Size distribution of normal weight coarse aggregates
(NWCA) used in accordance with ASTM C33 Size Number 67.

67. Figure 3 shows the size distribution of normal weight
coarse aggregates (NWCA) used in NCmixture. It was found
that the size distributions of normal weight aggregate are
between 1/2 and 3/8 and mostly filled in the upper and
lower boundaries of ASTM C33 size number 67 standard. In
addition, as varied in class size of S1–S4, the size distributions
of AAC-LWA replacement to normal weight aggregate by 20,
40, and 60% (LWA20, LWA40, and LWA60) are also plotted
against upper and lower boundaries of ASTMC33 number 67
criteria.

As specific AAC-LWA class sizes (S1–S4) were replaced to
a normal gradation of commercial grade gravel, the graphs of
size distribution therefore started to shift to the upper limit
of the ASTM C33 boundaries (Figure 4). It can be seen that
a bundle of all LWA20 class sizes are aligned closely inside
the upper boundary (Figure 4(a)). Moreover, the lines of size
distribution were apparently shifted to the right beyond the
upper limit, when the amount of AAC-LWA replacement
increased from LWA40 (Figure 4(b)) to LWA60 (Figure 4(c))
in all class sizes. Thus, the presence of AAC-LWA aggregates
does not only affect the overall gradation of concrete coarse
aggregate but could also affect the mechanical properties of
the final result of hardened concrete.

3. Experimental Details

3.1. Mixture Designations. Mixture designation was carried
out following ACI 211.1 standard for concrete mixing. In
controlled mixture (Normal Concrete, NC) with water-to-
cement (w/c) ratio of 0.35, normal weight aggregates were
added with the largest particle size of 3/4. The required
concrete slump was set to 5 to 10 cm. Apart from that, in
the mixtures with AAC wastes as lightweight aggregates
(AAC-LWA), the volume of normal weight aggregates was
substituted by the saturated surface-dry (SSD) AAC-LWA,
namely, 20, 40, and 60%, respectively. It is noted that the
total weight of AAC-LWA replacement was calculated from
the same volume of normal aggregate in a cubic meter
of concrete. For example of 20% AAC-LWA replacement
(LWA20), as bulk density of normal weight aggregates and
AAC-LWA were 1,540 and 360 kg/m3, respectively, 188 kg of
normal weight aggregates was replaced by 46 kg of AAC-
LWA. All concrete mixtures were mixed in a tilting drum
mixer until reaching suitable conditions. The fresh concrete
was then carried out for workability testing and placed in the
prepared moulds. After 24 hours, all concrete samples were
demoulded and kept in specific designed-curing conditions,
water and air curing. Mixture proportions are as presented in
Table 3.

3.2. Analytical Methods. Properties of fresh concrete were
carried out by slump test and flow test. Concrete slump test
was done with ASTMC143.The slump value of 10 cm. was set
in accordance with ACI 213R-87, which is recommended for
the construction of slab, column, and bearing wall structures.
Flow ability of concrete was measured by using flow table
along with ASTM C124 standard. Properties of hardened
concrete were carried out with both standard and minute
compressive strength tests. After demoulding (in the next 24
hours), all samples were cured in water or in the air until
reaching their testing ages of 1, 3, 7, and 28 days. Weight
and dimension of all samples were measured before further
handling for the apparent density calculation. Standard com-
pressive strength test of all cylindrical specimens (15 cm dia.
and 30 cm height) was obtained by using Universal Testing
Machine (UTM) in accordance with ASTM C39. An optical
microscope was used to observe interfacial transition zone
(ITZ) of AAC-LWA and cement paste.
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Figure 4: Size distribution of AAC-LWA of (a) LWA20, (b) LWA40, and (c) LWA60 in accordance with ASTM C33 Size Number 67. The
green curve refers to the normal weight coarse aggregates (NWCA) (as shown in Figure 3), for comparison to S1–S4.

Table 3: Details of mixture designation (kg/m3).

Mixture ACC-LWA
replacement (%) Class size Portland

cement Water Fine
aggregate

Coarse
aggregate

ACC
aggregate

NC — — 571 200 588 938 —

LWA20

20 S1 571 200 588 750 46
20 S2 571 200 588 750 46
20 S3 571 200 588 750 46
20 S4 571 200 588 750 46

LWA40

40 S1 571 200 588 563 93
40 S2 571 200 588 563 93
40 S3 571 200 588 563 93
40 S4 571 200 588 563 93

LWA60

60 S1 571 200 588 375 139
60 S2 571 200 588 375 139
60 S3 571 200 588 375 139
60 S4 571 200 588 375 139
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Figure 5: Cutting layout of 15 × 15 × 150mm. prisms.

Minute compressive strength (3 × 3 × 3mm. cubic
specimen) was introduced and carried out in this test to
identify the effect of AAC-LWA on internal curing [10].
To prepare minute strength test samples, the 150 × 150 ×
150mm. concrete cube was mixed and cured in designed-
conditions. Three locations of the concrete cube (exterior
zone and interior zones) were cut into 15 × 15 × 150mm.
prisms (Figure 5). Each prismwas then sliced into 3mm thick
layers with the dimensional length of 3 × 15× 15mm., namely,
L1, L2, and L3. It is noted that L1 was a layer right next to
the AAC-LWA, while L2 and L3 were further aligned over
(Figure 6).Those layers (L1, L2, and L3) were finally cut into 3
× 3 × 3mm. cubes (Figure 7) and then tested with a standard
proving ring attached to the UTM.

4. Results and Discussions

4.1. Slump Test. The results of concrete slump test are illus-
trated in Figure 8.The AAC-LWA size classes, as indicated by
S1, S2, S3, and S4 (see Table 2), had no significant difference in
the test. The slump of controlled concrete (NC) was 5.80 cm.,
while slump values of AAC-LWA concrete tended to increase
with a higher percentage of AAC aggregate replacement, for
example, from around 7.50 cm. (LWA20) to around 10.60 cm.
(LWA60). In fact, sharp shape and rough surface of AAC-
LWA could decrease the slump value due to interlocking and
internal friction among materials [11]. However, in this case,
the slump value was mainly dominated by water retainability,
extra water on the surface of AAC particles.Water-to-cement
ratio was therefore raised, leading to an increase of concrete
slump value. A similar result was also reported by Singh and
Siddique (2016) that highly absorption materials (e.g., coal-
bottom ash) can act as a water reservoir and could raise the
final w/c ratio of concrete mixtures [12].

4.2. Flow Test. There was no significant difference in flow
ability between controlled mixture (NC) and AAC-LWA
mixtures. An average flow of AAC-LWA concrete seemed to
be slightly decreased when the AAC aggregate replacement
increased. The average flow value of NC was 53.3% while
average flow values of LWA20, LWA40, and LWA60 mixtures
were 55%, 56%, and 53%, respectively (Figure 9). However, as
the flow valueswere in the range of 50 to 100%, theAAC-LWA
concrete mixtures were classified in medium consistency

which could easily be placed and compacted into the moulds
during a casting process.

4.3. Apparent Density of Concrete Mixtures. As presented
in Figure 10, the apparent density of controlled mixture
(NC) was around 2,380 kg/m3 at 28 days of age. Apart
from that, the overall apparent density of LWA20 concrete
was slightly decreased approximately 3 to 4% to around
2,290 to 2,310 kg/m3 when compared with NCmixture. With
LWA40 and LWA60 mixtures, the apparent density was
continuously decreased by 8 to 9% (2,160 to 2,180 kg/m3) and
13 to 15% (2,030 to 2,070 kg/m3), respectively. The similar
results were reported by Hossain et al. (2011) and Topçu and
Işikdaǧ (2008) whose substituted normal weight aggregates
by pumice andperlite as concrete coarse aggregates [13]. It can
be concluded that the overall density of AAC-LWA concrete
was significantly decreased because of LWA replacement as
its density was just 360 kg/m3. In contrast, the compressive
strength is the next issue which needs to be considered as the
most crucial properties of hardened concrete.

4.4. Standard Compressive Strength Test. The standard com-
pressive strength test by using cylindrical specimens was
carried out at 1, 3, 7, and 28 days of age. The comparative
strength measurement between water and dry-air curing,
including its size classes, was studied and is presented in
Figures 11(a)–11(c).

It can be clearly seen that all mixtures cured in water
achieved higher strength than that of mixtures cured in
the dry-air as more degree of hydration was obtained [14].
The size class of S4-AAC aggregate (see Table 2) received
the highest strength among S1, S2, and S3 classes due to a
well gradation of the coarse aggregates in concrete mixtures
according to ASTM C33 number 67. More compact structure
was also achieved as well as an appropriated interlocking of
well-graded coarse aggregate. Comparable strength improve-
ment was obviously obtained from the higher density of
hardened cement paste in the interfacial transition zone (ITZ)
by internal curing [15]. The examples of normal-bonding
(NWCA) and well-bonding (AAC-LWA) are as presented in
Figure 12. It can be seen that the failure of normal-bonded
NWCA occurred at cement paste, while well-bonded AAC-
LWAwas at AAC aggregate. Apart from the strength property
of each aggregate, AAC-LWAclearly exhibited a terrific bond-
ing performance at ITZ. Nevertheless, the final strength of
AAC as aggregate concrete was decreased when the amount
of AAC-LWA increased because AAC has extremely low
load bearing capacity when compared with normal weight
aggregate.

4.5. Minute Compressive Strength Test. Minute compressive
strength is a technique used to verify an effect of internal
curing by porous aggregate in the concrete mixtures. The
compressive strength of 3 × 3 × 3mm. cube specimens of
LWA20, LWA40, and LWA60 mixtures (all with S4 class size,
cured in the air) were tested and presented in Figure 13. It
can be apparently seen that the strength of samples collected
from the exterior zone obtained lower strength than that
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of the interior zone. Moreover, the strength of L1 sample
(L1; the layer next to AAC aggregate) obviously achieved
higher mechanical strength than those of the faraway layers,
L2 and L3 (see Figure 6). In general, more completion of
internal hydration process of AAC-LWA could be achieved
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by water retainability in the concrete mixture. Especially for
porous aggregates, extra water for internal curing purpose
was not only obtained from water absorption but also from
water adsorption, which directly affects the curing-water of
concrete in later stage [16]. Moreover, the internal curing
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Table 4: Differential percentage of minute compressive strength in layer 1 (L1) between 7 and 28 days of age.

Mixtures
Air curing (AC) Water curing (WC)

L1 Ext. (MPa) L1 Int. (MPa) L1 Ext. (MPa) L1 Int. (MPa)
7 d 28 d %Δ 7 d 28 d %Δ 7 d 28 d %Δ 7 d 28 d %Δ

NC 0.64 0.84 31.75 0.95 1.30 36.78 0.77 1.21 57.22 1.03 1.54 49.48
LWA20 0.83 1.12 34.00 1.12 1.69 51.10 1.11 1.48 33.33 1.41 2.01 42.08
LWA40 0.93 1.00 7.24 1.30 1.55 19.55 1.26 1.32 4.73 1.57 1.73 10.59
LWA60 0.93 1.13 21.37 1.23 1.62 31.42 1.15 1.43 25.06 1.39 1.80 29.04
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Figure 10: Apparent density of NC and LWA concrete mixtures.

process would also occurwith “capillary suction” of which the
transferring of water occurs from larger pores to the smaller
ones. In this study, the capillary pores of AAC aggregates (50
to 100 microns, 𝜇m) were larger than that of average cement
paste pores (1 to 100 nanometers, nm).

By this condition, some reservedwater inAACaggregates
would, therefore, be transferred to cement paste across ITZ,
increasing hydration level to the cement binders.The strength
improvement in later age was mainly influenced by more C-
S-H formation and denser microstructures [9]. The usage of
AAC-LWA in saturated surface-dry (SSD) condition in this
study would provide higher strength in all cases than the as-
received/dry AAC-LWA [15].The reasons are that as-received
AAC-LWA could actively absorb the water in the system
during its initial stage of mixing. Micropores and incomplete
microstructures would appear on ITZ, leading to an adverse
effect on the final properties of concrete [15].The same trends
and results were obtained by theminute compressive strength
of S4-class size of LWA20, LWA40, and LWA60 cured in
water. As far as sufficient curing water was served from both
external and internal sides, the average strength of 3 × 3mm.
cubewas thus slightly higher than the others cured in the dry-
open air condition (Figure 14).

4.6. The Strength Development and a Relationship between
Standard and Minute Compressive Strength. The strength
development of layer 1 (L1) minute compression test over
7 and 28 days is presented in Table 4. While keeping NC

as a reference mixture, the LWA20 achieved the greatest
difference of strength development in all conditions at 34.00%
(AC L1 Ext.), 51.10% (AC L1 Int.), 33.33% (WC L1 Ext.), and
42.80% (WC L1 Int.). A huge differentiation of the L1 minute
compressive strength can be observed between exterior and
interior zones of LWA20 (26.98% and 35.32%) and LWA40
(39.03% and 54.99%) mixtures as illustrated in Table 5. It is
obviously seen that theminute compressive strength of the air
curing (AC) condition can be improved with internal curing
regimes, especially for the interior zone. The optimum AAC-
LWA proportions, which would receive the most benefit
from internal curing, are in the range of LWA20 to LWA40
mixtures.

In contrast, the highest minute compressive strength of
layer 1 (L1) was also plotted against standard cylindrical
compressive strength with S4 class size at 7 and 28 days of
age. Figure 15 presents the relationship of that minute and
standard compressive strength of specimens cured in the
dry-air curing condition (AC) in both their exterior zone
(Figure 15(a)) and interior zone (Figure 15(b)). As mentioned
earlier in Section 4.4, the average standard compressive
strength of AAC-LWA concrete decreased when the amount
of AAC-LWA replacement increased from 35.1 MPa (7 d) and
41.2 MPa (28 d) in LWA20 mixtures to around 26.2 MPa
(7 d) and 28.1 MPa (28 d) in LWA60 mixtures. However, it
is clearly seen that LWA20 and LWA40 mixtures seem to
achieve higher strength than that of normal weight aggregate
concrete (NC).

Minute compressive strength (as presented in Section 4.5)
of the interior zone is clearly higher than the exterior one due
to the internal curing of AAC-LWA with the highest value of
LWA20 mixture. The investigation suggested that the 20% to
40% AAC-LWA replacement (LWA20 and LWA40) could be
an optimum proportion for AAC-LWA concrete.

By this, it can be explained that those proportions mainly
achieved the superior strength from normal weight aggre-
gate while the suitable amount AAC aggregate replacement
served the extra amount of water for internal curing to the
cement paste. An increase of C-S-H formation not only
strengthens the concrete matrices but also provides a well-
bonding between AAC aggregate and cement paste at their
ITZ. The similar trend of strength development was found
in the specimens cured in water curing condition (WC)
as shown in Figure 16. Additionally, as mentioned before,
overall compressive strength of both minute and standard
specimens was significantly higher than that of dry-air curing
as sufficient water for curing purpose was obtained. Despite
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Figure 11: Standard compressive strength test of NC and AAC-LWA concrete in different size classes (S1 to S4) at the age of 1, 3, 7, and 28
days.
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Figure 12: Normal-bonded NWCA (left) and well-bonded AAC-LWA (right) with cement paste on interfacial transition zone (ITZ).

Table 5: Differential percentage of minute compressive strength in layer 1 (L1) between exterior and interior zone.

Mixtures
Air curing (AC) Water curing (WC)

L1 7 d (MPa) L1 28 d (MPa) L1 7 d (MPa) L1 28 d (MPa)
Ext. Int. %Δ Ext. Int. %Δ Ext. Int. %Δ Ext. Int. %Δ

NC 0.64 0.95 48.47 0.84 1.30 54.13 0.77 1.03 34.48 1.21 1.54 27.86
LWA20 0.83 1.12 34.00 1.12 1.69 51.10 1.11 1.41 26.98 1.48 2.01 35.32
LWA40 0.93 1.30 39.03 1.00 1.55 54.99 1.26 1.57 23.82 1.32 1.73 30.74
LWA60 0.93 1.23 32.00 1.13 1.62 42.93 1.15 1.39 21.64 1.43 1.80 25.51
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Figure 13: Minute compressive strength of NC and LWA mixtures
at L1, L2, and L3 cured in the air (7 and 28 days of age).

a slight difference in compressive strength between water
curing and air curing which water reserve of recycled AAC
aggregate seems not necessary to providemoisture for further
cement hydration process, the effectiveness of external curing
may be limited due to an unsatisfied penetration of curing
water into the samples, and the internal curing will then
enlarge the positive curing regime from inside the concrete
structure in the real use applications (e.g., huge structure or
concrete component).

5. Conclusions

From the study, conclusion can be summarised as follows.
(1)The slump values were affected by the amount of water

content. The slump value tended to rise with an increase
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Figure 14: Minute compressive strength of NC and LWA mixtures
at L1, L2, and L3 cured in the water (7 and 28 days of age).

of AAC-LWA replacement as extra water on aggregate’s
surface was obtained. However, flow values of all mixtures
were similar to normal weight aggregate concrete (NC) and
classified as medium consistency category with the flow of 50
to 60%.
(2)The apparent density was decreased when the amount

of AAC-LWA replacement increased from 2,380 kg/m3 (NC)
to around 2,050 kg/m3 (LWA60). Although the minimum
density in this test (2,030 kg/m3 in LWA60 mixture) did not
meet the criteria of lightweight concrete advised byACI 213R-
87 at 1,850 kg/m3, the lower value in density can alternatively
be achieved by increasing AAC-LWA proportion or even
using lightweight fine aggregates (e.g., lightweight sand or
bottom ash).
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Figure 15: Relationship between standard and minute compressive strength of dry-air curing regime at (a) exterior zone and (b) interior
zone.
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Figure 16: Relationship between standard and minute compressive strength of water curing regime at (a) exterior zone and (b) interior zone.

(3) The standard compressive strength by cylindrical
specimens was decreased with higher AAC-LWA proportion
in both dry-air and water curing, even though the water
curing achieved slightly higher compressive strength. The
mixed size of AAC-LWA (S4 class size) provided satisfactory
gradation and superior strength than the single graded-
aggregates (S1, S2, and S3).
(4)The highest strength of minute compressive test was

achieved by 3 × 3 × 3mm. cube located in layer 1 (L1),
followed by layer 2 (L2) and layer 3 (L3), respectively. It can
be concluded that internal curing by AAC-LWA obviously
improves the strength of concrete by providing extra inter-
nal water resource for more possible C-S-H formation. In
conjunction with minute and standard compressive strength,
the optimum proportions of AAC-LWA replacement were in

the range of LWA20 to LWA40. Those mixture proportions
mainly achieved the superior strength from normal weight
aggregate while the suitable amount AAC aggregate replace-
ment provided extra amount of water for internal curing to
the cement paste.
(5) The development of AAC as a coarse aggregate

replacement in concrete is not only utilising unwanted wastes
from industry (recycling of waste materials) but also building
up a new knowledge of using LWA as an internal curing agent
as well as the production of value-added lightweight concrete
products.
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The development of a battery using different cement-based electrolytes to provide a low but potentially sustainable source of
electricity is described. The current, voltage, and lifespan of batteries produced using different electrolyte additives, copper plate
cathodes, and (usually) aluminium plate anodes were compared to identify the optimum design, components, and proportions
to increase power output and longevity. Parameters examined include water/cement ratio, anode to cathode surface area ratio,
electrode material, electrode spacing, and the effect of sand, aggregate, salts, carbon black, silica fume, and sodium silicate on the
electrolyte. The results indicate that the greatest and longest lasting power can be achieved using high proportions of water, carbon
black, plasticiser, salts, and silica fume in the electrolyte and using a magnesium anode and copper cathode. This cell produced
an open-circuit voltage of 1.55V, a resistor-loaded peak current over 4mA, maintaining over 1mA for 4 days, and a quasi steady
current of 0.59mA with a lifespan of over 21 days.

1. Introduction

For autonomous applications both wind and solar energy
systems require batteries or other energy storagemechanisms
to merit continuous loads due to the intermittency of their
supply. Novel battery design can thus help ease society’s
dependence on oil, coal, and gas. Research into new forms
of battery focuses on creating higher power storage and
greater recharge capacity and extending the life of traditional
batteries by adapting their components and materials.

Electricity is the flow of electrons through a conductive
material initiated by an imbalance of electric charge [1].
Voltage is the amount of potential energy available or work
to be done, per unit charge to move electrons through a
conductor. In a battery, electrons move from one electrode to
another via ionic reactions between the electrode molecules
and the electrolyte molecules [1]. These reactions are enabled
when there is an external path for electric current (via
an electric circuit) and cease when it is broken. During
discharge, electrons are transferred from the anode to the
cathode via the external wire. Figure 1 displays the basic
battery concept with a zinc anode, copper cathode, and
sodium chloride (NaCl) solution as the electrolyte. In water,

NaCl salt splits into sodium (Na+) and chloride (Cl−) ions.
Zinc atoms dissolve in the electrolyte as ions missing two
electrons (Zn2+) and combine with two negative chloride
ions in the electrolyte to form ZnCl2. Two negatively charged
electrons from the dissolved zinc atom are left in the zinc
metal (2e−). The water molecules (H2O) in the electrolyte
reduce to form molecular hydrogen (H2) on the surface of
the copper and bubbles out of the solution.The electrons lost
in the reaction are replenished by moving two electrons from
the zinc through the external wire as shown in Figure 1.

The electrolyte is an ionic conductor [2]. Liquid elec-
trolytes are favoured in batteries as there is a high mobility
of ions and continuity of interface between electrode and
electrolyte. The main issue with liquid-electrolyte batteries is
the use of toxic materials and their tendency to leak during
use or after disposal. Solid electrolytes are not prone to
leakage but their ionic conductivity tends to be less than
their liquid counterparts and are more costly. Some examples
of solid electrolytes are polymers doped with ions [3–5] or
ceramics with ions arranged to allow substantial movement
of same [6–8]. Cement is an ionic conductor due to its
pore solution which can be stored in, and travel through, its
pores and microcracks as shown in Figure 2. This facilitates
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Figure 2: Backscattered SEM image of a mature cement paste
showing the main microstructural features [9].

its potential as a good electrolyte for novel cement battery
designs.

Meng and Chung [2] provided the initial proof of concept
that cement-based batteries could indeed be designed to
provide a voltage and current output. In their design, cement
and water are the common constituents of all layers as shown
in Figure 3 with the cathode also containing manganese
dioxide particles and the anode layer zinc particles. Carbon
black and a water reducing agent were added to both
electrode layers. The proposed advantage of this design over
the noncement-based electrode probes (Figure 1) is that
the active phase is present in all layers (pore solution in
the cement paste) and not just at the electrode/electrolyte
interface. Manganese dioxide (MnO2) is one of the most
common cathodic battery materials as it is inexpensive and
readily available. Zinc has a wide variety of applications as
a negative electrode material in batteries, for example, in
alkaline zinc-manganese dioxide, silver-zinc, nickel-zinc, and
zinc-air batteries [10]. The carbon was added to increase the
conductivity of interface between zinc and cement and to
increase its overall electronic conductivity. The output from
this battery design was very low with open-circuit voltages of

Cement-based anode
Cement-based electrolyte

Cement-based cathode

Figure 3: Proof of concept layered battery using cement as the
continuous constituent throughout the layers [2].

0.72V, with peak currents of 120𝜇A and only operated when
completely saturated.

Examples of the successful development of cement bat-
teries tend to follow the Meng and Chung [2] design of
electrode cement layers with active additives separated by
a basic cement electrolyte. Rampradheep et al. [11] used
a similar design adding a self-curing agent to produce a
maximum voltage of 0.6V and an undisclosed current value.
Qiao et al. [12] produced batteries based on the Meng and
Chung design [2] and adding carbon fibres and nanotubes in
the electrolyte layers which achieved maximum voltages and
current densities of approximately 0.7 V and 35.21 𝜇A/cm2.
Holmes et al. [13] compared batteries similar to Meng and
Chung [2] which were cured in either a deionised water
solution or a 0.5M Epsom salt solution and found that the
latter caused a decrease in output with faster drying time
and a shorter lifespan. Maintaining a high water content is
essential to the life of the layered cement battery.

Examples of electrode-probe type batteries similar to
the design of Figure 1 but using cement in the electrolyte
tend to focus on corrosion energy harvesting. Burstein and
Speckert [14] developed a battery with a steel cathode and
an aluminium anode set into a concrete electrolyte that
could provide a small current density. Ouellette and Todd
[10] developed a seawater battery energy harvester with
magnesium and carbon probe electrodes where cement was
included in the electrolyte to passively limit the amount
of consumable oxygen in deeper water. Holmes et al.
[13] showed that limiting cement to the electrolyte greatly
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Figure 4: Basic schematic of the battery with cement-based elec-
trolyte.

enhanced both the lifespan and output from cement batteries
when compared to the layered design of Figure 3.

This paper presents a parametric experimental study to
develop a cement-based battery to provide a reliable and
sustainable source of electrical energy. Cement-based battery
advancement has not been fully academically investigated
up to now although there are many examples of small
scale experimentation available on video sharing websites
and online energy forums. Because the area is so lightly
researched there have not been many advances in making
these batteries more efficient, powerful, long lasting, and
rechargeable. Here, different cement mix designs are com-
pared with regard to their power output and longevity in
order to identify which additives enhance battery output
and/or increase its lifespan.

The intended use of the cement batteries presented here
is for Impressed Current Cathodic Protection (ICCP) of steel
reinforcement in concrete structures. ICCP is a method of
protecting reinforcing steel in concrete from corrosion by
connecting it to an inert, less noble metal than the steel and
running a low level of current through it using an external
power source [17]. The recommended design current density
is 20mA/m2 of the circumferential area of the bars [18]
or lower values for fully submerged concrete exposed on
both sides of 1mA/m2 [19]. Cathodic prevention, which is
the provision of protective current before any corrosion has
taken place, requires a lower current density of 2–5mA/m2

[20]. Therefore the battery testing and development regime
presented in this paper focused on enhancing resistor-loaded
current and lifespan.

2. Concept

2.1. Basic Design. Following on from the findings of Holmes
et al. [13] a battery with solid metal electrodes and cement
only present in electrolyte was considered most efficient for
the application.The standard form of battery chosen is shown
in Figure 4 and used to compare different electrolyte and
electrode designs while limiting other characteristics such as
size and shape. The base battery consisted of a cement and
water paste to form the electrolyte, a copper plate cathode,
and an aluminiumplate anode.The size of the cell is irrelevant
to its voltage; however, it does affect its internal resistance,
which in turn affects the maximum current that a cell can

provide [1]. Therefore, all batteries except for the electrode
ratio examinations were designed to the same size. Spacing
between electrodes was maintained at 100mm, except for the
electrode spacing tests.

2.2. Cement Electrolyte. As discussed in Section 1 a good elec-
trolyte is an ionic conductor which facilitates the movement
of charge across it. There are a number of examples of ionic
solutionmigration through hardened concrete. Chloride ions
are considered to be the most dominant cause for corrosion
of embedded reinforced steel in concrete [21, 22] and can
ingress through absorption, diffusion, wicking, and capillary
action through an interconnected pore network. The process
of corrosion of embedded steel in concrete is another example
of ionic flow through set concrete. During corrosion, iron
atoms are removed from the steel surface by electrochemical
reaction and then dissolve into the surrounding electrolyte
solution, which in concrete can only occur where pores meet
the reinforcing steel surface at the anode. As it is a redox
reaction, electronsmust transfer from the anode to a cathodic
site which gains in electrons. The transfer of electrons occurs
along the metal and creates a current between areas of
differing potential. The ions from the reactions such as the
ferrous ion (Fe2+) pass into the solution trapped in the
concrete pores and react with hydroxyl ions (OH−) to form
ferric hydroxide which further reacts to form rust as shown
in Figure 5.

Ionic flow through concrete pores can also be encouraged
or forced using ionic extraction techniques.These techniques
are used to protect concrete steel reinforcement from cor-
rosion by drawing the ions away. Cathodic protection is
essentially the reversal of the corrosion process, acting as an
electrochemical cell by introducing an external anode and
applying a small current onto the reinforcement, forcing it
to act as the cathode (as opposed to the dissolving anode)
in an electrochemical cell [23]. Chloride extraction is similar
to cathodic protection but it involves a much higher current
density and is a once-off application. The ionic conductivity
of cement can be increased by increasing the proportion of
solution in the paste, thereby increasing the pore volume and
the amount of solution in the pores. It can also be increased
by enhancing the ionic conductivity of the solution itself by
adding constituents whose chemicals dissociate readily to
form free ions, for example, salts.

2.3. Electrodes. The amount of voltage (electromotive force)
generated by any battery is specific to the particular chemical
reaction for that cell type. Chemical interactions where
electrons are transferred directly between molecules and
atoms are called oxidation-reduction or (redox) reactions.
In a battery the anode and the cathode undergo oxidation
and reduction, respectively. The galvanic series of metals
displayed in Table 1 is in the presence of seawater. Aluminium
and copper were chosen due to being highly anodic and
cathodic, respectively, resulting in an expected electromotive
potential of 2V (0.34V + 1.66V) for the base battery design.

Theoretically the proportion of cathode to anode should
be determined using their oxidation and reduction reactions
(see (1) and (2)) and their molar mass resulting in a design
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Figure 5: Process of embedded steel reinforcement providing an example of ionic flow in concrete [13].

Table 1: Partial standard electromotive force series as measured
against a hydrogen reference electrode [15].

Material Standard electrode potential (V)
Magnesium

A
no

di
c→

−2.363

Aluminium −1.662

Zinc −0.763

Iron −0.440

Nickel

←
Ca

th
od

ic −0.250

Copper +0.345

Platinum +1.200

Gold +1.498

of 2.5 parts copper (Cu) to 1 part aluminium (Al). However
a proportion of 1 : 1 was taken in the base designs before this
theory was tested.

Al(s) → Al3+(aq) + 3e
− (1)

Cu2+(aq) + 2e
− → Cu(s) (2)

A common issue with metals, particularly highly anodic
materials, is the formation of oxide layers (a thin layer of reac-
tion product). Aluminium reacts with oxygen very rapidly
and forms aluminium oxide (Al2O3) in the atmosphere.
Copper also forms an oxide layer when exposed to air, but
these reactions are slower and mainly consist of Cu2O and
CuO [23]. These oxide layers can impede the output of the
battery as it reduces the interface between the electrodes and
electrolyte. Such layers can be removed by scraping using
sand paper or washing with acetic acid and rinsing with a
volatile liquid such as ethanol [2] prior to addition to themix.

3. Methodology

3.1. Preparation. Materials of the highest purity were chosen
so that their specific impact could be distinguished from
the potential impact of their impurities. Materials were also
chosen to be nontoxic if leaked so that these batteries could
offer an advantage over many conventional liquid-electrolyte
types. Details on the material used in the batteries are
summarised in Table 2.

A water/cement ratio of 0.4 was used as the basic
electrolyte design.The electrolytematerials wereweighed and
passed through a 200𝜇msieve to remove any nonconforming

lumps or bulk to achieve the desired powder format. The dry
constituents weremixedwell with deionisedwater and placed
into 100 × 100 × 30mm plastic moulds (300 × 120 × 50mm
for electrode ratio testing) to create the electrolyte block.

The 60 × 30 × 0.5mm electrode plates were sanded and
washed in a borax solution to remove any impurities and
inserted into the wet electrolyte block protruding 5mm from
the surface to facilitate connection to the resistor circuit.
Batteries were then placed on a vibration table for 30 seconds
to remove any remaining air and allowed to cure for 24 hours
under a polythene sheet after which testing began.

3.2. Data Acquisition. Open-circuit voltage and continuous
voltage (𝑉) readings during current discharge (𝐼) through a
10Ω resistor (𝑅) were recorded over the life of the batteries.
Current discharge through the resistor was calculated from
the voltage readings using Ohm’s law (𝐼 = 𝑉/𝑅).

A 10Ω resistor was connected between the anode and
cathode of the battery to act as a resistor load as per Figure 6.
A LabVIEW National Instruments differential data acquisi-
tion (DAQ) unit NI 9205 was used to record voltage either
side of the resistor as shown in the same schematic. Pilot
testing using a multimeter refined the frequency of readings
and provided likely ranges of measured current and voltages.
These values allowed for a suitable LabVIEW programme to
be finalised (Figure 6).The setup was calibrated against a DC
power unit and volt meter. Logged files from the LabVIEW
programmewere written into CSV (comma separated values)
format and imported directly into MS Excel after testing was
complete.

3.3. Battery Design and Reasoning. Seven different compo-
nents were examined for their effect on resistor-loaded-
current, open-circuit voltage, and lifespan. These were the
water/cement ratio (WC 1–4), the anode to cathode ratio
(Al 4 : 1 Cu–Al 4 : 4 Cu), basic additives (Add 1–6), 0.5M
salt solutions to replace water (Soln 1–Soln 3), salt added as
solid crystals (Crys 1-2), sodium silicate as full and partial
water replacement and as a coating to the plates (SS 1–3),
electrode spacing (Sp 1–5), carbon black proportion (CB 1–4),
and the effect of using different electrode materials (El 1–4).
The proportions of the mix designs, materials, and electrode
spacing are presented in Table 3. Add 1 and Add 5, shown in
bold, were often used as base mixes from which to compare
other batteries. The average dry weight of each cell was 335 g.
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Table 2: Details of cement battery materials.

Element Material Details

Electrolyte

Carbon black Porous carbon agglomerates; average size 30 nm
Cement CEM I complying with BS EN 197-1, 2000 [16]

Water reducer Sika VistoCrete 30HE
Salts (NaCl, Alum & Epsom salt) Over 99% purity for all
Sand and lightweight aggregate Sand 0.4mm, expanded clay aggregate 15mm

Sodium silicate Density of 1.38 g/cm3 (40 Be) and a pH of 11.3

Anode
Zinc plates >99% purity

Aluminium plates >99% purity
Magnesium alloy plates 96% purity (3% aluminium & 1% zinc)

Cathode Copper plate 99.5% purity, 0.4mm thick
Carbon Graphite rod

AnodeCathode

Cement-based 
electrolyte

NI 9205 differential 
module

CompactRIO DAQ chassis

LabVIEW program 

10Ω

Figure 6: LabVIEW voltage recording across the battery’s 10Ω resistor load.

3.3.1. Water/Cement Ratio. The pore water solution in set
cement mixes provides the network for ions to travel allow-
ing the transfer of charge and the production of current.
Therefore, the relationship between water/cement ratio (and
therefore the volume of water in the cement pores) and the
performance of the battery was compared by adjusting the
w/c ratio between 0.3 and 0.6 and recording the output.

3.3.2. Anode/Cathode Ratio. Theoretically when designing
a battery the ratio of anode to cathode can be calculated
as discussed in Section 2.3 using their molar mass. For
aluminium and copper this should be approximately Al 2.5 : 1
Cu. Therefore the ratio of anode to cathode was examined
here by altering the ratios in favour of the anode or the
cathode.

As discussed in Section 2.3, the greater the surface area of
contact between the electrodes and electrolyte is, the greater

the current should be and there should be no effect on voltage.
Therefore, an increase in both anode and cathode material
was also examined.

3.3.3. Additives. The rigidity of the battery was enhanced by
adding sand (Add 2) or lightweight expanded clay aggregate
(Add 3) to the basemix design (Add 1). Plasticiser is generally
added to allow for a reduction in the amount of water needed
while maintaining workability. However, as a reduction in
water would lead to a reduction in pores and pore solution,
the volume of water added to the mix was not reduced for
Add 4. Add 5 included carbon black as an admixture as it
is known to increase electronic conductivity and formed the
base carbon black mix for comparison with batteries that
included carbon black along with other developments. Silica
fume has been shown to improve the mechanical properties
and durability of cement [20]. Silica fume was introduced as
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Table 3: Cement battery designs.

Ref. CEM I
(g)

Water
(g) Anode Cathode Pl (g) CB (g) Additive (g) or space between

electrodes (mm) Photo

WC 1 300 90 Al Cu
WC 2 300 120 Al Cu
WC 3 300 150 Al Cu
WC 4 300 180 Al Cu

Al 4 : 1 Cu 900 360 Al Cu 15 5
Al 3 : 1 Cu 900 360 Al Cu 15 5
Al 2 : 1 Cu 900 360 Al Cu 15 5
Al 1 : 1 Cu 900 360 Al Cu 15 5
Al 1 : 2 Cu 900 360 Al Cu 15 5
Al 1 : 3 Cu 900 360 Al Cu 15 5
Al 1 : 4 Cu 900 360 Al Cu 15 5
Al 4 : 4 Cu 900 360 Al Cu 15 5

Add 1 300 120 Al Cu
Add 2 300 120 Al Cu 100 g sand
Add 3 300 120 Al Cu 100 g agg
Add 4 300 120 Al Cu 5
Add 5 300 120 Al Cu 5 5
Add 6 300 120 Al Cu 5 5 100 g silica fume

Soln 1 300 — Al Cu 5 5 120 g 0.5M NaCl
Soln 2 300 — Al Cu 5 5 120 g 0.5M Epsom
Soln 3 300 — Al Cu 5 5 120 g 0.5M Alum
Crys 1 300 120 Al Cu 5 5 100 g Epsom salt
Crys 2 300 120 Al Cu 5 5 100 g Alum salt

SS 1 300 — Al Cu 5 5 120 g sodium silicate
SS 2 300 100 Al Cu 5 5 20 g sodium silicate
SS 3 300 120 Al Cu 5 5 Sodium silicate coating

Sp 1 300 120 Al Cu 5 5 5mm
Sp 2 300 120 Al Cu 5 5 10mm
Sp 3 300 120 Al Cu 5 5 30mm
Sp 4 300 120 Al Cu 5 5 60mm
Sp 5 300 120 Al Cu 5 5 80mm

CB 1 300 120 Al Cu 5 3
CB 2 300 120 Al Cu 5 4.5
CB 3 300 120 Al Cu 5 6
CB 4 300 120 Al Cu 5 7.5

El 1 300 120 Mg Cu 5 5
El 2 300 120 Al Cu 5 5
El 3 300 120 Zn Cu 5 5
El 4 600 230 Al C 12 12
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an additive to the basemix alongside conductive carbon black
and plasticiser as Add 6.

3.3.4. Salts. Purewater is not very conductive; however, when
salt is dissolved in it, salt molecules readily split and provide
additional ions in the fluid as discussed in Section 1. Add
5, which contained carbon black and plasticiser, was used
as the base mix for the salt batteries. 0.5 Molar solutions of
sodium chloride (NaCl), Alum salt (AlKO8S2⋅12H2O), and
Epsom salt (MgSO4⋅7H2O) were made up using deionised
water. These solutions were used as total water replacements
when compared to the base mix as Soln 1, Soln 2, and Soln
3. Alum (Crys 1) and Epsom salts (Crys 2) were also added
to the base Add 5 mix as solid crystals and the water content
was maintained as per the base mix.

3.3.5. Sodium Silicate. Sodium silicate is typically added to
concrete to reduce its porosity by forming calcium silicates
which fill the pores reducing water permeability [21]. Sodium
silicate was added to the base mix design as full replacement
(SS 1) and partial replacement (SS 2) of water content. The
solution was further used to coat the electrodes (SS 3) in an
attempt to reduce the gas which had been observed surfacing
in the electrolyte at the aluminium anode plate thereby
increasing the smoothness of the electrode/electrolyte inter-
face.

3.3.6. Electrode Proximity. The cement electrolyte layer is
kept as thin as possible to reduce resistance in layered
batteries [2].The base pastemix (Add 5) was used to compare
electrode spacing of 5, 10, 30, 60, and 80mm.This is examined
in order to determine whether the volume of electrolyte
between the electrodes had any significant influence on
performance.

3.3.7. Carbon Black. Carbon black (CB) particles are very
small, have high porosity, and can form long branched chains
which result in improving the electrical conductivity of the
compound such as conductive plastic composites [24]. It
was used in previous battery designs [2, 11, 13] to enhance
the connectivity between electrode particles or in cement
batteries to create a more intimate interface between the
active electrode material and the cement [2, 25]. However,
in the arrangement under investigation here, carbon black
cannot be added to the electrodes as they are solid plates and
is instead added as an admixture to the cement electrolyte.

The addition of carbon black makes the hardened cement
brittle [13]. It was therefore decided to determine the effects
of increasing the proportion of carbon black in the design
on output while not impinging on the rigidity of the block.
Carbon black was added to the base mix design by 3, 4.5, 6,
and 7.5 g alongside 5 g of plasticiser (Pl) so that no additional
water was required (which would increase the brittleness).

3.3.8. Electrode Material. As discussed in Section 2.3 the
electrode material and the respective electromotive force
potentials control the voltage of any battery cell. The designs
so far (Sections 3.3.1–3.3.8) used copper and aluminium elec-
trodes.The base design (Add 5)was used to compare different

electrode materials Al : Cu (El 1), Mg : Cu (El 2), Zn : Cu (El
3), and Al : C (El 4). The plate sizes were maintained the
same to allow for direct comparison with the exception of
El 4 as carbon could only be sourced in probe form with
a greater surface area in which case the aluminium anode
volume had to be increased to match it. These materials
each possess different electromotive potentials as presented
in Table 1 where different combinations should present the
different voltages.

4. Results and Discussion

4.1. Parameters of Interest. The following sections present
the current discharge curves on a logarithmic scale to show
the effect of the different parameters discussed in Sections
3.3.1–3.3.8 in terms of current discharge through a 10Ω
resistor and lifespan.

4.2. Water/Cement Ratio. The open-circuit voltage and lifes-
pan were unaffected by the increasing water content. How-
ever, a direct correlation exists between the water content
and the current under resistor load as shown in Figure 7. A
pattern of increased current of 3.5–5%was observed for every
0.1 increases in water/cement ratio. Any higher water content
resulted in the water settling out of the mix during curing.

The pore structure, shape, size, distribution, and con-
nectivity affect the movement of ions in a cement battery
electrolyte [21]. Lower w/c ratios have been shown to result
in smaller porosity and constrictivity (depends on the ratio of
the diameter of the diffusing particle to the pore diameter) as
well as a higher tortuosity factor (property of pathway being
tortuous) [26]. The work presented here reflects the findings
of these simulations as loww/c ratios resulted in lower current
outputs from the battery cells due to the reduced connectivity
and volume of pores.

4.3. Anode/Cathode Ratio. A ratio of anode to cathode as per
molar mass calculation which would lead to a balancing of
reactions in the electrode materials did not lead to a greater
output from the cells. Instead the more general trend of more
electrode material resulting in higher current was observed
(Figure 8). Open-circuit voltage was not impacted as the
electromotive force of the electrode materials remained the
same (around 1.2 V), but more current was produced with
the higher anode and cathode volumes as more chemical
reactions were facilitated.

4.4. Additives. As may be seen in Figure 9, the addition of
sand, lightweight aggregate, or plasticiser showed no signif-
icant impact on current, voltage, or lifespan. Carbon black
was found to slightly increase the voltage (by approximately
0.15 V) and improved the flow of electric charge (current)
with a better discharge life to over 7 hours. The addition
of silica fume on top of carbon black further increased
both the current and lifespan but had no further impact
on open-circuit voltage. Silica fumes relationship with ionic
conductivity in cement is complex. It has been shown to
reduce the overall electrical conductivity of cement paste and
reduce porosity [27, 28]; however, at higher proportions it
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Figure 7: Current discharge curves across a 10Ω resistor for increasing w/c ratio.
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Figure 9: Current discharge curves across a 10Ω resistor for different additives.

can increase the porosity of the paste [28] which is associated
with increasing ionic conductivity. However, similar to these
findings, silica fume has previously been shown to increase
the electrical conductivity of cement pastes containing con-
ductive additives such as carbon fibres by improving their
dispersion in the mix [29, 30].

4.5. Salts. The addition of salt, whether in solution or raw
crystal form, to the electrolyte significantly increased the
battery lifespan and improved the flow of electric charge as
shown in Figure 10. The base mix contained only deionised
water in the solution. In the other three battery designs
different 0.5 Molar salt solutions were used. Compared to
the base mix, the use of salt solutions led to an increase
in current output by approximately 20% from 1.69mA to
2.02mA.The lifespan of the batteries was greatly increased by
approximately 50% from 6.82 hrs to 9.77–12.17 hrs. Although
salt solution increased current and longevity, adding it in
solid granule form was also beneficial increasing current by
15% from 1.69mA to 1.90mA and lifespan by 62.5% from
6.82 hrs to 12.54–12.57 hrs.

4.6. Sodium Silicate. Sodium silicate is typically added to
concrete to reduce porosity and water penetration which
would inhibit ionic flow. However, it has a high conductive
ion concentration in the pore solution and therefore has
shown a higher passing of charge than other activation
materials in alkali-activated slag mortars [31]. The electrical

conductivity of most ordinary silicate glasses is due to the
motion of alkali ions, especially sodium [32]. The total
replacement of water with sodium silicate (SS 1) reduced
both current and lifespan of the battery to almost nothing as
seen in Figure 11. Its addition as a partial water replacement
(SS 2) showed no significant impact when compared to the
base design with currents within 0.02mA of each other and
lifespan within half an hour.

In Burstein and Speckert’s work [14] a swelling of the
electrolyte systemwas observed during setting of the concrete
due to hydrogen evolution at the aluminium anode. This
was also observed in the batteries presented here as bubbles
observed between the anode and the concrete electrolyte.
Coating the anode with sodium silicate (SS 3) was an attempt
to provide ions for the hydrogen to react with forming harm-
less water; however, this did not result in any improvement in
output.

4.7. Electrode Proximity. Figure 12 shows no discernible cor-
relation in between electrode spacing and current, lifespan, or
open-circuit voltage. Current was within 0.05mA of the base
mix, lifespan within 43 minutes, and open-circuit voltage
within 0.08V.

4.8. Carbon Black. Carbon black has been shown to increase
output, particularly current and longevity as found in Sec-
tion 4.4. As may be observed in Figure 13, there is a clear
correlation between carbon black content and both current
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Figure 10: Current discharge curves across a 10Ω resistor for different salts.
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Figure 11: Current discharge curves across a 10Ω resistor for sodium silicate additive.



Advances in Materials Science and Engineering 11

0

1

2

3

4

5

6

7

8

Cu
rr

en
t (

m
A

)

100 1000 1000010
Seconds (logarithmic scale)

Sp 1 Sp 2 Sp 3 Sp 4 Sp 5

Lifespan

0

5

10

15

20

25

Li
fe

sp
an

 (h
rs

)

Sp 5 (80 mm)
Sp 4 (60 mm)

Sp 3 (30 mm)
Sp 2 (10 mm)
Sp 1 (5 mm)

Figure 12: Current discharge curves across a 10Ω resistor for increasing electrode spacing.

100 1000 1000010
Seconds (logarithmic scale)

0

1

2

3

4

5

6

7

8

9

10

Cu
rr

en
t (

m
A

)

CB 4 (7.5 g)
CB 3 (6 g)

CB 2 (4.5 g)
CB 1 (3 g)

CB 1 CB 2 CB 3 CB 4

Lifespan

0

5

10

15

20

25

Li
fe

sp
an

 (h
rs

)

Figure 13: Current discharge curves across a 10Ω resistor with increasing carbon black content.
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Table 4: Overview of findings.

Variable Current (under 10Ω load) Voltage (initial open-circuit) Lifespan
Increase w/c ratio ↑ = =
Sand = = =
Aggregate = = =
Silica fume ↑ = ↑

Carbon black (+plasticiser) ↑ ↑ ↑

Increase electrode material ↑ = =
Salt solution ↑ = ↑

Salt crystals ↑ = ↑

Sodium silicate = = =
Closer electrodes = = =
Magnesium anode ↑ ↑ ↑

output and lifespan. As its proportion by weight increases
from 0.7% to 1.7%, the resting current increases from 1.5mA
to 2.2mA (44%), open-circuit voltage increases from 1.3 to
1.4 V (13%), and lifespan increased from under 15 hours to
over 21 hours (33%), respectively. Due to the fineness of
carbon black particles its addition makes cells considerably
more brittle [13] and inclusion of a plasticiser proved to be
essential when using carbon black in the cement paste in
these proportions.

Carbon black particles have a graphite-type crystalline
structure, which improves electrical conductivity and is,
therefore, more typically used in electrode materials [33, 34].
It is therefore likely that the increase in voltage is due to
the carbon black particles in contact with the electrode. In
the electrolyte, the movement of charge in the cell involves
the generation and consumption of both ions and electrons.
High reaction activity is achieved when transport rates
are high for both ions and electrons. Furthermore, similar
increases in ionic conductivity have been found in previous
studies using carbon black in polymer mixes where it was
speculated that the carbon blackmay contain a small number
ofmobile ions that are able to contribute to ionic conductivity
upon exposure to moisture [35]. Modified carbon materials
including carbon black have also previously been added to
enhance the ionically conductive pathways of polymer-ionic
liquid electrolytes [36]. For these tests the wealth of electrons
in the carbon and the affinity with the ions in the polymer
facilitated ion dissociation and transportation through the
electrolyte.

4.9. Electrode Material. Replacing the aluminium anode
with magnesium greatly increased the current, voltage, and
lifespan of the cell as shown in Figure 14. Replacing the copper
cathode with carbon also showed a benefit; however, the total
size of the El 4 cell was double that of the other cells due
to the available carbon cathode size meaning that a direct
comparison cannot be made.

Copper was consistently used as the cathodematerial as it
is highly noble. Comparing aluminium, zinc, andmagnesium
anodes, it can be seen thatmagnesium produced a substantial
improvement in all areas, particularly current and longevity.
Magnesium is one of the most active materials (Table 1)

Figure 14: Current discharge curves across a 10Ω resistor for
different electrode combinations (note: this is not a logarithmic
scale).

followed by zinc and then aluminium [37]. The measured
open-circuit voltages for El 1 and El 2 reflect this at 1.553V
for Mg : Cu and 1.311 V Al : Cu. However, the value for zinc
measured to be 0.059V. It can therefore be presumed that an
error occurred during the zinc test, by short circuiting the
battery, or that the zinc plates were sealed or had an oxide
layer that was not removed adequately, thus creating a barrier
between the anode and the electrolyte. This is an area where
further investigation is required.

4.10. Results Summary. Table 4 presents a summary of the
impact of each individual change in battery constituent
or proportion on loaded current, open-circuit voltage, and
lifespan. Cases listed as equal include minor changes (below
0.1mA, 0.2 V, or 1 hour) or where no discernible pattern was
identified.

Initial battery testing, with prioritised current and lifes-
pan, indicates that optimal output could be achieved by
designing high w/c ratios, using magnesium as the anode
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Table 5: Final battery design.

CEM I
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Figure 15: Final battery current discharge curve across 10Ω resistor
(note: this is not a logarithmic scale).

and adding high proportions of carbon black, plasticiser,
salt granules, and silica fume. Changes to the electrolyte
constituents or the electrode proximity and ratio showed
no significant influence on the time taken for the current
output to plateau. However, changing the electrode material
had a significant influence, particularly in the Mg : Cu cell. A
final battery was designed as per Table 5 which has a high
water/cement ratio of 0.6. Although carbon black is inert,
it is similar in density to silica fume and its inclusion has
been shown to increase the strength of cement mixes [27];
therefore, if both carbon black and silica fume are considered
as pozzolanic materials, the presented mix water/cement +
pozzolan ratio is 0.54.

As shown in Figure 15 the lifespan of the battery was
considerably higher than the previous designs lasting 21 days.
The quasi steady 10Ω resistor-loaded current taken from
three days after the initial peak (4.37mA) over a 12-day period
was 0.59mA.

The discharge curve has a similar shape to the previous
battery design that used magnesium as the anode (El 1 in
Figure 14) with a curved peak and slow decline. The peak
current achieved (4.37mA) was also similar to El 1 (4.13mA).
However, there was a considerable increase in lifespan when
comparing these batteries, from 40 hrs to 505 hrs. Further-
more, the average quasi steady discharge current of 0.59mA
lasted only 19 hrs for El 1 (Figure 14) increasing to 288 hrs
for the final battery (Figure 15). As the anode and cathode
materials and sizes were the same for both batteries, this
enhancement in both current and longevity can be attributed
to the design of the electrolyte which provided more carbon
black, higher water content, and the introduction of silica
fume and Epsom and Alum salts. This battery type can
provide over 1mA through the 10 Ω resistor for 4 days and a
quasi steady current of 0.59mAwith a lifespan of over 21 days.

Further development of cement batteries found that sealing
the electrolyte can increase the current output by 50% and
that the capacity can be successfully increased by connecting
cells in parallel [38].

5. Conclusion

This paper presented the findings from a study into the
design of cement-based battery blocks.The study investigated
the influence of water content, anode to cathode surface
area, various additives, electrode type, electrode spacing, and
the addition of carbon black. Previous work in this area
developed a layered cement-based battery which produced
small electrical outputs with a very short discharge life.
The results here present much improved battery designs
with higher electrical outputs and lifespan. In the cement
electrolyte the use of higher w/c ratios, carbon black addition
with plasticiser, Alum and Epsom salts, and silica fume all
increased the voltage, current, and lifespan. A magnesium
anode and a copper cathode proved to be the most effec-
tive electrode combination of those studied producing an
adequate cathodic protection current for 1m2 of submerged
concrete of for 4 days. Testing is ongoing to increase the
lifespan and current output through constituent design and
sealing methods. Initial tests into recharging the batteries
using photovoltaics have been promising.
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This study presents the effect of calcined hard kaolin (CHK) as replacement (15–50wt.%) to Portland cement (PC) on the strength
development of cemented paste backfill (CPB) of fine tailings containing sulphide. PC is used as binder at 20 wt.%dosage.The results
show that CPB sample containing 30wt.% CHK replacements produces the desired strength and durability (i.e., 26.1% increase in
strength over the curing period between 28 d and 360 d). CPB without CHK does not produce the desired strength and durability
(i.e., 32.8% losses in strength over the curing period between 90 d and 360 d).The quantity of expansive gypsum of CPB containing
30wt.% CHK is obviously less than that of CPB without CHK.The porosity of the fine pore for pore diameter < 0.3 𝜇m is obviously
higher in CPB containing 30wt.% CHK than in CPB without CHK, regardless of curing time. It can be concluded that CHK can
be suitably exploited for CPB of fine tailings with sulphide to improve the strength and stability in short and long terms.

1. Introduction

The tailings are usually separated to fine tailings (average
particle size less than 0.037mm) and coarse tailings by
hydrocyclones in China. The fine parts are generally stored
in a surface impoundment [1], whereas the coarse tailings
mixedwater and a hydraulic binder are transported by gravity
into underground voids [2, 3]. The lead-zinc tailings are
often rich in pyrite and contain toxic metals such as arsenic
(As), cadmium (Cd), lead (Pb), zinc (Zn), and copper (Cu).
The oxidation of pyrite in presence of water and oxygen
generates acidity and facilitates the release of toxic metals
contained in the tailings [4, 5]. The finer the granularity of
tailings is, the lower the water permeability is, the harder
the drainage consolidation is, and the easier the spill of the
storage tailings dam is [6]. The spill of the storage tailings
dam will lead to increasing the heavy metal content in the
downstream soil, acidizing the soil, reducing organic matter
content in the soil, and hardening the soil [7, 8]. In recent
years, cemented paste backfill (CPB) of potentially hazardous
mill tailings into underground and surface disposal practices
has gained importance for the environmental management

of such wastes [9, 10]. Environmental problems associated
with the storage of sulphide-rich wastes under atmospheric
conditions (i.e., the formation of acid mine waters and the
release of heavy and toxic metals with the concomitant risk
of contamination of soils and underground/drinking waters)
can be considerably reduced by the placement of such wastes
safely in underground.

CPB is essentially an engineered mixture of wet fine mill
tailings (75–85% solids by weight), a hydraulic binder (3–7%
by dry total paste weight), and mixing water. However, some
potentially long-term durability problems of CPB may be
encounteredwhenmill tailings with high sulphide (especially
pyrite) content are used. Oxidation products (i.e., acid and
sulphate) of sulphide minerals present in the tailings could
lead to chemical reactions with hydration products and
binder phases, such as calcium hydroxide (CH) and calcium
aluminate (C3A) and, concomitantly, to the formation of
expansive phases such as ettringite and gypsum [11–15].
These could then culminate in the reduced backfill strength
and potential collapse of the backfill. The incorporation
of pozzolanic wastes such as granulated blast furnace slag
(GBFS) and silica fume (SF) into the binder phase appeared
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Table 1: Chemical properties of tailings, PC, and CHK used.

Composition SiO2 Al2O3 Fe2O3 CaO MgO Pb Na2O K2O S Loss
Tailings 25.37 5.88 21.28 14.47 0.15 0.84 0.009 1.58 19.07 19.97
PC 25.26 6.38 4.05 54.67 2.68 — — 0.06 —
CHK 43.13 45.17 1.25 1.75 0.10 — — — 7.70

Table 2: Physical properties of tailings, PC, and CHK used.

Physical properties SSA 𝐺𝑠 >90 𝜇m >45 𝜇m D10 D30 D60 𝐶𝑢 𝐶𝑐 <20 𝜇m
(m2/kg) (—) (%) (%) (𝜇m) (𝜇m) (𝜇m) (—) (—) (%)

Tailings 633.8 3.0 1.07 7.28 1.50 4.55 14.68 9.8 0.94 73.67
PC 461.9 3.1 — 5.67 5.12 9.19 18.28 3.6 0.90 65.65
CHK 588.1 2.6 1.44 13.11 1.31 4.8 17.97 13.72 0.98 68.69

to mitigate the strength losses in the long term although
the initial rate of development of strength of CPB samples
tended to slow down with increasing the dosage of these
pozzolanic wastes in the binder phase [13, 14]. Therefore,
binder properties, that is, its sulphate resistance, are of practi-
cal importance for CPB of sulphide-rich tailings. Metakaolin
(MK) replacement of cement was found to be effective in
improving the resistance of concrete to sulphate attack [16].
“Lower Ca/Si ratios indicate the improvement of compressive
strength [17].” The MK used in this study shows lower Ca/Si
ratio. However, reports about the effect of calcined hard
kaolin (CHK) with metakaolin on the short- and long-term
strength and stability of CPB of fine tailings with sulphide
(mainly pyrite) (19.07wt.% S) are scare.

Given the problems mentioned above, the main objec-
tives of this study are as follows:

(1) To investigate the effect of CHK replacement to PC on
the properties of CPB mixtures.

(2) To investigate the effect of CHK replacement to PC
on unconfined compressive strength (UCS) develop-
ment of CPB.

(3) To investigate the mechanism of the short- and long-
term strength and stability of CPB of fine tailings with
sulphide.

2. Materials and Methods

2.1. Tailings and Binder. The fine tailings sample used in
this study is obtained from an underground lead-zinc mine
located in the south of China. The fine tailings are a highly
hydrous tailings slurry with 63wt.% solid concentration,
which is produced by thickening the overflow tailings with
12 wt.% solid concentration derived from the top of ver-
tical sand storehouse. Chemical compositions of the tail-
ings are showed in Table 1. Particle size analysis of the
tailings indicates that the tailings can be classified as a
fine size tailings material since 73.67wt.% of the sample
is finer than 20𝜇m in size (Table 2). The tailings sample
is determined to be medium-grade sulphide (19.07wt.% S)
(Table 1). A mineralogical analysis is performed on the
tailings via X-ray diffraction (XRD). The main minerals in

the tailings are quartz, pyrite, calcium carbonate, dolomite,
and muscovite, in which pyrite is the major sulphide mineral
(Figure 1(a)).

The binder used in this study is Portland cement (PC).
The PC consisted of silicate cement that satisfied the Chinese
standards for “Universal Portland Cement” (GB 175-2007).
The chemical compositions and physical properties of the PC
are shown in Tables 1 and 2. The main materials in the PC
are cement clinker (i.e., tricalcium silicate, dicalcium silicate,
tricalcium aluminate, and tetracalcium aluminoferrite) and
gypsum (Figure 1(b)).

2.2. Admixtures. One type of calcined hard kaolin (CHK) is
used as mineral admixture in this study. Pozzolanic activity
index can be reflected by the absorption ability of calcium
hydroxide.TheCHK used in this study is commercially avail-
able and with the absorption ability of 1050mg Ca(OH)2/g
CHK. The CHK is obtained by calcining coal-measure hard
kaolinite and grinding. China is rich in coal hard kaolinite
reserves, which belong to sedimentary kaolinite and occur in
the coal seam roof and floor and mezzanine. The chemical
and physical properties of the CHK are shown in Tables 1 and
2. The main crystal minerals in the CHK are kaolinite and
quartz, while the amorphous form mineral (i.e., metakaolin,
MK) in the CHK is also obvious (Figure 1(c)).

2.3. Mixing Water. Tap water is used in this study. The effect
of the sulphate ions in tap water can be neglected.

2.4. Slump and Wet Density Tests. The workability of CPB
mixtures ismeasured by the slump of CPBmixtures.The high
slump and low bleeding rate value of CPB mixtures indicate
that the CPBmixture has good workability.The bleeding rate
value of all CPB mixtures in this study is all ≤2wt.%.

The slumps of the samples are tested according to the
Chinese standard (GB/T 50080-2002). The desired slump
value in this study is 180mm.

2.5. Preparation andTesting of CPB Samples. TheUCS criteria
to be achieved in this study are to produce the desired 28-day
strength of≥2.0MPa and themaintenance of the stability (i.e.,
≥2.0MPa UCS at curing 360 d) according to requirement of
mining technology.
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Figure 1: XRD profiles of tailings (a), PC (b), and CHK (c).

Table 3: Mix proportions and partial properties of CPB mixture.

Number

Mix proportions Partial properties of CPB mixture
Tailings
slurry(1)

/g

water
/g

PC
/g

CHK
/g

RL(2)
/%

Solids
content
/wt.%

Water to
cement
ratio/%

Wet density
/(kg/m3)

Slump
/mm

1 1000 92.5 157.5 0 0 63 58.7 1785 185
2 1000 92.5 133.9 23.6 15 63 69.1 1785 180
3 1000 92.5 110.25 47.25 30 63 83.9 1795 180
4 1000 92.5 78.75 78.75 50 63 78.8 1815 175
(1)Tailings slurry has 63wt.% solid concentration; (2)RL is CHK replacement to PC. Binder (including PC and CHK) dosage is kept constant at 20wt.% of total
solids.

Binder (including PC and CHK) dosage in this study is
kept constant at 20wt.% of total solids.The required amounts
(see Table 3) of CPB ingredients (tailings slurry, PC, CHK,
and mix water) are thoroughly mixed in a double spiral
mortar mixer for about 5min to ensure paste homogeneity.
Immediately after mixing, samples are poured into 70.7mm
× 70.7mm × 70.7mm iron molds. Excess water (i.e., drain
away water) in the samples could separate out from the

seam between the broadsides and the baseboard of the iron
molds. Then, the open-top samples are placed in a humidity
chamber set at 20 ± 1∘C and 90% RH for curing. In total,
84 samples were made and cured for 7, 28, 56, 90, 150, 210,
270, and 360 days. Then the CPB samples are tested for
unconfined compressive strength (UCS) according to the
Chinese standard (JGJ/T 70-2009), in which the loading rate
is 0.25∼1.5 KN/s. Prior to a UCS test, the sizes of a sample are
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rectified to get valid press surfaces. UCS tests are performed
using a computer-controlled mechanical press, which had a
load capacity of 100KN.

2.6. XRD andMIP Studies. After compression testing, repre-
sentative samples are taken from locations as far as possible
from the shear plane to avoid stress concentration effects.
The representative samples are treated with acetone and then
dried in an ovenmaintained at 60∘C to halt further hydration
prior to X-ray diffraction (XRD) and mercury intrusion
porosimeter (MIP) studies.

The XRD analysis is performed using a D/max-2500PC
X-ray diffractometer from Japan with a copper target with a
2𝜃 range of 4∘–60∘ and a scanning speed of 2∘/min to examine
the mineralogical compositions of CPB samples after the
curing process.

TheMIP used in this study is an AutoPore IV 9500 V1.05.
Applying pressures ranged from 0 to 414MPa (60,000 psi),
allowing throat pore diameter measurements down to
0.003 𝜇m. MIP is analyzed according to the ISO 15901-1:
2005 standard. In this study, mercury surface tension 𝜎 and
mercury contact angle 𝜃 are taken as 485 dynes/cmand 130∘C,
respectively.

3. Results and Discussion

3.1. Effect of CHK on the Workability of CPB Mixtures. The
influence of CHK replacement level to PC on the workability
of CPB mixtures is illustrated in Table 3. Table 3 shows that
the slump of CPB mixture tends to decrease with increasing
CHK replacement level to PC at the same solids content.
However, the wet density of CPB mixture tends to increase
with increasing CHK replacement level to PC at the same
solids content. Fineness and surface characteristic of CHK
can be main influence factors.

3.2. Effect of CHK on the Strength Development of CPB
Mixtures. The effect of CHK replacement level to PC on the
strength development of CPB samples over a curing period
of 360 days is illustrated in Figure 2. Mix proportions and
partial properties of CPB mixtures in Figure 2 are shown in
Table 3.

Figure 2 shows that the UCS of the control sample (i.e.,
no CHK in binder) and the samples of 15 wt.% CHK and
50wt.% CHK in binder tend to increase over a curing period
of 90 d, 28 d, and 28 d, respectively; thereafter, the UCSs tend
to decrease. The control sample has 32.8% losses in strength
over the curing period between 90 days and 360 days. The
samples of 15 wt.% CHK and 50wt.% CHK in binder have
38.6% and 57.2% losses in strength over the curing period
between 28 days and 360 days, respectively. The 28 d UCS
of CPB sample containing 30wt.% CHK in binder achieves
the desired 28-day strength of ≥2.0MPa. In addition, the
CPB samples containing 30wt.%CHK in binder are observed
to develop consistently over a curing period of 360 days
and have 26.1% increase in strength over the curing period
between 28 days and 360 days. These findings suggest that
20wt.% binder in total solids and 30wt.% CHK in binder are
extremely effective for increasing the strength and stability
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Figure 2: The influence of CHK replacement level on the strength
development of CPB samples.

in short and long terms of CPB of fine tailings with sulphide
(19.07wt.% S).

When the fine tailings with pyrite (FeS2) mix with binder
and water, a series of complex chemical reactions happen.
First of all, the hydration reaction between PC and water
produces hydrated calcium silicate gel (C–S–H), portlandite
(Ca(OH)2), and so forth. Secondly, the sulphide phases such
as pyrite present in CPB could undergo oxidation under
the curing conditions in the presence of air and moisture.
The oxidation of pyrite yields acid and sulphate (1). The
former can attack and destruct C–S–H bonds while the
latter can react with portlandite (Ca(OH)2) and tricalcium
aluminate (C3A) to form secondary gypsum (2) and ettringite
(3) with these leading to the expansion and development
of microcracks in cured CPB. The formation of secondary
gypsum and ettringite with expansive properties was claimed
to be responsible for the reduction of strength of CPB samples
after 56 and 90 days. However, the formation of secondary
ettringite is not observed byXRDanalyses in theCPB samples
in this study (see Figures 3(a) and 3(b)).

4FeS2 + 15O2 + 8H2O → 2Fe2O3 + 8SO4
2− + 16H+ (1)

Ca (OH)2 + SO4
2− + 2H2O →

CaSO4 ⋅ 2H2O + 2OH
−

(2)

3CaO ⋅ Al2O3 + 3CaSO4 ⋅ 2H2O + 30H2O →

3CaO ⋅ Al2O3 ⋅ 3CaSO4 ⋅ 32H2O
(3)

Figure 3 shows that the quantity of expansive gypsum of CPB
with 100% PC (a) is obviously higher than that of CPB with
70% PC + 30% CHK (b) at 360 days. The results can be
explained by the following mechanisms. First, the replace-
ment of a portion of PCwithCHKreduces the total amount of
PC clinker in binder of CPB samples.The secondmechanism
is through the pozzolanic reaction between the MK in CHK
and calcium hydroxide released during the hydration of PC,
which consumes part of the calcium hydroxides leading to
decreasing the quantity of expansive gypsum [15].
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Figure 3: XRD profile of CPB with 100% PC (a) and 70% PC + 30% CHK (b) at 360 days.
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It is well known that pore structure can cause significant
effects on the strength of CPB. Figure 4 shows that relation-
ships between MIP total porosity and curing time of CPB
samples. For CPB samples with the same mixing proportion,
the lower theMIP total porosity, the greater theUCS. ForCPB
samples with different mixing proportion, UCS is not strictly
correlated with the MIP total porosity.

Figure 5 shows the changes in incremental pore size
distribution (PSD) curves for 28 and 360 cured CPB samples.
According to the definition of the capillary pore, pores
≥0.3 𝜇m correspond to the main interconnected capillary
porosity network. The porosity of the fine pore for pore
diameter < 0.3 𝜇m is obviously higher in CPB sample with
CHK than in CPB without CHK, regardless of curing time.
The reason of gaining the result is that the formation of
secondary hydrated calcium silicate gel (C–S–H) by the
pozzolanic reaction is effective in filling and segmenting
large capillary pores into small, discontinuous capillary pores
through pore size refinement, which increases the UCS of

CPB samples. An additional potential reason of more finer
pores in CHK is the filler effect role of the admixture.

Figure 6 shows visual appearance of CPB samples. In
visual appearance of CPB samples, the surface cracks of CPB
sample with 100% PC at 360 days can be clearly identified
while no surface cracks can be detected in CPB sample with
70% PC + 30% CHK at 360 days.

Figure 7 shows schematic diagram of bonding strength
and expansion stress development in CPB samples. The
bonding strength of CPB sample increases with increasing
curing times due to the increase of hydration products and
the porosity of the fine pore for pore diameter < 0.3 𝜇m.
The expansion stress of CPB sample increases with increasing
the quantity of secondary gypsum and ettringite within
CPB sample. When the expansion stress (ES1 in Figure 7)
produced by forming secondary gypsum and ettringite in
CPB sample exceeds the bonding strength (BS in Figure 7)
of CPB sample, the sample cracks and MIP total porosity
increase, which lead to the decrease of theUCS of the samples
such as number 1, number 2, and number 4 in Table 3.
However, the secondary gypsum in certain quantity could
also fill the voids within CPB. The expansion stress (ES2
in Figure 7) is always less than the bonding strength (BS
in Figure 7) within CPB. This in turn leads to a decreased
porosity and higher short- and long-term strength of CPB
sample such as number 3 in Table 3. This is a conclusion in
this study that CPB sample containing 30%CHKreplacement
level to PC shows excellent short- and long-term mechanical
performances.

4. Conclusions

This study presents the results for effect of calcined hard
kaolin with metakaolin on the short- and long-term strength
and stability of CPB of fine tailings with sulphide. Based on
the results obtained from this study, the following conclusions
may be warranted:
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Figure 6: Visual appearance of CPB with 100% PC (a) and 70% PC + 30% CHK (b) at 360 days.
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(1) CPB containing 30wt.% CHK replacement to PC
achieves the desired strength value (i.e., ≥2.0MPa
UCS at curing 360 d).

(2) CPB without CHK has 32.8% losses in strength over
the curing period between 90 days and 360 days. CPB
containing 30wt.% CHK replacement level to PC has
26.1% increase in strength over the curing period
between 28 days and 360 days.

(3) The quantity of expansive gypsum of CPB containing
30wt.%CHKreplacement to PC is obviously less than
that of CPB without CHK. The porosity of the fine
pore for pore diameter < 0.3 𝜇m is obviously higher
in CPB containing 30wt.% CHK replacement to PC
than in CPB without CHK, regardless of curing time.

(4) When the expansion stress produced by forming
secondary gypsum and ettringite in CPB samples
exceeds the bonding strength of CPB samples, the
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sample cracks andMIP total porosity increase, which
lead to the decrease of theUCS of the sample, and vice
versa.
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The effects of different proportions of green-colored waste glass (WG) cullet on the mechanical and fracture properties of self-
compacting concrete (SCC) were experimentally investigated. Waste bottles were collected, washed, crushed, and sieved to prepare
the cullet used in this study. Cullet was incorporated at different percentages (0%, 20%, 40%, 60%, 80%, and 100% by weight)
instead of natural fine aggregate (NFA) and/or natural coarse aggregate (NCA). Three SCC series were designed with a constant
slump flow of 700±30mm, total binder content of 570 kg/m3 and at water-to-binder (w/b) ratio of 0.35. Moreover, fly ash (FA) was
used in concrete mixtures at 20% of total binder content. Mechanical aspects such as compressive, splitting tensile, and net flexural
strengths and modulus of elasticity of SCC were investigated and experimentally computed at 28 days of age. Moreover, failure
characteristics of the concretes were also monitored via three-point bending test on the notched beams. The findings revealed that
themechanical properties as well as fracture parameters were adversely influenced by incorporating ofWG cullet. However, highest
reduction of compressive strength did not exceed 43% recorded at 100%WG replacement level. Concretes containing WG showed
less brittle behavior than reference concrete at any content.

1. Introduction

Turkey as one of the economically promising and developing
countries has well operated waste management applications
with over 2,000 scattered open dump areas. At the end of
2014, the manufacturers were responsible for collecting and
recycling at least 60% of solid waste [1]. However, every year
the amount of waste and its consequent disposal problems
increased due to the increase in the standards of living,
industrialization, and thus population. Moreover, among
25 million tonnes, about 17.5 million tonnes was disposed
without any control [2]. Hence, waste recycling is deemed as
the most suitable solution because it decreases the pollution
of the nature and also helps to reuse energy production proce-
dure. Glass waste is undesirable to disposal because it is non-
biodegradable which makes it environmentally less friendly;
besides that the landfill capacity is being exhausted [3].

Thus, discarded waste glass (WG) has become a substantial
burden on the landfills throughout the world. The challenge
of disposal of waste glass continues to increase whenever the
amount of waste glass increases and decreasing the capacity
of landfill space [4]. In general, not all the waste glasses
are suitable to be remelted and used to make new products
because of the colormixed glass and contamination by papers
and other substances [5].Therefore, it is essential to find a sus-
tainable alternative to reuse and recycle this material. Glass
is a unique inert and ideal material which could be reused
toomany times without any change in its chemical properties
[6]. Concrete construction provides a significant market
potential for waste glass recycling via decreasing the cost
of concrete [3]. In the past decade, the increase of disposal
costs and legislating environmental regulations encouraged
several researchers to investigate again the use of glass as
concrete aggregates. Hence, Kou and Poon [5] prepared SCC
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with recycled glass aggregate. The authors investigated the
fresh andmechanical properties and found that it was feasible
to produce SCC with WG cullet until 30% replacement
level. Afshoon and Sharifi [7] also concluded that WG cullet
could be successfully used for producing SCC. In similar
way, Sharifi et al., 2013 [8], claimed that WG cullet as fine
aggregate can be used to produce SCC in a standard manner.
The author’s results showed that there was no remarkable
reduction in the strengths at 30% replacement ratios of WG
and less. Likewise, Meyer et al. [9] emphasized that it was
practically feasible to produce SCC by using full replacement
level ofWGcullet as aggregates beside a suitable amount of fly
ash (FA) and superplasticizer (SP). Asokan et al. [10] added
5–50% glass fiber reinforced plastic waste to concrete and
tested the compressive strength.The results indicated that the
compressive strength varied from 19 to 37MPa for concrete
containing 50 to 5%, respectively. Furthermore, Özkan and
Yüksel [11] utilized different percentages ofWG to investigate
the mechanical and durability properties of cement-based
mortars. The results revealed that the decrease in strength
at 30% replacement level was tolerable and the durability
properties were also valid.

As for mechanical and strength aspects, WG cullet con-
crete was expected to be inferior to conventional concrete.
Indeed, these parameters were essentially controlled by the
interlocking bond between cement and aggregate as well
as the strength of interfacial transition zone (ITZ). Hence,
replacing the rough surface of NA by a smooth one for
crushed glass particles necessarily led to drop in strength;
also, further reduction of an already low ductility is expected
for this concrete [9]. In this regard, several previous litera-
tures [3, 5, 7, 12] emphasized that the compressive strength as
well as other mechanical properties were adversely effected
by the addition of WG cullet. Conversely, Sangha et al.
[13] reported that WG concrete showed higher compres-
sive strength value as compared with conventional concrete.
The authors noticed an increase in the value of compressive
strength at 10%, 40%, and 60% of green glass replacement
levels.

The main problem in glass concrete is related to alkali-
silica reaction (ASR), which was the major concern that
thwarted the use of WG cullet in construction sectors [4, 14–
16].The chemical reaction occurring between abundant silica
in glass particles and the alkali in pore solution of concrete
was not well understood decades ago [9]. Although it is
believed that ASR process causes volume expansion which
leads to cracks, however, this reaction is not restricted for
glass aggregates only. Indeed, natural aggregate (NA) such as
strained quartz and opaline chert contains certain amount
of silica which can cause the same problem. Furthermore,
reliable test methods are needed to predict the potential reac-
tivity ofNAbecause this reaction takes years tomanifest itself.
Hence, glass is deemed as an ideal aggregate to investigate
ASR phenomenon in order to mitigate its detrimental results
[17]. In this regard, studies are carried out to suppress theASR
expansion in concrete and to find methods for minimizing
its effects. Lam et al. [18] and others [3, 6, 14] reported
that the incorporating of suitable pozzolanic materials such
as FA, ground blast furnace slag (GBFS), or metakaolin

(MK) in concrete mixtures can prevent and suppress this
chemical action. Furthermore, Shi, 2009 [16] indicated that
the expansion of concrete caused by traditional alkali-silica
reaction was different from that of concrete containing
glass aggregates. The author emphasized that WG concrete
expanded when the moisture was present and when pH of
the pore solution was greater than 12.

In spite the fact that several previous literatures investi-
gated the effect of WG cullet (as fine and/or coarse grade)
on the properties of concrete, but the fracture parameters of
WG concrete have not been examined yet. Moreover, most of
conducted studies not only avoid using extreme replacement
levels of WG cullet but also tested only one grade of WG
aggregate (fine or coarse) [5, 7, 8, 19]. In the present study,
fracture properties of SCC as well as strength properties were
inquired for multiple replacement levels of WG aggregate (as
fine and/or coarse grade). Aside from control mix (CTR),
three SCC series were designed with WG replacement levels
of 0%, 20%, 40%, 60%, 80%, and 100% by weight of NA. Con-
stant w/b ratio of 0.35 and total binder content of 570 kg/m3
were applied to produce 16 SCC mixtures. Moreover, FA was
utilized in these concretes at 20% of total binder content
to suppress the ASR reaction. In this study, the strength
characteristics of concrete were conducted in the term of
compressive, splitting tensile, net flexural strengths, and static
modulus of elasticity. Moreover, fracture parameters tested in
this study were fracture energy (𝐺

𝐹
) and characteristic length

(𝑙ch). All aforementioned tests had been performed at 28 days
and the results were evaluated and compared statistically.

2. Experimental Program

2.1. Materials. In this study, Portland cement used in all
SCC mixtures was ordinary cement named CEM I 42.5 R
and identical to the Turkish specifications TS EN 197 [20]
which are fundamentally derived from the European EN
197-1. Moreover, FA was utilized in concrete as replacement
material by weight of cement at 20% level. The chemical and
physical characteristics of cement, FA, and glass are listed in
Table 1. The physical properties of WG cullet and NA were
determined according toASTMC127 [21]. In this regard, with
specific gravity of 1.07, SP was employed to obtain the desired
workability.

WG cullet was used at different replacement levels by
weight of NA. In this regard, fine grade waste glass aggregate
(WGFA) had a particle size of 0–4mm and specific gravity
of 2.53, while coarse waste glass aggregate (WGCA) was
utilized with a particle size of 4–11.2mm and specific gravity
of 2.55 (Figure 1). In effect, 24-hour absorption capacity of
WG was too little and it could be neglected. Moreover, river
sand type natural coarse aggregate (NCA) and natural fine
aggregate (NFA) conforming to the TS 706 EN 12620-A1 [22]
were used. The maximum sizes of NCA and NFA were 16
and 4mm while 24-hour absorption capacities were 0.77%
and 1.09% respectively. Moreover, the physical observation of
WG had exhibited smooth surfaces, angular shape, and sharp
edge. The physical characteristics and sieve analysis of the
aggregates used in this study are demonstrated in Table 2.
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Figure 1: Fine and coarse grade of WG cullet.

Table 1: Properties of cement and fly ash.

Chemical analysis (%) Cement Fly ash Green glass
CaO+ MgO 67.06 4.64 15.60
SiO
2

19.79 57.2 71.91
Al
2
O
3

3.85 24.4 —
Fe
2
O
3

4.15 7.1 0.01
Cr
2
O
3

— — 0.30
SO
3

2.75 0.29 0.22
K
2
O — 3.37 0.53

Na
2
O — 0.38 9.58

TiO
2

— — 0.06
SrO — — 0.01
P
2
O
5

— — 0.06
Other oxides 2.40 2.62 1.72
Loss on ignition 0.87 1.52 —
Specific gravity 3.15 2.04 2.55
Specific surface area (m2/kg) 326 379 —

Table 2: Physical properties of natural and glass aggregates.

Sieve size (mm) Natural aggregate Glass aggregate
NFA NCA WGFA WGCA

16 100 100 100 100
8 100 30.40 100 24.10
4 100 0 100 0
2 58.13 0 51.57 0
1 37.20 0 30.89 0
0.5 24.24 0 10.63 0
0.25 8.70 0 3.43 0
0.125 0 0 0 0
Fineness modulus 3.72 6.70 4.03 6.76
Specific gravity 2.39 2.69 2.53 2.55

2.2. Mixture Proportioning and Sample Preparation. In addi-
tion to control mix (CTR) where NA were used as fine and

coarse grade; 16 other concrete mixtures were designed and
produced in a pan-type mixer with a 30 L capacity according
to ASTMC192 [23]. SCCmixtures were subdivided into three
series. In these mixtures, NAwere replaced withWG cullet at
replacement levels of 0%, 20%, 40%, 60, 80, and 100% by total
volume of aggregate. In series I, NFA were replaced by fine
gradeWG cullet, while themixtures in series II weremade by
replacing NCA withWGCA. Similarly in series III, concretes
were incorporated with WG cullet for both coarse and fine
grade. Thus, each series consisted of 5 mixtures according
to replacement levels mentioned above. All concretes were
prepared with a 570 kg/m3 binder content and w/b ratio of
0.35. In this regard and to suppress the potential alkali-silica
reaction, FA was used in these concretes at 20% of total
binder content. Moreover, to achieve the desired workability,
different percentage of SP was utilized. As shown in Table 3,
the concrete mixture codes were named basing on the
mixture composition. For example, FWG0CWG0 indicated
that SCC contained 0%WGFA and 0%WGCA.

Concrete casting sequence started with mixing aggregate
and/or WG cullet with the binder for one minute until it
homogenized. Then, water containing SP was added in two
parts to avoid segregation and the concretes were mixed for
3 minutes. Later, concrete was left for 2 minutes to rest and
it was mixed again for an additional 2 minutes to complete
themixing sequence. For all concretes produced in this study,
slump flow with diameter of 700 ± 30mm was assigned to
meet the limitation of EFNARC [24]. For this, trial batches
were conducted for each mixture until the target slump flow
diameter was obtained.

2.3. Test Procedure

2.3.1. Strength andModulus of Elasticity. In the current study,
the compressive strength test was conducted according to the
limitation of BS 1881-116 [25]. The results were computed by
average of three cube specimens (150 × 150 × 150mm) for
each mix at 28 days. Similar to compressive test, splitting
tensile strength also considered the average of three cylinder
specimens (100 × 200) according to ASTM C496 [26], while
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Figure 2: (a) Geometry of the three-point bending specimens used, (b) three-point testing schematic for flexural strength and fracture tests,
and (c) test setup and specimen.

staticmodulus of elasticity was carried out with respect to BSI
1881-121 [27]. In this test, (150×150×150mm) cube specimens
were employed to evaluate the elasticity of concrete. The
specimen was subjected three times to 40% of maximum
load, which was already specified through the results of
compressive strength test. The values of modulus were mea-
sured by the average of the second two sets of readings
whereas the first set was ignored for each cube. However, the
average of at least three specimens was considered for each of
abovementioned tests.

2.3.2. Fracture Parameters. According to RILEM 50-FMC
[28], the work required to create one unit area of a crack
is expressed as the fracture energy of materials. In cemen-
titious materials, the fracture energy represents the indirect
surface energy and it terms to the work of fracture [29].
Linear variable displacement transducer (LVDT) at mid-
span of samples was employed to measure the displacement
simultaneously. As shown in Figure 2(a), a 500mm in length
with a cross section of (100 × 100) prism was employed
to evaluate the fracture parameters. For this, closed-loop
testing machine, Instron 5500R, was used to apply load with
a maximum capacity of 250 kN (Figure 2(b)). In the same
regard, the overview of testing machine was depicted in
Figure 2(c). In effect, 40mm high notch was done via sawing
the samples before testing. Thus, the ratio of notch to depth
(𝑎/𝑊) was considered at 0.4. The fracture energy, in a single

edge notched beams, was calculated via measuring the initial
ligament area as well as the total dissipated energy. According
to work of fracture (WFM) or Hillerborg’s method, fracture
energy, 𝐺

𝐹
, can be expressed as [30]

𝐺
𝐹
=
𝑊
𝐹

𝐵 (𝑊 − 𝑎)
, (1)

where 𝑊
𝐹
represents the total amount of WFM in the test,

while the width and the initial notch depth of the beam are
represented by 𝑊 and 𝑎, respectively. In the same regard,
RILEM [28] proposed a similar relationship to describe
the fracture energy of three-point bending test taking into
consideration the effect of single edge notched beam. The
equation can be written as

𝐺
𝐹
=
𝑊
𝐹
+ 𝑚𝑔𝛿

𝑠 (𝑆/𝑈)

𝐵 (𝑊 − 𝑎)
, (2)

where the terms 𝑚, 𝑔, 𝛿
𝑠
, 𝑆, and 𝑈 denote mass, the

acceleration due to gravity, the specified deflection, span, and
length of the beam, respectively. Moreover, the net flexural
strength, 𝑓flex, can be theoretically calculated as follows using
(500 × 100 × 100mm) prism specimens used in fracture test:

𝑓flex =
3𝑃max𝑆

2𝐵 (𝑊 − 𝑎)2
, (3)

in which 𝑃max is the ultimate load.
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Figure 3: Compressive strength of SCC mixtures at 28 days with
respect to WG cullet content.

In this regard, Hillerborg [29] described the brittleness of
a material in WFM method through employing the fracture
process zone length, which is related to the characteristic
length parameter, as

𝑙ch =
𝐸𝐺
𝐹

𝑓2st
, (4)

where 𝐸, 𝐺
𝐹
, and 𝑓st are the static modulus of elasticity, the

fracture energy, and splitting tensile strength of the beam,
respectively.

3. Results and Discussion

3.1. Strength Properties. The 28-day compressive test results
of concretes are demonstrated in Figure 3 in accordance with
the replacement levels of WG cullet. It could be argued
that the presence of WG as a full or partial replacement
for NA inversely affected on the values of compressive
strength. As shown in Figure 4, the concretes with 100%WG
replacement level revealed the highest reduction in strength.
The corresponding reduction in the strength was in the range
of 26%, 29%, and 43% for series I, II, and III, respectively, as
compared with CTR mixture; also, the values of compressive
strength were in the range of 53.0–65.2, 51.7–63.1, and
46.6–62.0MPa, respectively. In series III, where mixtures
were made of WGFA and WGCA, the lowest values of com-
pressive strength were observed. However, the reduction in
compressive strength was deemed as consistent with previous
literatures [3, 5, 8, 9, 12, 14], except at high replacement level
of series III where the reduction trend wasmore pronounced.
Hence, the range of compressive strength was acceptable
for various uses of structural concrete (between 46.6 and
65.2MPa).

In effect, the declining crushing strength of WG cullet
is the main factor affecting on the strength of the produced
SCC.This behavior attributes to the properties of glass which
make it fragile when it is subjected to stress. Likewise, the
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Figure 4: The reduction in compressive strength according to the
content of WG cullet content.

high brittleness and poor geometry of glass aggregates lead to
cracks which affect the adhesion between the glass particles
and the cement paste. Indeed, the smooth surfaces and
irregular particles shape weaken the mechanical interlocking
[17]. Thus, WG cullet creates weak areas inside concrete
matrix as well as weak ITZ strength leading to lower concrete
strengths. Moreover, the microstructure of glass concrete
contains more voids than conventional concrete due to the
insufficient cement paste available inside the matrix which
in turn adversely affects the bonding between concrete
components [31].

Beside the smooth surface of the WG particles, the free
water which is not absorbed by glass particles could accu-
mulate at the surface of glass granules; leading to decrease
in the strength of ITZ due to forming weak bond between
them and cement paste. In the study of Tan and Du [30], it
was emphasized that the weak bond strength between glass
particles and cement paste dominated the strength of ITZ.
According to author’s point of view, sharp edges and smooth
surface of WG particles were responsible for the weakness
of ITZ strength. In this regard, Lam [32] believed that the
reduction in the compressive strength of the WG cullet
masonry was related to the fineness modulus of aggregates
where the most suitable particle size ranged from 3.5 to 4.5.

The results of 28-day splitting tensile and net flexural
strengths of SCC are depicted in Figures 5 and 6, respectively.
The WG concretes manifested splitting tensile strengths
ranging between 3.33 and 4.59, 2.78 and 4.41, and 2.23 and
4.07MPa for the first, second, and third series, respectively,
as compared with 5.03MPa recorded for CTR mixture.
Obviously, the utilizing of WG cullet led to a decrease in
tensile strength values depending on the level of replacement.
Indeed, the reduction trend was more pronounced at high
levels of glass replacement and in series III where glass was
used as fine and coarse grade. For instant, the reduction in
tensile strength was 33.8, 44.7, and 55.6% for series I, II, and
III, respectively, compared with CTR mix. Similarly, flexural
strength value followed the same decreasing trend observed
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Figure 5: Splitting tensile strength of SCC mixtures at 28 days with
respect to WG cullet content.
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Figure 6: Net Flexural strength of SCC mixtures at 28 days with
respect to WG cullet content.

for tensile strength. Indeed, as the WG cullet replacement
level increased, the flexural as well as tensile strength of
concretes decreased, compatiblewith previous authors results
[3, 5, 8]. However, Sharifi et al., 2013 [8], reported that, at low
replacement levels, fine grade of NA andWG cullet results in
more adhesion between the glass particles and cement paste,
producing more flexural and tensile strength values. In this
study, flexural strength of SCC was in the range of 2.88–4.97,
2.61–4.77, and 2.74–4.78MPa for the first, second, and third
series, respectively, compared with 5.41MPa recorded for
CTR mixture. In other words, full replacement level of WG
resulted in a decrease in strength by 46.7%, 51.7%, and 49.3%
for series I, II, and III, respectively.

In effect, the low tensile strength of WG concrete induces
rapid spread of microcracks under the applied load; then the
concrete fails under lower load than conventional. Moreover,
the factors and reasons responsible for decreasing the value
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Figure 7: Modulus of elasticity of SCC mixtures at 28 days with
respect to WG cullet content.

of compressive strength are the same in tensile and flexural
strength. The fragile, smooth surface, sharp edges, and other
physical properties again reduce the adhesion between the
concrete components and thus negatively affect the strength
of WG concretes. Moreover, the decrease in strengths might
be due to the increase of porosity resulted by utilizing WG
cullet as well as abundant mixing water. The tiny absorption
capacity increases the availability of such water inside the
concrete matrix contributing to the increase of porosity after
it evaporates. Kou et al. [33] mentioned that free water would
accumulate at the surface of particles due to smooth surface
and insufficient water absorption of glass. Roberts [34] and
others [3, 5, 12, 17, 30, 31] agreed with abovementioned point
of view and reported similar trends.

The 28-day static modulus of elasticity for WG concretes
is shown in Figure 7. The static moduli of SCC varied from
23.37 to 18.88, 23.14 to 18.4, and 22.58 to 13.22GPa for series
I, II, and III, respectively. These values could be compared
with the corresponding value of 24.77GPa for CTR mix.
The type of aggregate significantly affected on the elasticity
of concrete via the elastic deformation of such aggregate
which partially impacted the deformation of concrete. Hence,
replacing NA by WG cullet decreased the modulus results
particularly at high levels. For example, using 100%WGcullet
caused a drop in the value of modulus by 23.7%, 25.7%,
and 46.6% for the first, second, and third series of SCC.
Although the elastic modulus of WG cullet is higher than
NA, the cellular microstructure at ITZ region and the weak
interlocking in WG concrete cause microcracking inside the
concrete structure, leading to lower modulus value than
equivalent reference concrete. However, the effect of glass
on modulus property of concrete is deemed as the least
affected attribute compared with other mechanical aspects
[30]. Consistent with the previously reported, the generation
of higher porosity due to availability of mixing water might
also contribute to the lower elastic behavior.

In the current study, the variation of splitting tensile
strength and modulus of elasticity with compressive strength
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Table 4: Fracture properties of PW concrete at 28 days.

Mix series Mix code 𝑃max (N) Final disp. at mid-span (𝛿
𝑠
) (mm) Fracture energy (N/m) Characteristic length (mm)

CTR FWG0CWG0 3244 1.43 160.18 156.82

Series I

FWG20CWG0 2985 1.50 155.67 172.68
FWG40CWG0 2836 1.50 142.85 181.91
FWG60CWG0 2591 1.50 135.12 186.72
FWG80CWG0 2256 1.50 129.82 188.46
FWG100CWG0 1729 1.11 116.06 197.6

Series II

FWG0RCG20 2863 1.50 145.69 173.35
FWG0CWG40 2780 1.50 133.68 178.69
FWG0CWG60 2473 1.50 128.9 186.01
FWG0CWG80 1945 1.21 100.52 193.09
FWG0CWG100 1563 1.14 85.12 202.66

Series III

FWG20CWG20 2871 1.39 132.27 180.3
FWG40CWG40 2563 1.50 128.37 187.4
FWG60CWG60 2540 1.11 117.55 199.17
FWG80CWG80 1862 1.15 95.84 203.53
FWG100CWG100 1646 0.77 79.26 210.71
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Figure 8: Splitting tensile strength andmodulus of elasticity of SCC
versus compressive strength.

are depicted in Figure 8. In this figure, an excellent correlation
could be drawn between these parameters particularly with
compressive strength of WG concretes. In this regard, Kou
et al. [33] also found similar linear relationship for these
parameters with the compressive strength, while Choi et
al. [35] preferred to express this relationship via power
equation with (1/3) exponent coefficient. Kou and Poon [5]
observed good correlation between these parameters and
drew a power relationship between compressive strength
and modulus of elasticity for SCC mixtures. Hence, linear
relationship between tensile and compressive strength by
means of regression analysis could be employed via the

results of this study. Moreover, the linear equation below
with correlation coefficient (𝑅2) of 0.95 can describe this
relationship:

𝑓st = 0.12𝑓𝑐 − 3.58. (5)

Furthermore, the below equation expresses the relationship
between staticmodulus of elasticity and compressive strength
with 𝑅2 of 0.93:

𝐸
𝑐
= 0.5𝑓

𝑐
− 8.7, (6)

where 𝑓st, 𝐸𝑐, and 𝑓𝑐 represent tensile strength, the modulus
of elasticity, and the compressive strength of SCC, respec-
tively. Indeed, the correlation factor, 𝑅2, of equation above
revealed that compressive strength of concretes was well
correlated with the other mechanical parameters despite the
different replacement levels of WG.

3.2. Fracture Characteristics. The fracture parameter results
of glass SCC tested in this study are summarized in
Table 4 and graphically depicted in Figure 9, in which mix
FWG0CWG0 represents the control mix of the present study.
In effect, the presence of WG cullet at any percentage causes
a discrete reduction in maximum load value (𝑃max) recorded
for concretes. In the load-displacement curve, the prepeak
stiffness was considerably affected by incorporating WG in
concrete. Hence, the highest value of peak load was recorded
in CTR mixture at 3244N; then it continuously decreased
depending on the replacement levels and the grade of WG
used in the concretes. The lowest values were observed for
100% replacement level of WG cullet. They were recorded
as 1726, 1563, and 1646N, for first, second, and third series.
As shown in Figure 9, as WG cullet was incorporated in
concretes, a trend of decreasing could be noted. For instance,
in series I, the reduction in recorded 𝑃max was 8%, 12.6%,
20.1%, 30.5%, and 46.7% for 20%, 40%, 60%, 80%, and
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Figure 9: Load versus displacement curve of (a) WGFAs (series I), (b) WGCAs (series II), and (c) WGFAs +WGCAs (series III).

100% replacement levels, respectively. Hence, it could be
estimated that the peak load noticeably depended on the glass
content inside the mixture. However, 𝑃max values represent
the highest bearing load which the samples can carry before
the cracks appear which in turn are controlled by the strength
properties of concrete. In effect, the prepeak and max-peak
performances in load-displacement curve are affected by
the microcracks and their extension in concrete. In WG
concrete, cracks canmore easily penetrate through thematrix
than conventional concrete due to few amounts of stiffer
NA [36, 37]. The physical properties as well as inferior
strength of glass aggregate compared with NA contribute
to the decrease in peak load. In the present study, most
mixtures revealed extended final displacement even for WG
concrete. Indeed, the variation in the tail of the softening
branch referred to higher elastic behavior of concrete except
at highest levels of series II and III, in which it showed higher
brittle performance than other mixtures.

The variations of fracture energy (𝐺
𝐹
), the energy

required to create a crack, are illustrated in Figure 10 and
tabulated in Table 4.The value of fracture energy for CTRmix
recorded 160.2N/m and gradually reduced until it reached
to the range of 116.1–155.7, 85.1–145.7, and 79.3–132.3N/m
for series I, II, and III, respectively. In effect, the extreme
reduction could be observed at 100% replacement level in
each series. It recorded 27.5%, 46.8%, and 50.5% for the
first, second, and third series, respectively, compared with
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Figure 10: Fracture energy of SCC mixtures at 28 days with respect
to WG cullet content.

CTR mixture. Previous publications emphasized that 𝐺
𝐹
of

concrete was related to the cement paste-aggregate interfacial
bond and the microstructural heterogeneity in the concrete
[37, 38]. The utilization of WG in concrete resulted in high
porosity, easy crack penetration, and weaker ITZ region
than reference concrete. These factors adversely affected and
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Figure 11: Fracture energy and characteristic length of SCCs versus
compressive strength.

decreased the value of 𝐺
𝐹
and hence denoted less brittle

behavior.
Fracture parameters such as 𝐺

𝐹
can be expressed as a

function of compressive strength. According to CEB-FIB
[39], fracture energy can be relatedwith compressive strength
in the form of power function. Moreover, various investi-
gators have suggested a direct relationship between these
parameters [40, 41]. As shown in Figure 11, fracture energy
was directly proportional with compressive strength and the
relationship could be expressed via the power equation below,
with correlation coefficient (𝑅2) of 0.87:

𝐺
𝐹
= 0.055𝑓

𝑐

1.9 (7)

in which 𝐺
𝐹
is the total fracture energy (N/m) and 𝑓

𝑐
is the

mean cube compressive strength at 28 days (MPa).
The brittleness of SCC can be measured via employing

(4) proposed by Hillerborg [29]. In the present study, the
results revealed that characteristic length (𝑙ch) computed from
equation above gradually increased whenever WG replacing
level increased. As depicted in Figure 12, the highest value of
𝑙ch was recorded for 100% replacement level mixtures regard-
less of WG cullet grade. Indeed, the value of 𝑙ch increased
by 20.6%, 22.6%, and 25.5% for mixtures FWG100CWG0,
FWG0CWG100, and FWG100CWG100, respectively, which
represented the highest value for each series (Table 4). These
findings emphasized that WG cullet concrete was less brittle
than reference mixture due to the fact that the glass had an
adverse effect on the strength of concrete. The inferior bond
strength between glass particles and cement paste, which
degrades the ITZ of such concrete, produces an increase
in stress concentration around aggregates. Thus, cracks may
develop through aggregates leading to contraction in fracture
process zone and the concrete could have a more ductile
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Figure 12: Characteristic length of SCC mixtures at 28 days with
respect to WG cullet content.

behavior [42]. The weak paste-aggregate interface and non-
homogeneous microstructure in WG concrete are respon-
sible for the reduction in the brittleness of such concrete.
Hence, the crack pattern is different than reference concrete.

In effect, few publications that dealt with the effect ofWG
cullet on the fracture parameters were available. Due to the
brittleness being strongly related to the strength properties
of concrete, WG cullet concretes revealed high brittle behav-
ior. Compared with reference, WG concrete had a higher
brittle behavior. This behavior attributed to the presence of
cracks in aggregate phase causing changes in concrete fractal
dimensions. Indeed, the fragile nature of WG cullet (which
made it easy to rupture under stress) also reinforced this
performance. Moreover, the lowest fractal dimension and
smoother fracture surface are observed when the failure path
passes directly through the aggregates [42, 43].

In effect, the ductility index is controlled by the inter-
locking bond between cement aggregates which is deemed as
weak in glass concrete. Hence, in this study lch revealed lower
values whenever the strength increased in agreement with
brittle behavior. Characteristic length could also be expressed
as a function of compressive strength as shown in Figure 11.
In spite of the difference in the mix proportions of concretes,
a good correlation could be written below to describe the
relationship between characteristic length and compressive
strength with 𝑅2 of 0.86:

𝑙ch = 2951𝑓𝑐
−0.68, (8)

where 𝑙ch is characteristic length (mm) and 𝑓
𝑐
is the mean

cube compressive strength at 28 days (MPa).

4. Conclusions

(i) As WG cullet was incorporated and its content in-
creased, the compressive strength values were neg-
atively affected. However, among the three series of
concretes, the reduction in strength did not exceed
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26% and 29% for the first and second series, respec-
tively, as compared to the corresponding refer-
ence mixtures. Except in series III, the decrease in
strength became more pronounced with a maximum
reduction of 43%. However, the lowest compressive
strength was 46.6MPa which was deemed acceptable
for various uses of structural concrete.

(ii) Splitting tensile strength, net flexural strength, and
modulus of elasticity findings followed the similar
trend observed in compressive strength results, while
the reduction in these parameters was more pro-
nounced at high levels of WG replacement and in
series III where the glass was used as fine and coarse
grade.

(iii) Regardless of the replacement level of WG cullet,
𝑃max, area under the load-displacement curve and
fracture energy values revealedminimal values when-
ever glass aggregate was present and its content
increased. Conversely, characteristic length recorded
higher values for WG concrete indicating less brittle
behavior than reference concrete.

(iv) An excellent correlation between splitting tensile
strength, modulus of elasticity, fracture energy, and
characteristic length could be expressed as a function
of the compressive strength. These relationships fol-
lowed linear and power equations for mechanical and
fracture parameters, respectively.

Additional Points

Highlights. Waste glass (WG) cullet was prepared through
crushing green-colored glass bottles. WG cullet was used at
different percentages. Self-compacting concretes (SCCs)were
made with and/or without WG cullet. Strength properties of
SCCs were adversely affected by the use of WG cullet. The
uses ofWGcullet resulted in lower fracture energy andhigher
values of characteristic length.
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Spontaneous combustion of residual coal in a gob due to air leakage poses a major risk to mining safety. Building an airtight
wall is an effective measure for controlling air leakage. A new type of inorganic solidified foam-filled material was developed
and its physical and chemical properties were analyzed experimentally. The compressive strength of this material increased with
the amount of sulphoaluminate cement. With an increasing water–cement ratio, the initial setting time was gradually extended
while the final setting time firstly shortened and then extended. The change in compressive strength had the opposite tendency.
Additionally, as the foam expansion ratio increased, the solidification time tended to decrease but the compressive strength
remained approximately constant. With an increase in foam production, the solidification time increased and the compressive
strength decreased exponentially. The results can be used to determine the optimal material ratios of inorganic solidified foam-
filled material for coal mines, and filling technology for an airtight wall was designed. A field application of the new material
demonstrated that it seals crossheadings tightly, leaves no fissures, suppresses air leakage to the gob, and narrows the width of the
spontaneous combustion and heat accumulation zone.

1. Introduction

As amajor source of energy, coal accounts for 76% of primary
energy consumption in China and its dominant position in
the energy structure cannot be replaced over the long term
[1, 2]. The safety of coal mines is thus of critical importance
to China’s socioeconomic development [3, 4].

In many modern coal mines in China, the mining
roadway is excavated by double tunneling with a continuous
miner, resulting in a dense distribution of crossheadings
between the two tunnels (with adjacent crossheadings being
separated by about 50 m). During mining, the crossheadings
should be sealed to reduce air leakage to the gob and further
to prevent the spontaneous combustion of coal and gas
explosions [5]. In 2012, a gas explosion accident occurred at

the Number 53 crossheading in the gob of working face 22113
in the Cuner colliery, Shenfu-Dongsheng coalfield, Shaanxi
Province, China. A detailed investigation concluded that this
accident was caused by a loose airtight wall in the crosshead-
ing. Because air entered the gob through the fissures of the
airtight wall, the residual coal oxidized spontaneously and
there was eventually a gas explosion.

In the 1990s, the United States, Germany, Australia, and
other countries with advanced coal mining techniques began
to study and apply various airtight filling materials [6–10].
In contrast, China is a late comer to research on filling and
plugging materials. Chinese workers still use materials like
wood, loess, cement grouting [11], and fly ash grouting in
coalmines. Recent years havewitnessed the development and
application of new filling materials, including gel materials,
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fly ash composite colloid [12, 13], paste backfilling [14], thick-
ened mortar [15], rigid polyurethane foam [16], Marithan,
and Igloneige [17]. However, all these filling materials have
disadvantages. Loess and cement slurry, for example, cannot
be directly connected to the roof and have relatively low
compressive strength. As a new type of excellent cooling and
inerting material, gel materials readily crack after dehydra-
tion, resulting in poor compressive strength. Organic filling
materials like Marithan are expensive and release toxic gases
at high temperatures although they are effective in stopping
leaks.

Foam has received much attention because of its low
density, low thermal conductivity, low permeability, high
expansibility, and high strength [18]. The former Soviet
Union, United States, northern European countries, and
Japan have developed foam cement and successfully applied
the cement in construction and oil development [19–22].
Kearsley and Wainwright explored the relationship between
the compressive strength and thermal conductivity of foamed
concrete and analyzed the effect of the fly ash content on
compressive strength [23–26]. Jambor and Luping probed
the effect of the pore structure on the strength of foam con-
crete [27, 28]. Nambiar and Ramamurthy [29] and Kearsley
and Wainwright[25] studied the gas pore characteristics of
foamed concrete and the effect of porosity on the strength
of foamed concrete, respectively. Although many researchers
have gone to great effort to investigate foam cement, they
have seldom researched filling materials to be used in an
underground coal mine in an effort to improve the perfor-
mance and reduce the cost of the materials. China University
of Mining and Technology (Beijing) developed a foamed
cement and used the filling to stop leaks [30, 31]. However,
the product is not suitable for extensive use because it relies
on a special type of cement, which is difficult to prepare and
costly.

The aims of the present paper are to develop a high-
quality, low-cost inorganic solidified foam-filled material
adopting rawmaterials, such as ordinary Portland cement, fly
ash, gelling agent, water, foaming agent, and water reducer,
employing a physical mixing method for foaming.

2. Experimental Materials and Methods

2.1. ExperimentalMaterials. Thefollowing sampleswere used
in experiments:

(1) Ordinary Portland cement (Yulin Shanshui Cement
Plant, Shaanxi Province, China)

(2) Sulphoaluminate cement (SC) with apparent density
of 3.21 kg/m3

(3) Fly ash (DaliutaThermal Power Plant, Shenfu-Dong-
sheng Coal Mining Area, Shaanxi Province, China)

(4) Lignosulfonatewater reducer (ShaanxiQinFenBuild-
ing Material Co., Ltd., Shaanxi Province, China).

Lauryl amidopropyl betaine (C
20
H
40
N
2
O
3
) and potas-

sium monoalkyl phosphate (C
12
H
25
OPO
3
K
2
) were used

as activators of the foaming agent and were mixed at a

ratio of 7 : 3. Triethanolamine (C
6
H
15
NO
3
) and oleic acid

(C
18
H
34
O
2
) were used as foam stabilizers and were mixed at

a ratio of 1 : 1. The foaming agent and foam stabilizers were
mixed at a ratio of 1 : 1.The foamwas prepared following steps
described in the literature [32].

2.2. Experimental Instruments. The experimental instru-
ments included a compressed-air foam generator [32], LQ-
A30001 electronic balance (Ruian Ante Weighing Equip-
ment Co., Ltd., Zhejiang Province, China), NJ-160 cement
mixer (Shangyu Zheyi Machinery Manufacturing Co., Ltd.,
Zhejiang Province, China), Vicat Apparatus (Shandong
Taoyin E-commerce Co., Ltd., Shandong Province, China),
and YA-2000 microcontrolled pressure testing machine
(Shenyang Baote Instrument Co., Ltd., Liaoning Province,
China).

2.3. Experimental Methods

2.3.1. Determination of theGel Time. Thefollowing procedure
was used in experiments.

(1) The slurry of inorganic gelled foam was poured into
a circular die (having an upper inner diameter of
65mm, lower inner diameter of 75mm, and height of
40mm), and the time was recorded.

(2) The initial setting test needle was replaced with the
final setting test needle. The test needle was released
when the material was about to enter the phase of
initial setting.

(3) The time when the test needle reached a level 4 ±
1mm above the bottom plate was recorded; this was
the initial setting time of the material.

(4) The die was turned through 180∘ and the height
of the test needle was adjusted so that the lower
surface of the needle was at the same level as the
surface of the material inside the circular die.The test
needle was released when the material was about to
enter the phase of final setting. The time when the
test needle submerged into the test piece by 0.5mm
was recorded; this was the final setting time of the
material.

2.3.2. Determination of Compressive Strength. Cubic spec-
imens of inorganic foam material having dimensions of
100mm × 100mm × 100mm were made and dried in
an oven (at 105∘C for 4 hours). A microcontrolled pres-
sure testing machine was used to apply continuous and
uniform pressure to the cubic specimens until the blocks
were damaged. The load at that moment was the maximum
failure load 𝐹. The compressive strength can be calculated as
[33]

𝑓 =
𝐹

𝐴
, (1)

where 𝑓 is the compressive strength of the test piece (MPa)
accurate to 0.01MPa, 𝐹 is the maximum failure load (N), and
𝐴 is the compression area of the test piece (mm2).
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Figure 1: Preparation of the filling material.

Table 1: Chemical composition of ordinary Portland cement (%).

CaO SiO
2

Al
2
O
3

Fe
2
O
3

SO
3

MgO TiO
2

K
2
O Na

2
O

64.28 20.47 6.57 2.79 1.17 2.31 0.91 0.84 0.66

Table 2: Physical parameters of ordinary Portland cement.

Fineness (0.08mm, residue on
square hole sieve)

Apparent density
(kg/m3)

Initial setting time
(min)

Final setting time
(min)

Compressive strength (MPa)
1 d 28 d

8% 3.06 139 375 12.8 46.7

Table 3: Chemical composition of sulphoaluminate cement (%).

CaO SiO
2

Al
2
O
3

Fe
2
O
3

SO
3

MgO TiO
2

42.44 12.46 30.58 2.54 9.52 0.64 1.82

2.3.3. Material Preparation. The test procedure was as fol-
lows.

(1) SC, ordinary Portland cement, and fly ash were
mixed in certain proportions, to produce an aggregate
system.

(2) The aggregate system andwater weremixed in certain
proportions, to produce a gel slurry.

(3) The gel slurry and foam were evenly mixed in certain
proportions, to produce a foam slurry.

(4) The foam slurry was poured into a mold, and the
solidified material was the foam filling material.

The process of preparing inorganic solidified foam filling
material is shown in Figure 1.

3. Experimental Results and Analysis

3.1.Material Analysis. Physical properties and chemical com-
positions of the ordinary Portland cement, SC, and fly ash are
listed in Tables 1–6.

3.2. Effect of SC Cement on Material Properties. To explore
how the dosage of SC cement affects the inorganic solidified
foam, experiments were designed as shown in Table 7. We
adjusted the dosage of SC cement and measured the material
gel time and compressive strength, as presented in Figure 2.

Figure 2 reveals that, as the dosage of SC cement
increased, both the initial and final setting times shortened
and the compressive strengths for different ages gradually
increased. After the dosage exceeded 30%, the solidification
time decreased at a much slower pace. The compressive
strength of the filling material was much higher on the 28th
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Table 4: Physical parameters of sulphoaluminate cement.

Apparent density (kg/m3) Initial setting time (min) Final setting time (min) Compressive strength (MPa)
1 d 28 d

3.21 10 30 37.5 51

Table 5: Chemical composition of fly ash (%).

CaO SiO
2

Al
2
O
3

Fe
2
O
3

SO
3

MgO TiO
2

K
2
O Na

2
O

12.24 49.02 22.81 6.79 1.67 2.49 0.97 2.59 1.42

Table 6: Physical parameters of fly ash.

Soundness (<1mm, this was
defined as the increased distance
after boiling by Le-Chatelier
method)

Fineness (<0.045mm,
%) Loss on ignition (%) Water content ratio (%) Water content (%)

4.5 33.4 8.3 102 0.8

Table 7: Experimental design of the sulphoaluminate cement content.

Sequence Aggregate system Water–cement
ratio (%)

Foam Gel slurry-
foam ratioCement (%) SC (%) Fly ash (%) Foaming multiple Dosage (mL)

1 100 0 0 50 10 200 1
2 95 5 0 50 10 200 1
3 90 10 0 50 10 200 1
4 85 15 0 50 10 200 1
5 80 20 0 50 10 200 1
6 75 25 0 50 10 200 1
7 70 30 0 50 10 200 1
8 65 35 0 50 10 200 1
9 60 40 0 50 10 200 1
10 55 45 0 50 10 200 1
11 50 50 0 50 10 200 1
Note. The gelling agent contained 0.1% water reducer; the water–cement ratio is the mass ratio of water to aggregate system; the gel-foam ratio is the ratio of
the volume of the gel slurry to the volume of the foam.

day than on the first day. After the dosage exceeded 40%, the
compressive strength on the 28th day slightly fell. The above
phenomena are explained as follows. In the early stage, as
the dosage increased, the solidification time shortened but
the compressive strength gradually increased because the gas
pores in the solidified foam cement were intact. After the
dosage exceeded 30%, the solidification time reduced at a
much slower place. As the dosage continued to rise, the SC
cement would encase the ordinary Portland cement, which
hindered the hydration of the ordinary Portland cement and
thereby lessened the compressive strength of the material. As
a result, the optimal dosage of SC cement was between 30%
and 40%.

3.3. Effect of Fly Ash onMaterial Properties. Previous research
has found that fly ash has little effect on the strength of a
material, except when the dosage is excessive [22, 34]. To
study how the dosage of fly ash affects the inorganic solidified
foam, an experiment was designed as shown in Table 8.

The solidification time and compressive strength of the
material at different dosages of fly ash are illustrated in
Figure 3.When the dosage of fly ash fell between 0% and 20%,
both the initial and final setting times lengthened slightly
while the compressive strengths on the 1st and 28th days
decreased slightly.When the fly ash content was between 20%
and 30%, the initial setting time increased appreciably and
the final setting time first shortened and then lengthened.
The compressive strengths on the 1st and 28th days gradually
decreased while the compressive strength on the 90th day
increased with the dosage of fly ash. The above results are
explained as follows.The glassy fly ash served as a framework
among the cement particles and increased the density of the
material. Fly ash reacted with cement to form strong covalent
bonds.The secondary hydration reaction among SiO

2
, Al
2
O
3
,

and Fe
2
O
3
in the fly ash and Ca(OH)

2
, a product of cement

hydration, produced C-S-H and C-A-H. The products filled
up the cementitious material, refined the preliminary size,
and altered the interface structure, thereby improving the
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Table 8: Experimental design of the fly ash content.

Sequence Aggregate system Water–cement
ratio (%)

Foam Gel slurry-
foam ratioCement (%) SC (%) Fly ash (%) Foaming multiple Dosage (mL)

1 60 40 0 50 10 200 1
2 57 38 5 50 10 200 1
3 54 36 10 50 10 200 1
4 51 34 15 50 10 200 1
5 48 32 20 50 10 200 1
6 45 30 25 50 10 200 1
7 42 28 30 50 10 200 1
Note. The gelling agent contained 0.1% water reducer.
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Figure 2: Effect of the dosage of sulphoaluminate cement on the filling material. Note. IST: initial setting time; FST: final setting time.

compressive strength [35, 36]. Because of the low activity
of fly ash, the secondary hydration reaction did not occur
unless the cement was hydrated to release enough Ca(OH)

2

to increase the environmental alkalinity and turn the fly ash
from inert to active. The compressive strength on the 28th
day therefore lagged the actual status and does not accurately
reflect the pozzolanic activity of fly ash [37].

3.4. Effect of the Water–Cement Ratio on Material Properties.
To study how the water–cement ratio affects the inorganic
solidified foam, an experiment was designed as shown in
Table 9.

The material properties were tested at different
water–cement ratios. Because the water reducer affected the
water consumption of the material, we carried out three
groups of comparative tests at water reducer contents of 0%,
0.1%, and 0.2%.

Figure 4 illustrates the effects of the water–cement
ratio and water reducer on the solidification time. As the
water–cement ratio rose, the initial setting times of all
materials gradually lengthened. The final setting times of all
materials firstly shortened and then lengthened.Thematerial
with no water reducer had a longer initial setting time than
thematerials forwhich thewater reducerwas added.After the

water–cement ratio exceeded 0.4, the material with no water
reducer had a longer final setting time than the materials
with the water reducer. The above results are explained as
follows. When the water–cement ratio was relatively low, the
material slurry was highly viscous and readily reached its
initial setting state. There was thus insufficient water for the
hydration reaction, which lengthened the final setting time.
When the water–cement ratio was excessively high, the water
in the material slurry diluted the SiO

2
, Al
2
O
3
, and Ca(OH)

2

necessary for the secondary hydration reaction, which also
lengthened the final setting time.

Figure 5 presents results for the materials with different
amounts of water reducer. As the water–cement ratio rose,
the compressive strengths on the 1st and 28th days both firstly
increased and then decreased. After the water–cement ratio
surpassed 0.45, the material with no water reducer had a
lower compressive strength than materials of the same age
with water reducer. When the dosage of water reducer was
0.1% or 0.2%, there was no appreciable difference in the
compressive strengths of materials of the same age.The above
results are explained as follows. In the mixing process, both
the cement and foam absorbed water. Owing to the better
hydrophily and water absorbability of cement, the foam had
to adhere to the surface of cement particles to absorb the little
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Table 9: Experimental design of water–cement ratio.

Sequence Aggregate system Water–cement
ratio (%)

Foam Gel slurry-
foam ratioCement (%) SC (%) Fly ash (%) Foaming multiple Dosage (mL)

1 48 32 20 25 10 200 1
2 48 32 20 35 10 200 1
3 48 32 20 45 10 200 1
4 48 32 20 55 10 200 1
5 48 32 20 65 10 200 1
6 48 32 20 75 10 200 1
7 48 32 20 85 10 200 1
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Figure 3: Effect of the dosage of fly ash on the filling material.

amount of water. In this process, bubbles burst under surface
tension as the convex outer surfaces of bubbles were in con-
tact with concave cement particles. The cement particles had
a layer of hydrophobic groups on their surfaces. When other
bubbles came into contact with cement particles, they burst
as hydrophilic groups encountered hydrophobic groups. As a
result, the low water–cement ratio affected the hydration and
solidification time of cement and reduced the compressive
strength of the material. When the water–cement ratio was
greater than 0.55, the foam mixed into the slurry because
of the superior fluidity of the latter. Meanwhile, excessive
water reduced the stability of the foam, undermined the pore
structure of the material, and lowered the material strength.
The optimal water–cement ratio thus fell between 0.4 and 0.5,
and the optimal dosage of water reducer was 0.1%.

3.5. Effect of Foam on a Material. To study the effect of the
foam on an inorganic solidified foammaterial, an experiment
was designed as shown in Tables 10 and 11.

3.5.1. Effect of the Foam Expansion Ratio on the Material.
Figure 6 illustrates the effect of the foam expansion ratio on
the solidification time and compressive strength. It is seen
that both the initial and final setting times decreased as the

expansion ratio rose. The expansion ratio had little effect on
the compressive strength ofmaterials on the 1st and 28th days.
When the expansion ratio was 15, the material surpassed all
others in terms of compressive strengths on the 1st and 28th
days, which were 3.15 and 10.34MPa. Both values were above
1MPa, the threshold strength required to support overlying
rock [38, 39].

3.5.2. Effect of the Foam Dosage on the Material. Figure 7
presents the effect of the foam dosage on the solidification
time and compressive strength. It is seen that the solidi-
fication time gradually lengthened as the dosage of foam
gradually increased, and the compressive strengths on the 1st
and 28th days both dropped dramatically with an increase
in the foam dosage. The above results are explained as
follows. As the dosage of foam increased, the dry density
of the material gradually fell and the porosity grew [25].
The increasing number of closed pores in the material then
reduced the compressive strength. The material therefore
performed best when the foam had the same volume as the
gel slurry.

3.6. Scanning Electron Microscopy. We mixed raw materials
in the following proportions. The ratio of ordinary Portland
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Table 10: Effect of expansion ratio on the material.

Sequence Aggregate system Water–cement
ratio (%)

Foam Gel slurry-
foam ratioCement (%) SC (%) Fly ash (%) Foaming multiple Dosage (mL)

1 48 32 20 45 5.2 200 1
2 48 32 20 45 8.1 200 1
3 48 32 20 45 11.7 200 1
4 48 32 20 45 15.1 200 1
5 48 32 20 45 18.1 200 1

Table 11: Effect of the dosage of foam on the material.

Sequence Aggregate system Water–cement
ratio (%)

Foam Gel slurry-
foam ratioCement (%) SC (%) Fly ash (%) Foaming multiple Dosage (mL)

1 48 32 20 45 15 200 1
2 48 32 20 45 15 400 0.5
3 48 32 20 45 15 800 0.25
4 48 32 20 45 15 1000 0.2
5 48 32 20 45 15 2000 0.1
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Figure 4: Effect of water–cement ratio and water reducer on gelling
time.

cement to SC to fly ash in the aggregate system was
0.48 : 0.32 : 0.2; the water–cement ratio was 0.45; the water
reducer content was 0.1%; the expansion ratio was 15; and
there were equal volumes of foam and gelling slurry. We
conducted scanning electronmicroscopy (SEM) after mixing
the raw materials. Figures 8 and 9 show SEM images of the
inorganic solidified foam filling material at different ages (1st
and 28th days).

Figure 8 shows that the fly ash and spherical cement
particles were wrapped up by reticular hydration structures
on the first day. However, the shapes of fly ash and cement
particles were still distinguishable, and the pores were filled
with reticular structures. Meanwhile, the reticular structure
on the 28th day was bonded with fly ash and cement particles

such that only a small amount of fly ash and few spherical
cement particles were still visible.

Figure 9 shows the pore structure of the filling material
at 60-fold magnification on the 28th day.The pores produced
by the foaming agent were evenly distributed in the material,
indicating that the strength of the foamfillingmaterialmainly
depended on the pore structure and the bonding interface.
The pore features were well suited to stopping leaks as most
were smaller than 1mm.

4. Engineering Applications

In 2014, the CO content onworking face 31403 of theHalagou
coal mine, Shengfu Dongsheng Coalfield, reached 1273 ppm.
Examination and analysis revealed that the airtight wall of
the Number 56 crossheading on the inlet side was not tightly
closed and the surrounding coal body had cracked, resulting
in spontaneous combustion of residual coal in the gob. We
therefore performed an industrial test at the Halagou coal
mine by sealing 20 crossheadings on the inlet side onworking
face 31405. The best way of detecting the effect of the airtight
wall was to record the oxygen concentration in the gob.
Using an XK-VI coal spontaneous combustion experiment
bench, we obtained the minimum oxygen concentration for
the spontaneous combustion of coal on working face 31405,
which stands at 7.82%.

4.1. Dimensions of the Crossheading. Figure 10 is a sketchmap
of the crossheading, with a height of 4m and width of 5.6m.
The crossheading was packed with 2m of loess in the lower
part and filled with 56.0m3 of inorganic gelled foam cement
in the upper part.

4.2. Material Ratios. The material ratios of the inorganic
gelling material are as follows.The ratio of ordinary Portland
cement to SC cement to fly ash in the aggregate system was
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Figure 5: Effect of water–cement ratio and water reducer on compressive strength.

4 6 8 10 12 14 16 18 20
20

30

40

50

60

70

80

Foaming multiple

G
el 

tim
e (

m
in

)

2
3
4
5
6
7
8
9
10
11
12

C
om

pr
es

siv
e s

tre
ng

th
 (M

Pa
)

IST
FST

1 d
28 d

(a)

4 6 8 10 12 14 16 18 20

1200
1220
1240
1260
1280
1300
1320
1340
1360
1380

Foaming multiple

D
en

sit
y 

(k
g·
Ｇ

−
3
)

(b)

Figure 6: Effect of expansion ratio on the material.
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(a) 1 d (1,000 times) (b) 1 d (5,000 times)

(c) 28 d (1,000 times) (d) 28 d (5,000 times)

Figure 8: SEM scan grams on materials at different curing ages.

Figure 9: Pore structure of the filling material magnified by 60 times.

0.48 : 0.32 : 0.2; the water–cement ratio was 0.45; the water
reducer content was 0.1%; the expansion ratio was 15; and
there were equal volumes of foam and gelling slurry.

4.3. Grouting Equipment. On the basis of the performance of
the filling material, we developed a special groutingmachine,
as shown in Figure 11. SC, fly ash, foam, and other raw mate-
rials were mixed in the ZMJ-F-type grout making machine
and stirred into a foam slurry of a certain concentration.
The slurry was pumped to seal the crossheading, and the
slurry solidified after a period of time. The flow rate of

the foam slurry pump was 16m3/h when the pressure was
0.6MPa.

4.4. Filling Effect. Figure 12 shows how the external brick
wall was removed to observe the filling effect after filling
for 24 h. We found that the inorganic gelling foam cement
had solidified; the inorganic gelling foam cement has well-
known advantages, such as strength, airtightness, and being
soundproof.

Figure 13 compares oxygen concentrations. After filling
the 20 crossheadings with inorganic solidified gelling foam
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Figure 10: Sketch map of the grouting, filling, and sealing of the crossheading.

cement, we observed the oxygen concentration on the inlet
side of the gob and compared the results with the oxygen
concentration when loess was used as the filling material.
After filling with foam cement material, the oxygen concen-
tration at a pointW that was 119.6m from theworking surface
was 7.82%. In comparison, when loess was used to fill the

crossheading, the same oxygen concentration appeared at
a point Q that was 233.8m from the working surface. The
distance between points W and Q was 114.2m. This means
that the inorganic foam cement filling material controlled
effectively air leakage from the crossheadings to the gob
and narrowed the width of the spontaneous combustion and



Advances in Materials Science and Engineering 11

(a) (b) (c)

Cement Fly ash

Foam

Water

Colloidal production system

Confined zones

Slurry pump

Pipe line

(d)

Figure 11: ZMJ-F grouting system: (a) foam, (b) foam slurry, (c) solidified fillingmaterial, and (d) inorganic foam filling equipment, including
foam slurry production machine, transfer pump, and control system.

heat accumulation zone. Foam cement can therefore play an
important role in preventing the spontaneous combustion of
residual coal in the gob.

5. Conclusions

We conducted experiments to develop a type of inorganic
solidified foam filling material for sealing crossheadings in
coal mines and analyzed the effects of the dosage of SC,
dosage of fly ash, water–cement ratio, expansion ratio, and
foam dosage on the filling material.

Compact
seamless

Figure 12: The filling effect on mine.
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The experimental results show that the solidification
time shortened and the compressive strength grew with an
increase in the content of SC. The fly ash dosage had little
effect on the properties of the material if it was less than
20%, but the solidification time substantially lengthened if
the dosage was greater than 20%. The compressive strength
of the material on the 1st and 28th days decreased with
an increase in the fly ash dosage. As the water–cement
ratio increased, the initial setting time gradually length-
ened. The final setting time shortened and then lengthened,
and the compressive strength increased before decreasing.
The solidification time shortened as the expansion ratio
increased. However, the compressive strength did not vary
after inorganic solidified foam filling material was added.
With an increase in foam production, the solidification
time increased and the compressive strength decreased
exponentially.

On the basis of the experimental results, the best inor-
ganic solidified foam filling material had a ratio of cement
to SC to fly ash in the aggregate system of 0.48 : 0.32 : 0.20; a
water–cement ratio of 0.45; a water reducer content of 0.10%;
an expansion ratio of 15; and equal volumes of foam and
gelling slurry.

We designed a special grouting machine to apply the
filling material. The machine was air driven and easy to
operate and relocate.

The field application demonstrated that the inorganic
solidified foam filling material can seal crossheadings tightly
and control the oxygen concentration in a gob effectively.
As a kind of industrial waste, fly ash is readily available
from thermal power plants in coal production regions. The
proposed filling material therefore has broad application
prospects owing to its low cost and suitability for large-area
filling and plugging.
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An experimental investigation was made on flow properties and compressive strength of self-compacting concrete (SCC) with
ultrafine natural steatite powder (UFNSP) as replacement to cement. The tests were conducted on specimens with 5%, 10%, 15%,
20%, and 25% of replacement of UFNSP to the weight of cement and compared to the control specimens. The flow properties of
all specimens were tested and checked for their limit with the existing guidelines. The compressive strength test was done on all
specimens for strength of 7 days, 14 days, 28 days, and 56 days.The hardened samples were tested for their microstructural behavior
and the elements Mg, Ca, and Si were mapped. Through mapping, the formations of M-S-H along with C-S-H are observed. The
results show that the addition of UFNSP influences the flow property, by reducing the flow, and increases the compressive strength
till 20% replacement. Further the addition of UFNSP increases the denseness of microstructure of the specimens thus resulting in
the strength increment.

1. Introduction

The self-compacting concrete (SCC), also known as self-
consolidating concrete, is in the limelight for the last two
decades in construction industry. Self-compacting concrete
(SCC) is a concrete which can be placed and compacted into
every corner of formwork purely by means of its self-weight
by eliminating the need of external energy. So it does not
require compaction at site or concrete plants. It has been
developed in Japan to improve the durability and uniformity
of concrete [1]. The mix composition is chosen to satisfy all
performance criteria for the concrete in both the fresh and
hardened states. To achieve this, fly ash and silica fume were
used as mineral admixtures, and super plasticizers were used
in mix as chemical admixtures for design of concrete. In this
regard, mass of fine aggregate is typically equal or greater
when compared to coarse aggregate. Selection of coarse
aggregate size also has an impact on requirement of self-
compacting concrete.The development of SCC and its results

on theoretical and experimental aspects were reviewed in
various studies [2–4].The methods of manufacturing of SCC
initially had high content of paste; later on, researches were
made to reduce the paste content and achieve strength [5, 6].
Due to the high content of water and voids, it has become
important to look into theworkability and segregation behav-
ior of SCC [7, 8]. The important property of a SCC is to have
workable and segregation resistant concrete which can flow
through the reinforcement without any external vibrations or
compactions [9]. The bond strength of reinforced bars and
the SCCare higherwhen compared to that of normal concrete
which also made the SCC more predominant material [10].
There were two types of usage of materials in SCC; one is as
a pozzolanic replacement and the other one is filler. In this
study ultrafine natural steatite powder (UFNSP) is used as
cementitious replacement to cement. The steatite was used
as insulators in ceramics, due to its high thermal resistivity.
Its other major uses are in carving and sculpture industry.
It is a proven durable raw material in refractory industry. In
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Table 1: Properties of UFNSP.

UFNSP Cement
Physical properties

Blaine surface area (m2/Kg) 750 380
Particle mean Dia (𝜇m) <5 <32
Density 2.7 3.1
Loss of ignition 3.33% 2%

Chemical properties
SiO

2
62.67% 23%

Al
2
O

3
0.24% 4.20%

MgO 33.26% 0.20%
Fe

2
O

3
0.30% 1.20%

CaO 0.20% 62%

terms of steatite the grinded powder was already proved to
be good replacement to cement until 15% [11, 12]. Durability
and strength of concrete increase with replacement of steatite
powder to certain limit [12–14]. The phase of steatite is
crystalline which belongs to magnesium metasilicate from
talc mineral based on the following reaction [15]:

3MgO ⋅ 4SiO
2
⋅H

2
O → 3MgSiO

3
+ SiO

2
+H

2
O (1)

And this reaction supports the M-S-H formation. Gen-
erally the earlier studies show that the M-S-H gel has
amorphous phase [11, 12]. The magnesium-rich binders can
lead to low pH binding system which has wide range of
applications in adverse concreting condition, and also this
magnesium richness leads to early strength development
and durability [16]. The present proposal will cover the area
on development of SCC based on magnesium-rich steatite
powder replacement and its mechanical behavior.

2. Materials, Mix Proportions,
and Experimental Investigation

2.1. Materials Used in This Study. Ordinary Portland cement
of grade 43 conforming to Indian Standard (IS) 12269-1987
was used and the properties were listed in Table 1.TheUFNSP
of less than 5 microns similar to that of earlier studies
[11–14] is used and the physical and chemical properties
were presented in Table 1. UFNSP was used as pozzolanic
replacement in this study.The river sandprocured fromTamil
Nadu Minerals Limited (TAMIN) with the specific gravity of
2.65 and passing through 2.36mm sieve was used. Crushed
granite was used as coarse aggregate with a maximum
nominal size of 12mm and bulk density of 1640 kg/m3. The
normal potablewaterwas used formixing and curing process.
Polycarboxylic ether based superplasticizer sky 8233 and
viscosity modifier, Mastermatrix VMA 362, were used in this
study as admixtures to maintain the workability.

2.2. Mix Proportion. Themix proportion was finalized based
on trial and error process conforming to the EFNARC
guidelines [17], and the target strength to be achieved was
fixed as 25MPa. The ratio of powder : fine aggregate : coarse
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Figure 1: Results on 𝐿 box test.

aggregate was maintained as 1 : 1.8 : 1.9. The water/powder
ratio was fixed as 0.8 [17]. To achieve the workability 2%
superplasticizer and 0.4% viscosity modifier were added, and
the addition was carried out with respect to weight of cement.

2.3. Experimental Investigation. The workability and flow
properties of the fresh concrete were examined by L box
test, J-ring test, V-funnel flow test, slump flow test, and T50
flow timing conforming to EFNARC guidelines [17]. The
compressive strength of the hardened specimens was tested
on cubes of size 150mm × 150mm × 150mm conforming to
specification of Indian Standard (IS) 10086: 1982 and the tests
were carried out in accordance with IS 516: 1959 (reaffirmed
2004) in hydraulic compression testing machine of 2000 kN
capacity. The microstructural behavior of the specimens
is studied by scanning electron microscopy. Samples for
scanning electron microscopy (SEM) analysis are taken near
the surface (0-1mm depth) of specimens. Microstructural
studies utilized SEM (ZEISS) equipped with EDAX analyzer
for microstructural observations of the surfaces, which is
coatedwith evaporated copper for examination. SEManalysis
is done at a maximum magnification of 1000x with energy
20 keV and a high resolution of 3.5 nm. For this analysis,
samples of size 10mm cubes were cut with a saw cutter.

3. Results and Discussion

The results were observed on the fresh and hardened state
of concrete. The tests were carried out to ascertain the flow
properties of fresh concrete, compressive strength on hard-
ened concrete, and its respective microstructural behavior.

3.1. Workability and Flow Properties of Fresh Concrete. The
results for “L” box test were presented in Table 2 and
Figure 1. The results show that the addition of UFNSP as
replacement to cement increases the water requirement by
reducing the height ratio. The average value of “L” box
height for 25% UFNSP replacement crosses the safe limit of
EFNARC permissible limit. In comparison with the control
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Table 2: Results on flow properties of fresh concrete.

S. number Mix Ids
Percentage

replacement of
UFNSP

Average L box
height ratio

Average J-ring
height (mm)

Average
V-funnel flow
time in sec

Average slump
flow diameter in

mm

Average T50 cm
slump flow in

sec
1 SCCCS 0 1.00 7.88 7.90 710.00 2.60
2 SCC5 5 0.92 7.93 9.20 700.00 2.70
3 SCC10 10 0.87 8.23 9.50 680.00 3.20
4 SCC15 15 0.82 8.45 10.40 672.00 4.00
5 SCC20 20 0.80 8.73 11.20 650.00 4.50
6 SCC25 25 0.77 9.33 11.80 630.00 5.00

Average J-ring height (mm)

Average J-ring height (mm)
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Figure 2: Results on J-ring test.

specimen (SCCCS), specimens SCC5, SCC10, SCC15, SCC20,
and SCC25 lose their height ratio by 8%, 13%, 18%, 20%, and
23%, respectively. The results show that there was a sudden
reduction in height ratio between 0 and 15% replacements
and then the ratio gets stabilized and this is due to the fact that
after certain percentage of replacement the cement UFNSP
reaction was lesser.

The results on J-ring test on fresh self-compacting con-
crete were presented in Table 2 and Figure 2. The test results
shows that the height of fresh concrete in J-ring rises by
0.63%, 4.4%, 7.3%, 10.79%, and 18.41% for the specimens
SCC5, SCC10, SCC15, SCC20, and SCC25, respectively, in
comparison with SCCCS. From Figure 2 it was observed that
height increment is not notable for specimen with 5% of
UFNSP replacement. From5% to 20%ofUFNSP replacement
the height gradually increases from 7.93mm to 8.73mm; with
the replacement of 25% the height gets a steep increase to
9.33mm. Even though the height rises the values were within
the permissible limit which is 0–10mm.

The results on “V”-funnel test on fresh self-compacting
concrete specimens were presented in Table 2 and Figure 3.
The results show that the time period for flow of fresh
concrete through the “V”-funnel increases as the replace-
ment percentage of UFNSP increases. The minimum time
is observed at SCCCS specimen with flow period as 7.90
seconds and maximum time period for flow was observed
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Figure 3: Results on V-funnel flow test.

at SCC25 with 11.80 seconds. The flow timing increases
almost linearly which can be observed from Figure 3. The
flow period for SCC5, SCC10, SCC15, SCC20, and SCC25
increases by 16.46%, 20.25%, 31.65%, 41.77%, and 49.37% in
comparison to SCCCS specimen. The values lie well within
the permissible limit for a typical self-compacting concrete.
The actual permissible limit given by EFNARC is 0–25 Sec.

The slump flow values and the corresponding T50 cm
test results were presented in Table 2 and Figures 4 and
5. The results show that the slump value reduces as the
percentage replacement of UFNSP increases, which shows
the UFNSP has an impact on the workability of SCC. The
SCCCS specimen has the maximum value as observed by
the other tests earlier and the lowest value was observed at
SCC25measuring 630mm.The flow of SCC5, SCC10, SCC15,
SCC20, and SCC25 reduces by 1.41%, 4.23%, 5.35%, 8.45%,
and 11.27% with reference to SCCCS. The time period of
flow for T50 test was presented in Figure 5. The time for
spreading increases and the time for SCC25 is longer with
its value as 5 sec. As the addition of UFNSP reduces the
workability, the flow gets affected and hence the delay in
spreading occurs. The spreading time increases as 3.85%,
23.08%, 53.85%, 73.08%, and 92.31% for SCC5, SCC10, SCC15,
SCC20, and SCC25 in comparison with SCCCS. Even though
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Table 3: Compressive strength of hardened concrete cubes.

S. number Mix Ids Average compression strength in MPa
7 days 14 days 28 days 56 days

1 SCCCS 21.80 25.27 26.60 26.90
2 SCC5 27.95 31.20 32.50 32.65
3 SCC10 31.50 33.61 34.30 34.40
4 SCC15 34.20 35.90 36.20 36.30
5 SCC20 29.07 31.01 32.30 32.37
6 SCC25 22.80 25.44 26.50 26.80
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Figure 4: Results on slump flow test.

the slump value decreases and the T50 test time increases
the values are all well within the limit and show typical self-
compacting concrete characteristics as indicated by EFNARC
guidelines.

The observations shows that the water requirement was
more in samples with UFNSP as replacement, and this is due
to the fact that the M-S-H binder matrix with MgO presence
has large water requirement due to texture, size, and shape
of the particles [18]. This higher water requirement is also
due to the reactive magnesia [19], a part in the UFNSP. From
the tests on workability, even though it was observed that the
replacement of UFNSP reduces the flow, almost all specimen
lies within the typical limit as specified by EFNARC, and
hence the replacement can be done until 25% without any
effect on SCC limiting values.

3.2. Compressive Strength on Hardened Concrete at Various
Ages. The compressive strength is tested on hardened con-
crete and the results are presented inTable 3 and Figure 6.The
results show that at early ages all the replacement specimens
show higher strength gain than the control specimens. The
strength attainment of SCCCS, SCC5, SCC10, SCC15, SCC20,
and SCC25 was 82%, 86%, 92%, 94%, 90%, and 86%,
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Figure 5: Results on T50 slump flow test.
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Figure 6: Results on average compressive strength test on 28 days.

respectively, on 7 days and 95%, 96%, 98%, 99%, 97%, and
95%on 14 days.Through this, the SCC5 and SCC10 specimens
are attaining 90% and above of designed strength on 7 days,
whichmay be a notable parameter.The 7 days’ test shows that
the SCC5, SCC10, SCC15, SCC20, and SCC25 has strength
increment of about 28.21%, 44.50%, 56.88%, 33.35%, and
4.59%, respectively, when compared to SCCCS. From the
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Si Ca

C-S-H

Figure 7: SEM image and its EDAX mapping on Si, Mg, and Ca of
control specimen (CS).

results on 14 days’ test it was evident that the SCC5, SCC10,
SCC15, SCC20, and SCC25 have strength increment of about
23.47%, 33.30%, 42.07%, 22.71%, and 0.67%, respectively, in
comparison with SCCCS. The 28 days’ compressive strength
for SCC5, SCC10, SCC15, and SCC20 has strength gain
of about 22.18%, 28.95%, 36.09%, and 21.43%, respectively.
The SCC25 specimens have a strength reduction of about
0.38% on 28 days in comparison with SCCCS. The 56 days’
compressive strength for SCC5, SCC10, SCC15, and SCC20
has strength gain of about 21.38%, 27.88%, 34.94%, and
20.33%, respectively. The SCC25 specimens have a strength
reduction of about 0.37% on 56 days in comparison with
SCCCS. Through the observations it was evident that until
14 days the strength of all replacement specimens increases.
From 28 days the strength of SCC25 is almost similar to that
of SCCCS and there is very little strength loss for SCC25
on 28 and 56 days’ tests. The strength gain is due to the
presence of right proportion of M-S- and C-S-H [20]. The
concrete attains its strength through the UFNSP; the reason
behind this is the presence of Mg and reduced particle size of
UFNSP, which facilitates the intrusion of particle in cement
matrix [11–14]. The higher hydration rate is the main cause
of early age strength attainment [21]. From the result it was
clear that the strength attainment can be achieved until 20%
replacement. The specimen with 25% UFNSP replacement is
almost equal to and little lesser than SCCCS specimens on 28
days and 56 days.

3.3. Microstructure and Elemental Mapping on 56 Days’ Hard-
ened Specimens. The scanning electron microscopy analysis
on the microstructure of the concrete specimen at 56 days
and its relevant mapping for silica (Si), magnesium (Mg),
and Calcium (Ca) of those specimens are presented through
Figures 7–12. The elemental EDAX mapping is carried out

Si Mg

Ca

C-S-H

Figure 8: SEM image and its EDAX mapping on Si, Mg, and Ca of
SCC-5.

Si Mg

Ca

M-S-H

C-S-H

Figure 9: SEM image and its EDAX mapping on Si, Mg, and Ca of
SCC-10.
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Si Mg

Ca

M-S-H

Figure 10: SEM image and its EDAXmapping on Si, Mg, and Ca of
SCC-15.

Si Mg

Ca

M-S-H

Figure 11: SEM image and its EDAX mapping on Si, Mg, and Ca of
SCC-20.

Si Mg

Ca

M-S-H

Figure 12: SEM image and its EDAXmapping on Si, Mg, and Ca of
SCC-25.

to ascertain whether the addition of UFNSP has genuine
effect on the strength development. The microstructural
evolution was observed to be similar on all samples. Figure 7
shows the microscopy image of control specimen and its
relevant mapping. This shows conventional specimen has no
traces of magnesium elements. The formation of calcium
silicate hydrates is noted. Figure 8 shows the images of SCC5
specimen has the traces of C-S-H along with M-S-H. The
presence of magnesium is very limited when compared to
calcium and this is due to the lesser replacement of UFNSP.
Themicroscopy andmapping imageswere shown in Figure 9,
and it is observed that the denseness of M-S-H formation
is increasing and it is validated through the mapping, and
a possible trace of magnesium hydroxide is also noted.
Figure 10 shows the results of SCC15, and it is observed that
the formation of M-S-H is more prominent and denser. The
solidity of the magnesium silicate has increased widely in
comparison with the specimens earlier, and also few spots
of free calcium are traced which may cause a break point on
strength gain. The maximum strength is observed at SCC15
which is to be noted at this point. Figure 11 shows the result
images for SCC20 specimen and it shows large formation of
magnesium silicate along with the calcium silicates, and the
microstructure indicates positive attainment of microstruc-
tural evolution of control specimen, but not in comparison
with SCC15 specimen. Figure 12 shows the microscopy and
mapping images of SCC25 specimens; the microstructure
of SCC25 was almost similar to that of SCCCS specimens.
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In SCC25 it is noted that the magnesium silicates tend to
break down to tinyM-S-H crystal which is identified through
mapping, and this phenomenon causes the major strength
reduction which is not observed in earlier specimens. In
all the specimens it is noted that both magnesium based
hydration products and calcium based hydration products
have a vital role in establishing the strength gain.

From the above observations it can be ascertained that
magnesium and magnesium based products are stable in all
specimens, and it is also shown that when water exhausts the
reaction of components end thus stabilizes its microstructure
and attains early age strength in case of replacement up to
20%, this reaction product takes up space aroundmagnesium
compounds thus giving denser structure [22]. The magne-
sium based hydration products were found to be present in
regions devoid of other elements, suggesting the presence
of Mg crystals [23]. The observation shows that the M-S-H
was less crystalline as observed and when this becomes more
crystalline then the strength gain is reduced [24].The process
of increasing the Mg(OH)

2
and other magnesium hydration

products improve the mechanical strength and specimen’s
microstructure as it is observed [21]. The addition of UFNSP
has induced the magnesium based hydration products, and
the results were little bit contrary to earlier studies [12,
13]. The contradiction is due to the increased water usage
in current study through which the brucite development
is accommodated in the pores. In this study as there are
larger voids due to the higher water content and other
admixtures, theMg(OH)

2
which is higher in density than that

of Ca(OH)
2
gets enough space to accommodate itself hence

paving the way to good strength and microstructure, even at
25% replacement, which was not so in earlier studies [11, 12].
From the above study it can be ascertained that the usage
of UFNSP will enhance the strength parameters and denser
microstructural bond.The replacement percentage ofUFNSP
shall bemaintained at 15% formaximum strength attainment,
but still the 25% replacement gives strength similar to control
specimen which shows that the replacement shall be carried
out up to 25%.

4. Conclusions

From the present study it can be concluded that the replace-
ment of UFNSP in self-compacting concrete system can have
an influence on the workability, flow of fresh concrete, com-
pressive strength of hardened concrete, and microstructural
properties. There was decrease in flow properties of SCC
with increase in addition of UFNSP. The entire replacement
percentage exhibits safer limit for the SCC, but the specimens
with 25% of UFNSP replacement reach the limit where the
typical limit ends, which confirms that further replacement
is not possible in terms of flow properties. The early age
strength attainment is seen in samples SCC5, SCC10, SCC15,
and SCC20 even on 7 days’ test where more than the target
strength is achieved. The maximum strength is achieved
in SCC15 specimens. The strength enhancement is seen on
all replacement specimens, wherein the strength of SCC25
specimens is almost equal to that of SCCCS.Themicrostruc-
tures of SCC10, SCC15, and SCC20 are denser and show

denser magnesium hydroxide which has an effect on strength
improvement. Further magnesium and silicate are mapped,
which shows the dispersion over the surface and forms denser
structures.The reduced strength of SCC25 is due to the higher
magnesium content. From the investigation and discussion
it is concluded that the replacement of UFNSP should be
maintained below 20% and the UFNSP will enhance the
strength parameters of the SCC.
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The use of fly ash in ordinary concrete provides practical benefits to concrete structures, such as a gain in long-term strength,
reduced hydration heat, improved resistance to chloride, and enhanced workability. However, few studies with high-volume fly ash
(HVFA) concrete have been conducted that focus on the structural applications such as a column.Thus, there is a need to promote
field applications of HVFA concrete as a sustainable construction material. To this end, this study investigated the compressive
behavior of reinforced concrete columns that contain HVFA with a 50 percent replacement rate. Six columns were fabricated for
this study.The study variableswere theHVFA replacement rate, tied steel ratio, and tie steel spacing.The computed ultimate strength
by the American Concrete Institute (ACI) code conservatively predicted the measured values, and, thus, the existing equation in
the ACI code is feasible for confined RC columns that contain HVFA. In addition, an analysis model was calibrated based on the
experimental results and is recommended for predicting the stress-strain relationship of confined reinforced concrete columns that
contain HVFA.

1. Introduction

Fly ash is an industrial byproduct of the electrical power
industry. Recently, partially recycled fly ash has been used as
supplementary cementitious material in the cement industry.
Fly ash content that is less than 25 percent of the total
cementitious content is now commonly used in concrete
mixtures due to its apparent benefits for concrete, such as a
gain in long-term strength, reduced hydration heat, improved
resistance to chloride, and enhanced workability [1–4]. On
a limited basis, an increase up to a 100 percent fly ash
replacement rate in concrete mixtures has been attempted
[5]. However, this increase in the replacement rate of cement
has led to shortcomings, such as difficulties associated with
adequate quality control and low early-age strength and
inferior material properties [6].

Most of the previous studies on this topic have concen-
trated on evaluating the material properties of high-volume
fly ash (HVFA) concrete and developing mix designs [3, 7].
For example, Huang et al. [8] investigated mix designs that
incorporate HVFA and are associated with two types of “loss

on ignition” (LOI). Huang et al. [8] confirmed the superior
mechanical properties of mixtures with low LOI fly ash and
the feasibility of incorporating HVFA in concrete mixtures
up to 80 percent. On the other hand, with similar water-
to-binder ratio in the mix design of both HVFA concrete
mix and the OPC mix, less compressive strength in HVFA
concrete mix will be expected [6]. In addition, limited
studies have been conducted that target the use of HVFA for
structural applications [9–12].

Therefore, this study focused on the compressive behavior
of confined reinforced concrete (RC) columns that contain
HVFA. Numerous confinement models are available in the
literature [13–15] to evaluate the axial capacity and to predict
the envelope of the stress-strain relationship for RC columns.
However, HVFA in concrete results in inferior structural
performance in terms of early-age strength. To develop an
accurate stress-strain model, the proper material properties
must be considered. This paper presents the results of a
seriespagebreak of tests of RC columns that contain HVFA
and proposes an analysis model to predict the behavior of RC
columns according to HVFA content.
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Table 1: Chemical proportion for OPC and FA.

Types
Items

Chemical composition [%] Physical properties
SiO2 Al2O3 Fe2O3 CaO MgO SO3 Ig. loss Specific gravity [g/cm3] Blaine [cm2/g]

NPC 21.96 5.27 3.44 63.41 2.13 1.96 0.79 3.16 3,214
FA 55.66 27.76 7.04 2.70 1.14 0.49 4.3 2.19 3,621

Table 2: Mix designs for OPC and HVFAC.

Binder type W/B (%) S/a (%) Unit weight (kg/m3) Superplasticizer (% by cement weight)
W C FA S G

OPC 50.0 40.2 175 350 0 710 1,054 0.05
HVFAC 35.0 44.1 120 154 189 821 1,042 1.50
Note. S/a is the sand-to-aggregate ratio; W is water; C is cement; FA is fly ash; S is sand; G is gravel.

Table 3: Testing matrix.

ID Longitudinal steel ratio (%) Tied steel ratio (%) Tied steel spacing (mm) 𝑓𝑐 (MPa) Fly ash (%)
N-100

2.25

0.475 100
30.6 0N-150 0.317 150

N-250 0.190 250
F-100 0.475 100

30 55F-150 0.317 150
F-250 0.190 250

Six columns were manufactured for this study. The study
variables are the replacement rate of the fly ash, the tied
steel ratio, and tie steel spacing. In addition, based on the
experimental results, an analysis model was developed to
predict the compressive behavior of RC columns that contain
HVFA. Comparisons of themodel results with the test results
were used to calibrate the accuracy of the proposed analysis
model for HVFA RC columns.

2. Experimental Program

2.1. Test Parameters and Specimen Fabrication. Tests were
conducted based on two replacement ratios of fly ash (0% and
50%) as the variables. The design compressive strength of the
concrete was 30MPa. The longitudinal rebar reinforcement
ratio was fixed at 2.25 percent with three different spacings
(100mm, 150mm, and 250mm) of tie rebar in the column
specimens. The rebar sizes of D13 (𝜙 = 13mm) and D10
(𝜙 = 10mm) were used for the longitudinal rebar and tie
rebar, respectively. The measured yield strength of D13 rebar
is 412MPa. And the chemical composition of fly ash in the
study was presented in Table 1. Extra process was performed
to ensure quality control of fly ash and the loss of ignition
values was controlled to 5% or less.

Table 2 shows the mix design for ordinary Portland
cement (OPC) and high-volume fly ash concrete (HVFAC).
Due to the low water-to-binder ratio (W/B), a relatively large

amount of superplasticizer was used in the HVFACmix. The
use of fly ash in OPC provides practical benefits to concrete,
such as a gain in long-term strength, reduced hydration heat,
improved resistance to chloride, and enhanced workability.
The mix proportion used in this study has been developed
based on the related research results by the authors [16]. To
determine material properties of concrete, three cylindrical
specimens (100mm × 200mm) were made and cured in
moisture condition for 28 days with 23∘C ± 3.

Table 3 shows the variables for the specimens: tie steel
ratio, spacing of the tied steel, and the replacement rate of
the fly ash. The specimen identification (ID) indicates the
fly ash and tie steel spacing; for example, N-100 means that
the specimen is fabricated with OPC with 100mm of tie steel
spacing.

Each specimen cross-section is 150mm × 150mm at the
midheight of the column and is 1,030mm in height. The
column specimens were cured in moisture for 28 days with
23∘C ± 3. Compression tests were performed at the age of
28 days after fabrication. Figure 1 presents the reinforcement
details of a specimen, the installed gauge locations, and the
test set-up used in this study.

2.2. Test Procedure. A universal testing machine (UTM) with
2,000 kN was used to apply monotonic axial compressive
loading with displacement control at a rate of 0.5mm/min
(cross-head speed). To monitor the strain of the concrete
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Figure 1: Specimen design and instrumentation.

Table 4: Material properties of concrete mixtures.

ID f c (MPa) 𝜀𝑐 Unit weight (kg/m3) Ec (MPa)
Measured ACI 318 Meas./Pred.

OPC 30.6 0.00285 2,304 28,918 26,522 1.09
HVFAC 30.0 0.00287 2,102 21,173 23,058 0.92

surface and the displacement of the column, strain gauges,
a pressure indicator (PI) gauge, and a linear variable dis-
placement transducer (LVDT)were installed at themidheight
of the column, as shown in Figure 1(b). Strain gauges also
were installed on the longitudinal rebar and the tie rebar.
Monotonic loading tests were terminated when an abrupt
load drop was observed for each specimen.

3. Test Results and Discussion

3.1. Material Properties. Figure 2 presents the stress-strain
relationship for the OPC and HVFAC specimens. Table 4
presents a summary of the test results, including the compres-
sive strength, elasticmodulus values, and the predicted values
in accordance with the current American Concrete Institute
(ACI) 318 specifications.The predicted elastic modulus value,𝐸𝑐 = 0.077(𝑚𝑐)1.5(𝑓𝑐)0.5, is computed based on the unit

weight of the concretemixture (𝑚𝑐) and the compressive con-
crete strength (𝑓𝑐). A similar compressive concrete strength
value was obtained for both concrete mixtures. However, a
lower elastic modulus value was obtained for the HVFAC
mixture than for the OPC mixture. This outcome was due
to the low unit weight of the HVFAC mixture that is caused
by the low unit weight of fly ash compared to the weight of
cement.These results are in good agreementwith those found
in the literature [1].

3.2. Failure Mode and Load versus Displacement Relationship.
Figure 3 presents typical failure modes of the axially loaded
column specimens. No significant concrete spalling occurred
during the axial load tests. Shear failure in specimens N-250
and F-150 occurred at failure. Similar failure patterns were
observed for each specimen regardless of whether HVFAwas
present.
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Figure 3: Failure modes of specimens.

Figure 4 shows the load versus displacement relation.
The load-carrying capacity of the columns rapidly decreased
after reaching the peak load. This behavior is consistent
with that observed in similar RC columns with OPC. The
ultimate load for the specimens, regardless of whether they
contained HVFA, tended to decrease with an increase in
the spacing of the transverse steel due to confining pres-
sure.

Table 5 shows the measured axial loads at the yield of the
longitudinal reinforcement and at the ultimate points. The
ratio of the yield load to the ultimate load for the specimens
with OPC is in the range of 0.73 to 0.79, and the ratio of
the yield load to the ultimate load for the specimens with
HVFA is in the range of 0.75 to 0.84. The ultimate load

for both series of tests tended to increase with an increase
in the tie reinforcement ratio. The ultimate design axial
strength of a column (𝜙Pn) was computed using the equation
found in ACI 318-16: 𝑃𝑛 = 0.8 ∗ (0.85𝑓𝑐(𝐴𝑔 − 𝐴 𝑠) +𝑓𝑦 ⋅ 𝐴 𝑠). The measured longitudinal reinforcement strain
levels reached the yield strain at the ultimate point, so the
measured yield strength of the longitudinal reinforcement
was used for the calculation. The predicted ultimate design
strength of the RC columns with HVFA led to failure at
loads ranging from 54 percent to 57 percent of the measured
peak strength.The computed values conservatively predicted
the measured values, and, thus, the existing equation in the
ACI code is feasible for confined RC columns that contain
HVFA.
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Table 5: Measured axial strength values at yield and ultimate points.

ID 𝑃𝑦 (kN) 𝑃max (kN) 𝑃𝑦/𝑃max 𝜙𝑃𝑛 (kN) 𝜙𝑃𝑛/𝑃max

N-100 626.8 854.0 0.73 406 0.48
N-150 548.8 732.8 0.75 406 0.55
N-250 559.0 705.8 0.79 406 0.58
F-100 625.5 747.2 0.84 400 0.54
F-150 673.5 727.1 0.93 400 0.55
F-250 531.6 707.7 0.75 400 0.57

3.3. Concrete Strain of Specimens. Figure 5 shows the mea-
sured concrete strain values in the axial and lateral directions.
In the early stages, the response was a relatively linear
relationship between the axial strain and the lateral strain of
the concrete; subsequently, nonlinear responses in the lateral
strain beyond 𝜀𝑙 = 0.0005 were experienced. The axial strain
at peak stress was assumed to be axial strain of 0.002 [17];
however, this lateral strain value varied depending on the tie
reinforcement ratio.

3.4. Effects of Tie Reinforcement Ratio. Figure 6 shows the
relation between the load and strain for the longitudinal steel,
including the load when the longitudinal steel yielded. For all
the tested columns, the longitudinal steel yielded. However,
the strain of the transverse rebar for all the specimens did not
reach yield strain, so a confinement effect for the columns
hardly was observed in the study. Similar patterns were
observed irrespective of the presence of HVFA.

4. Analytical Stress-Strain Models for
Confined RC Columns

ThemodifiedKent and Parkmodel [18], whichwas developed
based on the second-order parabola model, allows simplicity

and accuracy and thus is widely adopted in the literature. In
the modified Kent and Park model, the monotonic concrete
stress-strain relationship in compression is described as
presented in

𝑓𝑐 = 𝐾𝑓𝑐𝑐 [2( 𝜀𝑐𝜀𝑐𝑐) − (
𝜀𝑐𝜀𝑐𝑐)
2] 𝜀𝑐 ≤ 𝜀𝑐𝑐

𝑓𝑐 = 𝐾𝑓𝑐𝑐 [1 − 𝑍 (𝜀𝑐 − 𝜀𝑐𝑐)] ≥ 0.2𝐾𝑓𝑐 𝜀𝑐 ≥ 𝜀𝑐𝑐,
(1)

where the concrete strain at the peak compressive stress is𝜀𝑐𝑐 = 0.002𝐾; 𝐾 = 1 + 𝜌𝑠𝑓𝑦ℎ/𝑓𝑐𝑐 is a factor that accounts
for the increase in strength that is due to confinement; the
strain softening slope is 𝑍 = 0.5/(((3 + 0.29𝑓𝑐𝑐)/(145𝑓𝑐𝑐 −
1000)) + 0.75𝜌𝑠√ℎ/𝑆ℎ − 0.002𝐾); 𝑓𝑐𝑐 is the ultimate concrete
compressive strength (MPa); 𝑓𝑦ℎ is the yield strength of the
transverse steel (MPa); 𝜌𝑠 is the ratio of the volume of the
transverse steel to the volume of the concrete core measured
to the outside of the stirrups; ℎ is the width of the concrete
core measured to the outside of the stirrups; and 𝑠ℎ is the
center-to-center spacing of the stirrups.
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Figure 5: Axial versus lateral concrete strain of specimens.

Hoshikuma et al. [19] adopted an exponential function to
simplify the expression for the ascending part, shown here as

𝑓𝑐 = 𝐸𝑐𝜀𝑐 {1 − 1𝑛 (
𝜀𝑐𝜀𝑐𝑐)
𝑛−1} , (2)

where 𝜀cc is the strain at peak stress, 𝐸𝑐 is the initial stiffness
(MPa), and 𝑛 is a coefficient.

Also, the descending part of the stress curve can be
modeled from the test results by a straight line, as expressed
in

𝑓𝑐 = 𝑓𝑐𝑐 − 𝐸des (𝜀𝑐 − 𝜀𝑐𝑐) , (3)

where 𝐸des is the gradient at the descending part (MPa)
(𝐸des = (11.2 ⋅ 𝑓𝑐𝑜2)/(𝜌𝑠 ⋅ 𝑓𝑦ℎ)).

Figure 7 presents comparisons of the experimental results
and the analytical model results. The experimental results
for the specimens with OPC are consistent with the results
obtained from the analytical modified model proposed by
Kent and Park [18] and the Hoshikuma et al. model [19]
irrespective of the confinement spacing. On the other hand,
the experimental results of the specimens with HVFAC were
slightly overestimated by the analytical modified model of
Kent and Park but matched relatively well with the proposed
equation by Hoshikuma.Therefore, the Hoshikuma equation
was employed in this study to develop a modified analytical
model for confined RC columns with HVFAC.

The adopted Hoshikuma equation was calibrated by
adjusting the initial stiffness value (𝐸𝑐) of the HVFAC and
the peak concrete strain that is due to the low unit weight
of HVFA. Equations (4) and (5) are proposed for the initial

stiffness value (𝐸𝑐) of RC columns with HVFA and the strain
at peak stress (𝜀cc), respectively.

𝐸𝑐 = 0.077𝑚1.5𝑐 ⋅ 3√𝑓𝑐 (4)

𝜀𝑐𝑐 = 0.002 (2,300𝑚𝑐 )
1.5 + 0.033𝛽𝜌𝑠ℎ𝑓𝑦ℎ𝑓𝑐 , (5)

where 𝛽 is a modification factor that depends on the section
shape; for a square section, 0.4 is used by Hoshikuma et al.
[19].

Figure 8 presents comparisons between the measured
stress-strain values of the specimens using the proposed
equations with modification of the elastic modulus values for
theHVFACmixture.The ascending part and descending part
of the proposed stress-strain curves show good agreement
with the measured envelopes.

Figure 9 shows that available experimental results in the
literature [20] were compared with the proposed equation
and confirmed that the stiffness of the specimen containing
fly is less than that of the specimen without fly ash. The pro-
posed equation properly predicts the stress-strain envelope
for the column specimens containing fly ash.

The proposed equation was driven by limited experimen-
tal tests, and the results of the previous studies on HVFA
concrete were insufficient for verification. Further study on
the compressive behavior of HVFA concrete is needed. If a
lot of experimental data are accumulated, it will be necessary
to do further studies on the basis of the formula proposed.

5. Conclusions

Six specimens were tested in this study to develop an
analytical stress-strain model for confined RC columns that
contain HVFA. Based on the limited experimental results,
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Figure 6: Load versus strain relationship of longitudinal steel for the specimens.
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Figure 7: Comparisons of the experimental results and analytical model results.
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Figure 8: Comparisons between the experimental results and the proposed equation.

a stress-strain envelope for RC columns with HVFA was
derived analytically and then calibrated using the experi-
mental results. The following conclusions can be drawn with
regard to the compressive behavior of the OPC and HVFAC
mixes.

The elastic modulus values of the HVFAC mix were
lower than those of the OPC mix. This outcome was due
to the different water-to-binder ratio and low unit weight
of the HVFAC mixture that is caused by the low specific
gravity of its inherent fly ash compared to the weight
of cement. Meanwhile, the compressive behavior of the
HVFAC and OPC columns was similar with regard to

crack morphology and crack progression. The maximum
load-carrying capacity of the columns with HVFA tended
to decrease up to 14 percent compared to the columns
with OPC. The RC column elements made with HVFA
behaved similarly, as expected, based on the equation used
to predict OPC column behavior. Existing design standards
will conservatively predict the ultimate capacity of HVFAC
columns.

The initial stiffness of a column affects the elasticmodulus
of HVFAC; therefore, the proposedmodified elastic modulus
equation allows for adjustment of the initial stiffness value
of concrete columns that contain HVFA. The modified
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Figure 9: Comparisons between the available experimental result in the literature and the proposed equation.

stress-strain model can predict both the ascending and
descending branches of the curve for confined RC columns
with HVFA.
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It is generally accepted that fine particles could accelerate cement hydration process, or, more specifically, this accelerating effect
can be attributed to additional surface area introduced by fine particles. In addition to this view, the surface state of fine particles is
also an important factor, especially for nanoparticles. In the previous study, a series of nano-SiO

2
-polycarboxylate superplasticizer

core-shell nanoparticles (NS@PCE)were synthesized, which have a similar particle size distribution but different surface properties.
In this study, the impact of NS@PCE on cement hydration was investigated by heat flow calorimetry, mechanical property
measurement, XRD, and SEM. Results show that, among a series of NS@PCE,NS@PCE-2with amoderate shell-core ratio appeared
to be more effective in accelerating cement hydration. As dosage increases, the efficiency of NS@PCE-2 would reach a plateau
which is quantified by various characteristic values. Compressive strength results indicate that strength has a linear correlation
with cumulative heat release. A hypothesis was proposed to explain the modification effect of NS@PCE, which highlights a balance
between initial dispersion and pozzolanic reactivity. This paper provides a new understanding for the surface modification of
supplementary cementitious materials and their application and also sheds a new light on nano-SiO

2
for optimizing cement-based

materials.

1. Introduction

Concrete is still the most widely used construction material
in our planet which contributed 8∼10% of the worldwide
anthropogenic CO

2
emission [1, 2]. To reduce the environ-

mental footprint triggered by concrete, one effective strategy
is to utilize supplementary cementitious materials (SCMs) to
replace a portion of cement, the main binder component of
concrete. This is particularly significant in a CO

2
-penalized

economy, where the reduced CO
2
impact of cement could

bring about economic, social, and environmental benefits.
SCMs commonly refer to fly ash, ground granulated blasted
furnace slag, limestone, and calcined clays. Unfortunately, the
addition of SCMs with a high volume would often adversely
impact the development of mechanical property, especially
at the early age. To overcome the undesired negative conse-
quence, more recently, nanomaterials have been explored as

superior filler agents to improve the early age property [3–5].
For instance, Yehdego and Peethamparan [4] revealed that
nanomaterials modified high volume fly ash concrete could
obtain doubled compressive strength in comparison to pris-
tine unmodified sample at 24 h.

Nanotechnology is in the forefront of materials research,
as it changed the traditional vision about the synthesis,
modification, and control of materials. To respond to con-
stant curiosity around nanotechnology in cement and con-
crete research area, various nanoparticles, such as nano-
SiO
2
[6], nano-Al

2
O
3
[7], nano-TiO

2
[8, 9], nanoclay [10],

and graphene [11], have been added to enhance the early
age properties of cementitious materials. Among all the
nanoparticles, the incorporation of nano-SiO

2
(NS) into

cementitious materials has been most extensively studied
and shows the high potential of commercial application,
which may be attributed to two main reasons: (1) the affinity
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Table 1: Chemical composition of cement.

SiO
2

CaO MgO Al
2
O
3

Fe
2
O
3

SO
3

NaOeq Loss
19.98 61.86 2.02 4.61 3.07 4.43 0.68 0.9

with cement hydration products at molecular scale and (2) a
reasonable price resulting from industrial-scale production.
It is generally accepted that NS is very effective in accelerating
cement hydration at early age. Several authors [12–15] have
studied the interaction between NS and cement in depth to
advance the understanding of mechanisms of NS. The domi-
nant mechanisms that have been proposed include (1) filling
effect, as NS could act as fillers to densify the microstructure;
(2) seeding effect, as NS has much large surface area than
cement; the additional surface area could serve as site for the
precipitation of calcium-silicate-hydrate (C-S-H) nucleus; (3)
pozzolanic effect, as NS consumes calcium hydroxide to form
additional C-S-H which would decrease the micro defects
and make hydration products more homogeneous. These
mechanisms may operate in parallel or in some complicated
combination.

Given acceleration of hydration triggered by nano-SiO
2

derived from seeding effect or filler effect, the proper disper-
sion is a critical problem for application and remains a big
challenge. However, NS would inevitably agglomerate after
mixing with cement and water, although it could be well
dispersed in aqueous solution This is because the calcium
ion leaching from dissolution of cement breaks the stabi-
lization controlled by the electrical double layer. To mitigate
the degree of agglomeration, some physical methods, such
as ultrasonic waves method [16], have been adopted, but
efficiency of these methods only exists in pure water and
not in cement pore solution containing high concentration
of different ion species. Surface modification of NS has been
studied and proven to be one of the most accepted methods
to improve the dispersion stability of NS in complicated
condition [17], while few attentions have been paid to it
in the area of cement and concrete. The polymer on the
surface could provide the steric hindrance for nanoparti-
cles to generate significant repulsive force. Owing to the
application of polycarboxylate (PCE) in concrete technology
for over decades, in present work [18], PCE was chosen
to graft on the NS surface, forming a kind of core-shell
nanoparticles (NS@PCE). As expected, NS@PCE are more
stable in synthetic pore solution, compared with pristine NS.

From the aspect of cement chemistry, the surface state of
NS@PCE is an important factor for their ability to accelerate
cement hydration, because the surface state of NS@PCE
may decide (1) their dispersed state in cement paste matrix
associated with the total addition of surface area and (2)
the rate of reaction with calcium hydroxide which is related
to the total number of C-S-H nuclei. To further elucidate
the relationship between the surface state of NS@PCE and
accelerating effect and obtain an optimal dosage, in this
paper, we conducted a series of experiments by isothermal
conduction calorimetry, mechanical property measurement,
XRD, and SEM. The results show that the modified effect
of NS@PCE has some new features, compared with that

of pristine NS. Whether intended explicitly as a message
to application of NS@PCE in cement and concrete area
or not, the move highlighted the possibility of the surface
modification of supplementary cementitious materials and
their application.

2. Materials and Methods

2.1. Materials

2.1.1. Cement. Ordinary Portland cement compliant with the
Chinese National Standard GB8076-2008 was used in this
study. The oxide analysis of the cement was performed by
X-ray fluorescence spectrometry (XRF,Thermo Fisher ARL).
The compositions of the cement are listed in Table 1.

2.1.2. Nanoparticles. Colloidal NS used in this study was
supplied by Suzhou Nano-dispersion Co., Ltd (China) with
an initial solid content of 30% bymass.This NSwas produced
by a sol-gel technique, which was formed through hydrolysis
and condensation of tetraethyl orthosilicate (Si(OC

2
H
5
)
4

+ 2H
2
O

NH3 ⋅H2O
→ SiO

2
+ 4C
2
H
5
OH). Note that although

commercial NS was dispersed into aqueous dispersion as
received, it still needed purification to remove unreacted
tetraethyl orthosilicate, alcohol, ammonia, and other impu-
rities as much as possible before chemical synthesis.

The synthesis procedures of NS@PCE have been demon-
strated in previous work [18]. A series of NS@PCE were
synthesized from silanized polycarboxylate superplasticizer
and colloidal nano-SiO

2
by “grafting to” method. Figure 1(a)

demonstrates the chemical structure of NS@PCE. The parti-
cle size distribution of a series of PCE@PCE is determined
by dynamic light scattering (ALV Co., CGS-3), as shown in
Figure 1(b). Thermogravimetric analysis (TGA) quantified
the content of PCE as the shell of NS@PCE using a thermal
analyzer (TA Co., SDT-600). The shell-core ratio and hydro-
dynamic diameters of nanoparticles are listed in Table 2,
which were calculated based on DLS and TGA experimental
results.

2.2. Methods

2.2.1. Sample Preparation. To explore the effect of nanoparti-
cles on cement hydration and mechanical property, cementi-
tious pastemixtures with water to binder (cement + nanopar-
ticles) ratio of 0.4 were prepared in this work. The dosages
for each type of nanoparticles varied from 0% to 0.3%, 1%,
2%, and 3% by mass of the cement. For a series of NS@PCE,
the nanoparticles mass is only considered as nano-SiO

2
mass

in NS@PCE; hence, at a fixed dosage, the relative number of
nanoparticles would remain consistent when introduced to
cement pastemixture. It is worth pointing out that the content
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Figure 1: Schematic representation for NS@PCE: (a) chemical structure and (b) particle size distribution.

Table 2: The structural parameters of NS@PCE.

Items Shell-core ratio (wt%) Hydrodynamic diameter
D50 (nm)

NS 0 33.84
NS@PCE-1 7.52 38.64
NS@PCE-2 9.99 44.48
NS@PCE-3 17.35 53.48

of PCE inNS@PCE can be determined by thermogravimetric
analysis (TGA).

The mixing procedure is as follows: nanoparticle suspen-
sion and water were added to stainless steel mixer; cement
was gradually added over a time span of 30 s at rotating rate
of 60 rpm. After a 15 s interval, the cement paste was further
mixed for another 60 s at 500 rpm and 60 s at 1500 rpm.

2.2.2. Rate of Cement Hydration. The influence of NS@PCE
on the rate of cement hydration was tracked by isothermal
conduction calorimetry. An isothermal calorimetry system
(TA Co., TAM Air) was used to determine the heat evolved
during the first 72 h at a constant temperature of 25∘C.
The thermal power and energy were used to assess reaction
kinetics and the cumulative heat release of cementitious
mixture. The paste of 10 g was placed on ampoules inserted

into the instrument within 5min after initial cement and
water contact.Theheat data of hydration systemwas recorded
every 60 s during test procedure.

2.2.3. Compressive Strength. Compressive strength of the
composites was measured as described in ASTMC109. Cubic
specimens for all mixtures (blank cement pastes, pastes
containing NS, and pastes containing NS@PCE) were cast
and stored in sealed condition at 25∘C; after 12 h they were
demolded and immersed in saturated limewater. Measure-
ments were taken at 12 h, 24 h, 48 h, and 72 h. The strength
value reported is the average of three replications.

2.2.4. XRD. X-ray diffraction analyses (XRD) were carried
out on powdered paste mixtures after isopropyl alcohol
solvent exchange at each desired age using a Bruker D8
Advance diffractometer in a 𝜃-𝜃 configuration using Cu-
K𝛼 radiation. The scanning range was 5∼70∘C (2𝜃) with a
scanning rate of 0.02∘C/s.

2.2.5. SEM. Themorphologies of the samples were examined
byQuanta 250 Field Emission Scanning ElectronMicroscope
(FEI, Hillsboro, OA, USA) using a FEI 3D microscope. The
vacuum oven-dried sample was coated with 15 nm of gold to
make it conductive before observation.
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3. Results and Discussion

3.1. Cement Hydration

3.1.1. Stages of Cement Hydration. To better understand the
influence of nanoparticles on the properties of the cementi-
tious materials, it is essential to have a basic comprehension
of the kinetic mechanisms for cement hydration. According
to the classical theory, a typical cement hydration process
can be divided into five stages, that is, the initial reaction
period, the induction period, the acceleration period, the
deceleration period, and the decline period, as shown in
Figure 1.The initial hydration (Stage I) exothermic peak is the
result of the wetting of granules surface, the fast dissolving
of the hydrous phases, and the precipitation of ettringite due
to the fast reactivity of the aluminates and calcium sulfate.
The sharp peak is followed by the rapid decline; then an
induction period (Stage II) occurs with a low heat flow rate.
The mechanism of the induction period is still a subject of
considerable debate. Compared to the traditional inhibiting
layer theory, recent experimental evidences manifest that
geochemistry dissolution theory seems a more reasonable
explanation for the induction period [14]. The acceleration
period (Stage III) presents an intensely exothermic rate,
which is the result of the nucleation and growth of C-S-
H. After the main heat evolution peak, there is an obvious
shoulder peak that comes from the transformation of ettrin-
gite phase to AFm phase. At the end of acceleration period,
the deceleration period (Stage IV) occurs with heat evolution
rate dropping. While it is often assumed that the transition
to diffusion rate control is responsible for this period, a
new perspective was proposed as another interpretation that
the inevitable impingement of region of growing hydration
product reduced the surface available for nucleation and
growth [19]. Finally, the hydration process steps into the
decline period when heat release decreases to nearly zero
(Stage V). The low activity is due to the slow diffusion of
species in the hardened structure.

For further analysis of the influence of NS@PCE on
cement hydration, in the subsequent presentation of the
results, three points would be extracted from heat flow profile
curves, that is, A, B, and C (Figure 2). A is the start point of
acceleration period and also the end of induction period, B
is the main peak point in acceleration period, and C is the
shoulder peak. Heat flow value of these points and the time
value at these points would be observed and correlated with
characteristic parameters of NS@PCE.

3.1.2. Effect of Nanostructure of NS@PCE. Figure 3 shows
the measured heat flow profiles of cement pastes prepared
with different structures of NS@PCE at a dosage of 0.3 wt%.
In general, it can be seen that three types of NS@PCE
exhibit different influence on heat evolution. As noted by
the upward shift of the rate curves, the rate of hydration
increases after NS@PCE-1 and NS@PCE-2 added, while for
NS@PCE-3, it only has a slight impact on cement hydration,
the same as pristine NS. As reported in previous work [18],
with shell-core ratio increasing, NS@PCE appeared to have
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Figure 2: Typical heat flow profile of cement hydration.
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Figure 3: Measured heat flow profiles for cement pastes with
nanoparticles at 0.3 wt%.

stronger dispersion stability in synthetic cement pore solu-
tion.Therefore, among a series of NS@PCE, NS@PCE-3 with
highest shell-core ratio may appear to have best dispersion
state in cement matrix; it can provide the largest surface
area for the nucleation and growth of C-S-H. However, this
deduction does not conform to the experimental result as
shown in Figure 3. It means that, for a series of NS@PCE,
the discrepancy in modification effect could not be explained
by different dispersion states of nanoparticles in cement
paste matrix, and a possible mechanism would be further
elucidated in Section 3.4.

The higher the dosage of nanoparticles is, the more
difficult it is for them to disperse in the matrix.This indicates
that the dispersibility may become a dominant factor for
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Figure 4: Measured heat flow profiles for cement pastes with
nanoparticles at 1 wt%.

enhancing cement hydration at a higher dosage. To assess the
sensitivity of effectiveness of NS@PCE to dosage, a higher
dosage was carried out. The measured heat flow profile of
cement pastes in the presence of various nanoparticles at a
dosage of 1 wt% is shown in Figure 4. As noted in Figure 4, the
NS@PCEwith different structures have different influence on
the heat evolution. To be more specific, NS@PCE-2 is the
most effective one in enhancing cement hydration, as char-
acterized by two aspects: (a) the initial time of acceleration
period and (b) amplitude of the main heat peak. An obvious
acceleration effect is also obtained by NS@PCE-1, although
it is not so strong as NS@PCE-2, while for NS@PCE-3 and
pristine NS, they only exhibit a slight disturbance. It is also
very interesting that, in the heat flow profile of NS@CPE-2-
added cement paste, the shoulder peak appears first; this is
not conformed to the traditional curve of cement past where
shoulder peak always follows the main peak [20].

According to the experimental results above, one can
see that modification effects of nanoparticles could vary
widely, evenwhen they have similar particle size distributions
and are added into cement pastes at the same dosage. This
phenomenon should be related to the specific structures of
nanoparticles or, in other words, the surface chemical prop-
erties of nanoparticles. Then, it is necessary to understand
the relationship between the structures of nanoparticles and
modification effects of nanoparticles on cement hydration.
To further quantify the influence of NS@PCE in acceleration
period, as mentioned earlier, some eigenvalues are extracted
from heat flow profile curves to correlate with shell-core ratio
of NS@PCE.

Figure 5(a) shows the evolution of 𝑇A, 𝑇B, and 𝑇C as a
function of shell-core ratio. As shown in Figure 5(a), 𝑇B and
𝑇C are sensitive to the change of shell-core ratio, while 𝑇A is
not. For𝑇B and𝑇C, at a certain ratio of 9.99 (NS@PCE-2), they
reach a maximum which is higher than the reference time

from cement pasteswithout nanoparticles added.However, at
other ratios, both𝑇B and𝑇C are lower than the reference.This
indicates that only a moderate shell-core ratio could shorten
the initial time of acceleration period. Figure 5(b) illustrates
the correlation between the shell-core ratio and characteristic
heat flow value at peak. As noted by Figure 5(b),𝐻A keeps a
stable fluctuation as shell-core ratio increases. It is also clearly
seen that𝐻B and𝐻C increase with the increase in shell-core
ratio expect for the values at a ratio of 17.35. It means that
the heat flow at peak could be enforced by rising shell-core
ratio until reaching a threshold. A possiblemechanismwould
be further discussed in Section 3.4. In addition, the analysis
suggests that the impact of NS@PCE on cement hydration
could be quantified very well by shell-core ratio, which is able
to reflect surface properties of NS@PCE at some extent.

3.1.3. Effect of Dosages. Nanoparticles have been found to be
effective in the stimulation of nucleation processes during
the early cement hydration period [21]. The effect (so-
called filler effect) is usually attributed to the provision of
additional surface area by nanoparticles, ofwhich particle size
is approximately three orders of magnitude less than that of
cement. In the traditional theoretical analysis, nanoparticles
are considered to disperse in cement paste matrix in the
form of monoparticle. Thus, the higher dosage was added,
the larger surface area was got. However, if the serious
agglomeration of nanoparticles appears, the dosage is no
longer a scaling factor that can describe the change in solid
surface area induced by nanoparticles addition.

To observe the sensitivity of modification effect of
nanoparticles to the dosage, the dosages of 0.3%, 1%, 2%, and
3% were investigated.The results of pristine NS are presented
in Figure 6. As shown in Figure 6, with the increase of dosage,
the main hydration peak is shifted leftwards and the height of
the curve is shifted upwards. For a low dosage of 0.3%, the
modification effect is not very significant. For a high dosage
of 3%, the change in the hydration curve is similar to the
case of dosage of 2%. It may indicate that the agglomerations
of nanoparticles appeared, which means the rise of surface
areas could stay almost unchanged even ifmore nanoparticles
were added to cement paste; thus hydration process is less
responsive to the dosage increases.

According to the previous experimental results (Fig-
ure 4), among a series of NS@PCE, NS@PCE-2 is most
effective in accelerating cement hydration at a dosage of
1%. Here, NS@PCE-2 (NP) was chosen to further test its
modification effect at higher dosages. Figure 7 shows the
measured heat flow profiles for NS@PCE-2-added cement
pastes at different dosages. It is noted that, in general, an
increase in the dosage acts to increase the hydration process.
This increasemanifests as an upshift of the heat flow curve. To
be more specific, for a low dosage of 0.3%, the modification
effect is unapparent, while it becomes significant at higher
dosages.The accelerating effect seems no longer responsive to
the dosage when the dosage exceeds a threshold, as compared
with the curves at the dosage of 2% and that of 3%. What is
more, compared with case of NS, it is interesting that there is
hardly left-shift phenomenon presented in the curves.
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Figure 5: The relationship between the shell-core ratio and parameters corresponding to the measured heat flow profile at 1 wt%: (a)
characteristic time at peak and (b) characteristic heat flow at peak.
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Figure 6: Measured heat flow profiles for NS-added cement pastes
at different dosages.

To get a more detailed observation, as mentioned before,
some characteristic values were extracted from heat flow pro-
files. Here, we utilize these extracted parameters to correlate
with dosages. Figure 8 shows the evolution of 𝑇A, 𝑇B, and
𝑇C as a function of dosages in the case of pristine NS and
NP. For the case of NS (Figure 8(a)), it can be seen that
there is clearly a linear regression between the dosage and
𝑇A (or 𝑇B or 𝑇C). The slope of the curve associated with 𝑇B
(or 𝑇C) is greater than that of the curve associated with TA.
This suggests that 𝑇B or 𝑇C is severely affected by dosages.
Figure 8(b) illustrates the case of NP. From Figure 8(b), it is
noted that 𝑇A is inactive to the change in dosages, as opposed
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Figure 7:Measured heat flow profiles forNS@PCE-2-added cement
pastes at different dosages.

to𝑇B and𝑇C.The trends of𝑇B and𝑇C are nearly identical; that
is, they drop dramatically as dosage increases until stopping
at a platform.This observation is unsurprising if we consider
the hypothesis that the agglomeration of nanoparticles always
existed at high dosage whichmakes the increase in the dosage
no longer contribute to the growth in the total surface area of
hydration system.

Figure 9 exhibits the relationship between the dosage and
characteristic heat flow in the case of pristine NS and NP.
For the case of NS, as shown in Figure 9(a), all of the three
characteristic heat flows have a similar trend that escalates
as a function of the dosage. They are all higher than the
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Figure 9: The relationship between dosage and characteristic heat flow at peak corresponding to the measured heat flow profile: (a) NS and
(b) NP.

value of the reference cement pastes, if the dosage was higher
than 1%, while for the case of NP, as noted in Figure 9(b),
some different features could be found. For example, unlike
𝐻A shown in Figure 9(a), 𝐻A in Figure 9(b) seems more
insensitive to the change in dosage. What is more, with
the dosage rising, the fluctuations of 𝐻B and 𝐻C are more
apparent. The linear regression seems to only exist before the
dosage of 2%. These observations suggest that the physical
or the chemical process of NS and NP may be controlled by
different mechanisms, as the dosage increases.

3.2. Compressive Strength

3.2.1. Effect of Nanostructure of NS@PCE. Compressive
strength is one of the most important mechanical properties
of cementitious materials. Figure 10 shows the relative com-
pressive strength evolution for cement paste prepared with
four different types of nanoparticles. As noted by Figure 10,
in general, regardless of the curing ages, all kinds of nanopar-
ticles could produce an increase in the compressive strength.
This effect is more prolific in the samples with NS@PCE-2.
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Figure 10: Relative compressive strength for cement pastes with
nanoparticles at 1 wt%.

For example, the increase extent is as high as 125% at the age
of 12 h and remains the highest at all ages. This observation
may be partially ascribable to the assumption that NS@PCE-
2 has the best-dispersed state in cement pastes matrix. In
addition, the difference in enhancing compressive strength
diminishes over time. Another interesting observation is that
the strength of NS@PCE-1-added sample is lower than the
reference at the age of 12 h. It is reported that NS addition
would lead to high-polymerized C-S-H gels [22, 23]. For
a series of NS@PCE, at specific time, they may produce
C-S-H gels with different quantity or quality, which may
be another mechanism accounting for compressive strength
enhancement.

3.2.2. Effect of Dosage. To reveal the influence of the dosages
of NS/NS@PCE-2 (NP) on the relative compressive strength,
cement pastes with four dosages of 0.3, 1%, 2%, and 3%
were measured. Figure 11 shows the results of samples with
NS. From Figure 11, it is clearly seen that the relative
compressive strength increases as a function of the dosage
in all curing ages, with the maximum values produced by
the dosage of 3%. This consequence is confirmed to other
similar researchers reported by Nazari and Riahi [24] and
Singh et al. [25]. It could be explained by the so-called filler
effect or seeding effect; that is, additional surface area could
offer more nucleation sites. However, the prerequisite for this
interpretation is the ideal monodispersion of nanoparticles.
Compared with the result of 72 h and that of 12 h, we can
find that the improvement in strength is toned down over
time. This may be due to the fact that the side effects of
the formation of agglomeration become more obvious at
later age including the following: (a) agglomeration would
develop into the weakened zone which also generates many
new interfacial transition zones [26] and (b) agglomeration
can decrease active surface which would reduce the rate of
the pozzolanic reaction.
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Figure 12: Relative compressive strength for NS@PCE-2-added
cement pastes at different dosages.

The trends in strength development of samples with NP
are shown in Figure 12. In general, apart from the result at
the age of 12 h, the relative strength of samples increases with
the dosage increasing up to 2%, while there is no appreciable
disparity between the dosage of 2% and that of 3%. At the
age of 12 h, the dosage of 1% has a similar improvement
effect compared with that of 3%. This may be due to the
fact that, at this curing time, NP fortunately achieves a better
balance between lowering the agglomeration and enhancing
the pozzolanic reaction. According to the previous research
[18], it is rationalized that NP would have a better dispersion
state in cement pastes matrix than NS. Then higher strength
would be obtained by samples with NP at the same dosage.
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Figure 13: Measured compressive strength versus cumulative heat
release, normalized by initial water content.

This speculation could be confirmed by comparing the results
in Figures 11 and 12. Based on these results, it can be
concluded that NP could enhance the strength of cement-
based materials at lower dosage, especially at the early age,
compared with pristine NS.

3.2.3. Relationship between Compressive Strength and Cumu-
lative Heat. It is attractive to acquire themechanical property
development by adopting the date from calorimeter isother-
mal measurement. Some researchers [27–29] unambiguously
showed that there is a strong correlation between the heat
evolution and compressive strength in the hydration system
with supplementary materials, such as fly ash and limestone.
To verify this correlation in hydration system with nanopar-
ticles, the relationship between compressive strength and
cumulative heat releases is explored as shown in Figure 13. All
the hydration heat data are extracted from the experimental
results in Section 3.1. It should be noted that the measured
heat is normalized by initial mixture water, which is a sign
of the initial space surrounded by the cement grain and
would be filled by hydration product over time. As noted
in Figure 13, a reasonable correlation is achieved, where
the majority of data points fall into the acceptable bound
of the linear best fit line. No matter data come from NS-
added sample or NS@PCE-added sample, they present a
lower deviation when cumulative heat value is below 600 J/g.
It is meaningful to get the information of linear correlation,
because it suggests that the mechanical properties of samples
with NS or NP can be inferred by heat evolution data. This
is also a worthwhile complement to the research of the
nanoparticles added hydration system.

3.3. Microstructure. To get some more details about modi-
fication effect, X-ray diffraction analysis was carried out to
measure samples with 1 wt% NS and 1wt% NP at the ages of
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Figure 14: XRD patterns of cement pastes with nanoparticles at 6 h.
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Figure 15: XRDpatterns of cement pastes with nanoparticles at 12 h.

6 h and 12 h, and the results are shown in Figures 14 and 15,
respectively. The main crystalline phases are identified and
marked including calciumhydroxide (CH), dicalcium silicate
(C
2
S), and tricalcium silicate (C

3
S). C
2
S and C

3
S are the two

most important mineral phases of unhydrated cement. The
source of CH is same for all samples as generated by the
hydration process of cement. However, the final amount of
CH is not just influenced by hydration process. For reference
sample, the amount of CH is only controlled by hydration
process of C

2
S and C

3
S, while for the samples with NS or

NP, another chemical process, that is, pozzolanic reaction
betweennanoparticles andCH, should be considered because
this reaction consumes CH. It has been documented that CH
content disparity between NS-added sample and reference
would first get a maximum point within few hours [26]. This
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Figure 16: SEM images of cement pastes with nanoparticles at 6 h: (a) Ref, (b) NS, and (c) NP.

is due to the hydration acceleration effect of NS. After the
maximum point, the CH content disparity would decrease
steadily due to the effect of pozzolanic reaction. These trends
are also observed in NP-added samples as noted in Figures
14 and 15. As shown in Figure 14, at 6 h, CH peak in
the NP-added samples is more intense than that in other
samples. This indicates again that both NS and NP could
accelerate the hydration and the effect of NP could be more
pronounced. For three type samples at 12 h (Figure 15), there
is no significant difference in the CH peak. It suggests that
pozzolanic reaction has been shown to be more apparent in
the samples with NS or NP. From the fact that CH content in
NP-added sample is higher than that in NS-added sample at
6 h while they are approximately equal at 12 h, we can infer
that the NP may have a greater ability to consume CH by
pozzolanic reaction at later age.

Since main hydration product C-S-H is hard to be
detected by XRD due to its amorphous character, it can
be identified by SEM. The morphology image of NP-
added samples at 6 h was measured by SEM as shown in
Figure 16 and compared with that of reference and NS-
added samples. It can be seen from Figure 16(a) that irregular
needle-like C-S-H appeared on the surface of cement grain
resulting from the hydration of C

2
S and C

3
S. The amount of

needle-like C-S-H improved after NS was added as shown in
Figure 16(b). For samplewithNP,more needle-likeC-S-H can
be found and some cement grains’ surfaces have been filled
with these products (see Figure 16(c)). The results further
verify the discussion mentioned before demonstrating that
NP could boost up cement hydration more effectively than
NS.

3.4. Discussion

3.4.1. Seeding Effect. Fine particles are known to acceler-
ate cement hydration. It is generally accepted that this
acceleration effect has been attributed to additional surface
which provides extra nucleation sites for C-S-H phases. In
particular, as shown in Figures 17(a) and 17(b), in blank
cement paste, it is usually hypothesized that the nucleus of
C-S-H can only grow on the surface of cement grains, while,
in the cement with NS, expect for cement grain surface, the

nanoparticle surface also can be the place where nucleus
precipitated (see Figures 17(c) and 17(d)). Normally, the
diameter of nanoparticle is about three orders of magnitude
smaller than that of cement grain; therefore total surface
area for nucleation sites would increase with the dosage of
nanoparticles increasing. Oey et al. [30] and Costoya [31]
have proposed that the seeding effect is proportional to the
total surface of area. In this study, characteristic heat flow
parameters are found to be in linearity with the dosage of
NS (see Section 3.1.2); therefore it seems that seeding effect
is still suitable for explaining the phenomenon of hydration
acceleration by NS.

3.4.2. Relationship between Dispersion, Nucleation, and Sur-
face Properties of Nanoparticles. According to the seeding
effect theory, additional surface areas are responsible for
acceleration effect, so the dispersion in cement matrix is
the key problem for the application of nanoparticle. For NS,
it is well monodispersed in water with a PH value of 7–9
by reason of hydrogen bonding between the surface silanol
groups and the water molecules resulting in the formation
of a water layer around nanoparticles [32]. Meanwhile in the
solution with PH in excess of 12, the nanoparticles acquire a
negative charge surface through partial deprotonation; then
the hydrolyzed surface would produce electrostatic force
to overcome the attractive force between nanoparticles. In
cement pore solution, the dispersion issue would become
more complicated with the presence of various ions such
as Ca2+, Na+, and K+. Among these cations, calcium ion is
the most important factor affecting the stability of particles.
Calcium ions of cement pore solution always present near
the portlandite saturation point; in such concentration, cal-
cium ion would affect the stability of NS by reducing the
electrostatic repulsive potential. For above reasons, making
a homogeneous dispersion of nanoparticles in cement paste
matrix is a challenging task. In the worst condition, the so-
called nanoparticles filled in cement pastes always contain
certain of loosened clusters of particles, leading to properties
even worse than blank cement pastes. For NS, it is difficult to
further improve its dispersion by tuning DLVO interaction
because of calcium ions constantly generated by hydration
process.
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Figure 17: Schematic representation for seeding effect.

The surface modification method brings hope for NS
to mitigate the agglomeration phenomenon in the solution
with complex ions, because the polymer on particle surface
could provide the extra potential barrier. This barrier comes
from the steric repulsive force related to the conformation
of polymer itself. For NS@PCE, it was designed based
on the idea of surface modification. In previous study, as
expected,NS@PCEcould formamore stable nanosuspension
than pristine NS in portlandite saturation, and the stability
degree is improved with the shell-core ratio increasing [18].
Although the polymer on the surface could improve the
dispersion property, on the other hand, the surface modifi-
cation of NS also has the side effect that decreases pozzolanic
reactivity of nanoparticles, which is due to the fact that the
polymer on the surfacewould shield the attack of alkaline ion.
As proposed by Thomas [13], NS itself is not regarded as the
nucleating agent; it should first react with calcium hydroxide
to generate the C-S-H nucleus. According to this theory, low
pozzolanic reactivity accounts for low growth kinetics of C-
S-H nucleus. That means that the benefit of good dispersion
may be covered, if the pozzolanic reactivity of NS@PCE is
too small. To be more specific, a high shell-core ratio would
bring about a significant drawback for NS@PCE as verified
by the hydration heat results of NS@PCE-3-added samples.
Based on the discussion above, the schematic drawing for
the dispersion and nucleation process of NS and NS@PCE is
demonstrated in Figure 18.

In general, the effect of surfacemodification has two sides.
It is important to keep in mind that if accelerating cement
hydration is our core need, there is always a balance between
initial dispersion and pozzolanic reactivity for NS@PCE.

We should balance trade-offs among those two effects to
design an optimal shell-core ratio for NS@CPE. In addition,
this interpretation about balance would also inspire us to
engineer the NS@PCE with high shell-core ratio to make
NS@PCE conforming to the requirement of retarding cement
hydration.

4. Conclusions

This paper has described the generalized influence of
NS@PCE on accelerating the rate of cement hydration.
Factors of the dosage and disparity in surface properties
(quantified by shell-core ratio) are distinguished and ana-
lyzed in the light of their influence on hydration rate. From
this study, the following conclusions can be drawn:

(1) Although a series of NS@PCE and NS have a similar
particle size distribution, they exhibit different influ-
ences on cement hydration. This is not in agreement
with the traditional viewpoint that the acceleration
effect is proportional to the increase of surface area
provided by nanoparticles.

(2) Amoderate shell-core ratio (NS@PCE-2) showsmore
effect in accelerating cement hydration among a series
of NS@PCE at the dosage of 1%.

(3) The optimal dosage of NS@PCE-2 is around 2%. At
the same dosage, the accelerating effect of NS@PCE-
2 is more pronounced than pristine NS.
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(4) For cement paste with NS@PCE, there is a linear
correlation between cumulative heat release and com-
pressive strength. It suggests that the time-dependent
evolution of mechanical properties in cementitious
materials with NS@PCE could be estimated by heat
evolution data.

(5) A hypothesis is proposed to explain the effect of
NS@PCE, which highlights a balance between initial
dispersion and pozzolanic reactivity for NS@PCE.
Based on this hypothesis, either accelerating effect
or retarding effect could be achieved by controlling
surface properties of NS.

Besides, the outcomes of this study provide new insight
into controlling the cement hydration by modifying the
surface property of supplementary cementitious materials.
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Thematerial properties of cement-zero concrete using alkali-activators have been studied extensively as the latest response to reduce
the CO

2 exhaust of the cement industry. However, it is also critical to evaluate the behavior of reinforced concrete beams made of
alkali-activated slag (AAS) concrete in terms of flexure and shear to promote the applicability of AAS concrete as structuralmaterial.
Accordingly, nine types of beam specimens with various ratios of tensile steel and stirrup were fabricated and subject to bending
and shear tests. The results show that the flexural and shear behaviors of the reinforced AAS concrete members are practically
similar to those made of normal concrete and indicate the applicability of the conventional design code given that the lower density
of slag is considered. In addition, a framework using the elastic modulus and stress-strain relation from earlier research is adopted
to carry out nonlinear finite element analysis reflecting the material properties of AAS concrete.The numerical results exhibit good
agreement with the experimental results and demonstrate the validity of the analytical model.

1. Introduction

Thecement and concrete industries count among the primary
producers of CO2 and prediction forecasts that theworldwide
consumption of cement will continue to increase yearly by
2.5 to 5.8% during the second and third decades of the
21st century [1]. As an attractive solution to prevent or at
least delay the global warming caused by the emission of
greenhouse gases, research was implemented worldwide to
fabricate cement-zero concrete using slag powder, fly ash,
and alkali-activators [2–4]. Experimental works especially
reported that concrete using alkali-activated slag (AAS)
instead of blast-furnace slag could develop high early strength
higher than 50MPa even at ambient temperature and resist
chemical attack by sulfates [5, 6].

To date, studies focused essentially on the material prop-
erties of cement-zero concrete using AAS like the strength,
drying shrinkage, autogenous shrinkage, and durability. For
example, Oh et al. [7] studied the autogenous shrinkage of
fresh AAS mortar according to the water-to-binder ratio
to assess the effect of the rapid alkaline reaction occurring
at early age caused by the introduction of large amount of
AAS. Collins and Sanjayan [8] compared the workability
and equivalent one-day strength of AAS concrete to those
of Portland cement concrete at normal curing temperature
and reported discrepancies in the mechanical properties like
the compressive strength, elastic modulus, flexural strength,
drying shrinkage, and creep. Sofi et al. [9] considered six
inorganic polymer concrete (IPC) mixes to evaluate the
effects of the inclusion of coarse aggregates and granulated
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blast furnace slag. These authors carried out tests and found
out that, in most cases, the engineering properties developed
by the IPC mixes compared favorably to those predicted
by the relevant standards for concrete mixtures. Atiş et al.
[10] applied liquid sodium silicate, sodium hydroxide, and
sodium carbonate (SC) at different sodium concentrations
to produce AAS concrete mixes and recommended using SC
as activator for slag mortar since it could achieve adequate
strength and setting times and shrinkage comparable to
Portland cement concrete. Using such SC activator, Melo
Neto et al. [11] examined the relationship between the
hydration, unrestrained drying, and autogenous shrinkage of
AAS mortar specimens. These authors reported the critical
influence of the amount of activator on the drying and
autogenous shrinkages, and the significant contribution of
the autogenous shrinkage on the total shrinkage. Besides,
Puertas et al. [12] analyzed the behavior of AAS mortars after
carbonation. The results indicated that AAS mortars were
more intensely and deeply carbonated than Portland cement
mortars.

These previous studies gave insight on the adequate mix
to achieve AAS mortars exhibiting material properties com-
parable to Portland cement mortars. However, research shall
also be implemented on the elastic modulus, stress-strain
relations, and behavior of structural members to exploit AAS
concrete as structural material. Recently, Lee and Seo [13]
and Choi et al. [14] evaluated experimentally the flexural
and shear behaviors of AAS concrete beams but without
attempting to model these behaviors at once and analytically.

Accordingly, this study investigates experimentally and
analytically the structural behavior of AAS concretemembers
and intends to verify the applicability of existing cement-
based concrete design code to AAS concrete. To that goal, the
behavior of reinforced concrete beamsmade of AAS concrete
is evaluated experimentally in terms of both flexure and shear.
In addition, the elastic modulus and stress-strain relation of
AAS concrete for 50-MPa precast members obtained exper-
imentally are used to perform the finite element analysis of
the flexural members and shear members and the numerical
results are compared to the experimental data.

2. Test Setup

2.1. Materials. Ground granulated blast furnace slag
(GGBFS) with density of 2.90 g/cm3, fineness of 4,365 cm2/g,
and basicity of 1.78 is used as binder. River sand with density
of 2.58 g/cm3 and fineness modulus of 2.92 is used as fine
aggregate. Crushed stone with density of 2.62 g/cm3 and
maximum size of 19mm is adopted as coarse aggregate.
Two types of alkali-activators that are sodium hydroxide
(98% purity) and industrial water glass with SiO2 = 28.8%
and Na2O = 9.3% are used to activate the GGBFS. These
two products are added to realize Na2O = 6.0% and alkali
modulus Ms (=SiO2/Na2O) of 1.0 with respect to the mass of
slag. Moreover, polycarbonate superplasticizer is adopted to
secure the fluidity of AAS concrete.

2.2. Characteristics of Concrete and Reinforcement. Table 1
arranges the mix proportions of AAS concrete purposed for
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Figure 1: Stress-strain relationship of considered AAS concrete in
compression.

50-MPa precast products and used for the fabrication of the
beam specimens. In Table 1,𝑊/𝐵 stands for water-to-binder
ratio, 𝑆/𝑎 for fine-to-aggregate ratio, and𝑊 for water. Table 2
lists the properties of fresh AAS concrete together with the
elastic modulus and strength of AAS concrete at 28 days. The
compressive strength at 3 days is 32MPa and the compressive
strength and elastic modulus at 28 days are 55.3MPa and
31.5 GPa, respectively.

Figure 1 plots the stress-strain relationship of AAS con-
crete in compression. The value of 0.003 obtained for the
ultimate compressive strain of AAS concrete appears to be
similar to that of ordinary Portland cement (OPC). The
test results are also compared with the values given by the
following analyticalmodel suggested byThorenfeldt et al. [16]
for OPC.

𝑓c = 𝑓cm ×
𝜀c
𝜀cm
× 𝑛
𝑛 − 1 + (𝜀c/𝜀cm)𝑛𝑘

, (1)

where 𝑓c and 𝜀c are strength and strain of concrete, respec-
tively; 𝑓cm is peak stress (MPa); 𝜀cm is strain at peak stress;
and 𝑛 = 0.8 + (𝑓cm/17) with 𝑘 = 0.67 + (𝑓cm/62) if 𝜀c > 𝜀cm
and 𝑘 = 1 if 𝜀c ≤ 𝜀cm.

Figure 1 shows good agreement of the stress-strain rela-
tionship between the test results and themodel ofThorenfeldt
et al. [16] up to the ultimate strain. However, AAS concrete
exhibits more ductile behavior than the analytical model
beyond the ultimate strain.

Besides, the tensile reinforcement and stirrup are, respec-
tively, made of steel SD500 and SD400 of which average yield
strengths derived from direct tensile test are 499.6MPa and
419.2MPa [13, 14]. Tests were performed on 𝜙100 × 200mm
cylinders fabricated to examine the stress-strain relation and
derive the elastic modulus of AAS concrete.

2.3. Test Variables. For the flexural test, three levels of rein-
forcement ratio (balanced steel ratio of 76, 58, and 43%) were
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Table 1: Mix proportions of AAS concrete.

𝑊/𝐵 (%) 𝑆/𝑎 (%) Unit mass (kg/m3)
𝑊 GGBFS Fine aggregate Coarse aggregate Water glass NaOH Superplasticizer

45 50 165 367 855 869 73 19 3.67

Table 2: Properties of AAS concrete.

Fresh concrete Hardened concrete (28 days)
Slump (mm) Air content (%) Compressive strength (MPa) Elastic modulus (GPa) Splitting tensile strength (MPa)
165 3.1 55.3 31.5 3.9

selected as test variables to examine the flexural behavior of
the AAS concrete specimens for 50-MPa precast products.
Therefore, 3 types of beam specimens were fabricated. In
the specimens, the stirrups (D10) are arranged densely with
spacing of 70mm to prevent shear failure. Moreover, three
levels of tensile reinforcement ratio (balanced steel ratio of
76, 58, and 43%) and 2 levels of stirrup spacing ((1/2)𝑑, no
stirrup) were chosen as test variables of the beam specimens
for the shear test. Here, six types of beam specimens were
fabricated for the shear tests.

2.4. Details of Test Specimens. Table 3 lists the beam speci-
mens with their designation and corresponding test variables
for the examination of the flexural and shear behaviors.
Figure 2 shows the reinforcement details and dimensions of
the beam specimens. Table 3 gives the detailed dimensions of
the specimens. Figure 2(b) illustrates the layout of the sensors
for the measurement of the steel and concrete strains and the
center deflection during the loading test. Figure 3 pictures a
completed beam specimen installed for loading test.

3. Test Results and Discussion

3.1. Flexural Behavior of AAS Concrete Members. Table 4 lists
the crack load, steel yield load, and ultimate load measured
in the AAS concrete members during the bending test. All
the specimens failed by flexure and the load bearing capacity
increased with larger tensile steel ratio. The ratio of the
ultimate load to the steel yield load ranges between 1.15 and
1.41. All the specimens exhibit similar crack load because the
members were fabricated using the same AAS concrete.

Figure 4 plots the load-deflection curves of the flexural
members. During the increase of the load, all the specimens
develop deflection quasi-proportional to the load. Then, the
slope of the curves experiences steep variation after the
yielding of the tensile steel. The linear part of the curves
especially becomes longer with higher tensile steel ratio.
Finally, brittle failure occurs after the ultimate load with steep
loss of the load. This indicates that the behavior of the AAS
concrete beams depends sensitively on the steel ratio similarly
to the beams made of normal concrete with OPC.

Figure 5(a) plots the load-strain curves of the tensile
steel in the flexural members. The strain remains minimal
under loading smaller than the crack load and increases
linearly with larger load beyond the crack load. Moreover,
the strain tends to enlarge significantly after yielding of the

tensile steel. Figure 5(b) plots the load-compressive strain
curves of concrete in the flexural members. The strain 𝜀0 at
maximum stress ranges between 0.00250 and 0.00285, and
the ultimate strain ranges between 0.00250 and 0.00290. The
ultimate strain is relatively smaller than the theoretical value
of 0.0038 but the peak strain 𝜀0 is comparable to that of the
experimental stress-strain curve.

Figure 6 compares the ultimate moments of the flexural
members to those provided by the following equation. This
equation assumes the yielding of steel.

𝑀u = 0.9𝑑 × 𝐴 s × 𝑓y, (2)

where 𝑑 is effective depth of cross section;𝐴 s is nominal area
of reinforced bar; and 𝑓y is yield stress.

Figure 6 shows good agreement between the experimen-
tal and computed ultimate moments with the experimental
values larger by 3% to 9% than the predictions. This verifies
the similar flexural behavior developed by the AAS concrete
members and the OPC members.

3.2. Shear Behavior of AAS Concrete Members. Compared
to a previous paper presented by the authors of [14], three
additional members were fabricated and tested to comple-
ment erroneous data. Table 5 arranges the flexural crack
and shear crack loads, the yield loads of the tensile steel
and stirrup, and the ultimate loads obtained from the shear
failure tests conducted at 28 days on the fabricated specimens.
As shown in Figure 7, shear failure occurred in all the
members except specimen S19-0.5d. The distinction between
the shear failure and the flexural failure was done considering
comprehensively the yielding of the stirrups, the eventual
reaching of the ultimate strain by the flexural compressive
strain of concrete, and the size of the shear strain of concrete.

The loads generating flexural cracking were similar in the
six test members, which is attributable to the use of concrete
with the same compressive strength in all the specimens.
Besides, the members reinforced with stirrups experienced
shear cracking at slightly larger load than the members
without stirrup. Moreover, the shear crack load appears to be
larger with higher tensile steel ratio. This can be explained
by the Dowel action of the tensile steel. In other words, the
Dowel action of the tensile steel delays the initiation of shear
cracking as much as the tensile steel ratio is large. For the
members with stirrups, the yield loads of the tensile steel
become larger with higher tensile steel ratio and the ratio of
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Table 3: Designation of beam specimen type and corresponding test variables.

Designation Tensile steel (𝐴 s) Compression steel (𝐴s) D10 stirrup spacing (mm) Tensile steel ratio
Flexure

2-D16

F25 3-D25
70

0.0304
F22 3-D22 0.0232
F19 3-D19 0.0172

Shear
S25-0.5d 3-D25

125
0.0304

S22-0.5d 3-D22 0.0232
S19-0.5d 3-D19 0.0172
S25-0 3-D25

0
0.0304

S22-0 3-D22 0.0232
S19-0 3-D19 0.0172

200

(unit: mm)

40 40120

50
25
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(a) Details of reinforcement

Steel strain gauge
LVDT

150mm

250mm

For flexural test: L = 1,350mm
For shear test: L = 900mm

L

Concrete strain gauge

(b) Dimensions of specimens and sensor layout

Figure 2: Cross-sectional details and sensor layout of AAS concrete beam specimens.

Figure 3: Setup for flexural test of AAS concrete beam specimen.

the ultimate load to the yield load of the tensile steel ranges
between 1.09 and 1.58.

Figure 8 plots the load-deflection curves obtained from
the shear test of the beam specimens. All the curves are quasi-
linear before early cracking and, beyond that point, increase
nonlinearly until the ultimate state. It appears that the tensile
steel ratio has significant influence on the structural behavior
of the beams. The shear behavior of the AAS concrete beam
specimens is similar to that of the beams made of normal
concrete. The specimens without stirrup especially failed
as soon as the ultimate load was attained. Note that the
specimens with stirrups experienced brittle failure practically
without ductile behavior due to the minimum arrangement
of stirrups adopted in this study.This means that, when shear
failure occurs in absence of stirrup (specimens S25-0 and S22-
0), the member shows common recovery of its resistance to
shear owing to the Dowel action even after the first strength
degradation. However, specimen S19-0 experienced flexural
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Table 4: Crack, yield and ultimate loads and corresponding center displacement of flexural test specimens.

Member Crack load (kN) Yield Ultimate Ultimate/Yield Failure mode
Load (kN) Deflection (mm) Load (kN) Deflection (mm) Load ratio Deflection ratio

F25 20.6 272.5 13.8 313.4 18.1 1.15 1.31 Flexure
F22 24.4 171.9 10.8 242.3 24.5 1.41 2.27 Flexure
F19 22.4 155.6 10.9 188.4 23.3 1.21 2.14 Flexure

Table 5: Crack, yield, and ultimate loads of shear test specimens.

Member Crack load (kN) Yield load of tensile steel, 𝑎 (kN) Ultimate load, 𝑏 (kN) 𝑏/𝑎 Failure mode
Flexure Shear

S25-0.5d 34.6 163.2 228.5 249.6 1.09 Shear
S22-0.5d 30.9 152.2 144.6 228.3 1.58 Shear
S19-0.5d 25.1 134.0 127.5 176.5 1.38 Flexure
S25-0 30.7 125.9 — 85.3 — Shear
S22-0 28.2 118.6 — 100.8 — Shear
S19-0 32.9 112.9 94.3 111.2 1.18 Flexural shear
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Figure 4: Comparison of load-deflection curves of flexural test
specimens.

shear failure instead of pure shear failure due to the Dowel
action of the tensile reinforcement. This explains the absence
of strength recovery after the loss of early strength.

Figure 9 draws the load-strain curves of the tensile
steel measured in the shear test specimens. In view of the
results presented in Table 5 and Figure 9, specimens S25-
0, S25-0.5d, and S22-0 experienced pure shear failure before
yielding of the tensile reinforcement. Specimen S25-0.5d,
as the one having the largest arrangement of tensile steel,
exhibits small increase of the strain in the tensile steel
because the specimen reached the ultimate load following the
occurrence of shear failure immediately after yielding of the
tensile reinforcement. Specimens S25-0 and S22-0 without
stirrup and small arrangement of tensile steel experienced

sudden failure before yielding of the tensile steel once the load
exceeded the shear strength due to the absence of stirrups.

On the other hand, the other specimens saw their tensile
reinforcement deform at shear failure and without increase
of the load because shear failure occurred after yielding of
the tensile reinforcement. Specimens S22-0.5d and S19-0.5d
with relatively small arrangement of tensile reinforcement
experienced large deformation after yielding of the tensile
steel and finally failed, respectively, through flexure/shear or
flexure. Despite the absence of stirrups, specimen S19-0 failed
through flexure/shear due to the small amount of tensile
steel and developed relatively larger strain than the other
specimens without stirrup.

Figure 10 plots the load with respect to the flexural
compressive strain of concrete measured in the shear test
specimens. Specimen S25-0.5d with large amount of tensile
steel failed before concrete reached its ultimate strain due
to the sudden occurrence of shear failure. Specimens S22-
0.5d and S19-0.5d reinforced by stirrups and small amount
of tensile steel were the only ones to develop relatively large
concrete strain up to 0.0035 because of the following reasons.
Specimen S22-0.5d experienced flexural failure at first due to
its small amount of tensile steel and finally failed through
shear due to its small amount of stirrup. Specimen S19-
0.5d experienced flexural failure without shear failure due
to its smaller amount of tensile steel. In addition, among
the members without stirrup, specimens S25-0 and S22-0
developed small concrete strain due to the sudden occurrence
of shear failure.

Figure 11(a) plots the load with respect to the shear
strain measured in the stirrups. It appears that the stirrup
yielded only in specimen S25-0.5d and not in the other
two specimens. This is in agreement with the failure modes
listed in Table 5, which indicated pure shear failure in
specimen S25-0.5, flexure-shear failure in specimen S22-0.5d,
and flexural failure in specimen S19-0.5d. Besides, specimens
S22-0.5d and S19-0.5d that did not experience yielding of
their stirrup recorded values of 0.00263 and 0.00262 for the
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Figure 5: Load-strain curves of flexural test specimens according to steel ratio.
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Figure 6: Comparison of experimental and predicted ultimate
moments.

maximum strain of the stirrup, respectively. Accordingly, the
stress in the stirrup based upon the uniaxial stress-strain
relationship can be estimated to be 419MPa for S25-0.5d,
367MPa for S22-0.5d, and 366MPa for S19-0.5d.

Figure 11(b) plots the load with respect to the princi-
pal strain measured in concrete. The members underwent
shear cracking at shear strain of 0.000112 (specimen S19-0),
0.000113 (specimen S22-0), and 0.000121 (specimen S25-0).
The values of the concrete principal strain were calculated
by converting the strain measured by the strain gage rosette
(Figure 2(b)) attached on the right-hand side of the critical
section.

ACI 318-08 [17] proposes the following formulae for the
calculation of the maximum shear stress Vcr of concrete.

Simplified Formula

Vcr = 0.16√𝑓ck (3)

Elaborated Formula

Vcr = 0.16√𝑓ck + 17.6
𝜌𝑉𝑑
𝑀 ≤ 0.29√𝑓ck, (4)

where𝑓ck is compressive strength of concrete; 𝜌 is tensile steel
ratio; 𝑉 is shear force at the critical section; 𝑀 is bending
moment at the critical section; and 𝑑 is effective depth.

If the compressive strength, steel ratio, shear force, and
bending moment are substituted in (3), Vcr = 1.19MPa, and
Vcr takes values of 1.31MPa (S19-0), 1.37MPa (S22-0), and
1.39MPa (S25-0) when (4) is used.

Assuming the common value of 0.17 for Poisson’s ratio
], the shear stress is calculated by multiplying the shear
elastic modulus 𝐺 = 𝐸c/[2(1 + ])] = 14.06GPa by the shear
strain measured in the tests, where the experimental elastic
modulus 𝐸c = 32.91 GPa from Table 2. The corresponding
shear stress becomes 1.58MPa (S19-0), 1.59MPa (S22-0),
and 1.70MPa (S25-0). This shows that the principal stress
obtained experimentally is slightly larger than that predicted
by the design formulae in (3) and (4).

3.3. Comparison of Experimental Shear Strength and Design
Values. Table 6 compares the shear strengths obtained from
the test with those suggested by the design code. In Table 6,
“Test” indicates the values based upon the loads measured in
the test and “Analysis” designates the values computed from
the strain measured in the test. Recalling that specimen S19-
0.5d failed through flexure, S19-0.5d and S19-0 are discarded
because the comparison of the shear strength is meaningless
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Figure 7: Crack pattern of shear test specimens (a) S25-0.5d, (b) S22-0.5d, (c) S19-0.5d, (d) S25-0, (e) S22-0, and (f) S19-0.

Table 6: Comparison of shear strengths from test and design code.

Shear strength S25-0.5d S25-0 S22-0.5d S22-0
Test (kN)
𝑉c 85.3 85.3 100.8 100.8
𝑉s 164.3 — 127.5 —
𝑉u = 𝑉c + 𝑉s (incl. self-weight) 251.0 86.7 229.6 102.2

Design Code (kN)
𝑉c 86.9 86.9 80.2 80.2
𝑉s 114.1 — 114.1 —
𝑉n = 𝑉c + 𝑉s 201.0 86.9 194.3 80.2

Test(𝑉u)/Code(𝑉n) 1.25 1.00 1.18 1.27
Analysis (kN)
𝑉c 85.0 85.0 79.5 79.5
𝑉s 119.5 — 104.7 —
𝑉n = 𝑉c + 𝑉s (incl. self-weight) 205.9 86.4 185.6 80.9

Test(𝑉u)/Analysis(𝑉n) 1.22 1.00 1.24 1.26
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Figure 8: Load-deflection curves of shear test specimens.
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Figure 9: Load versus strain of tensile steel in shear test specimens.

for these members. In addition, the experimental shear force
corresponds to the sum of the shear force obtained in the
test and the self-weight (1.35 kN = 25 × 0.3 × 0.2 × 1.8/2);
the shear strength 𝑉c supported by concrete in the test is half
of the ultimate load of the specimens without stirrup (S25-0,
S22-0, S19-0); the shear strength 𝑉c provided by the design
code is the result of the application of (2); and the shear
strength sustained by the stirrups is calculated by applying
𝑉s = 𝐴v𝑓y𝑑/𝑠, where 𝑠 is the stirrup spacing. The values of
𝑉c in “Analysis” are computed as the product of the principal

stress obtained in Figure 11(b) of Section 3.2 by the cross-
sectional area of the specimen. The values of 𝑉s in “Analysis”
are calculated as the product of the strain in the stirrup
obtained in Figure 11(a) of Section 3.2 by the cross-sectional
area of the reinforcement.

The ratio of the experimental value to the value predicted
by the design code (Test(𝑉u)/Code(𝑉n)) ranges between
1.00 and 1.27 and that of the experimental value to the
analytic value calculated from the experimental strain
(Test(𝑉u)/Analysis(𝑉n)) ranges between 1.00 and 1.26, which



Advances in Materials Science and Engineering 9

S25-0.5d
S22-0.5d
S19-0.5d

0

100

200

300

400

500

600
Lo

ad
 (k

N
)

0.001 0.002 0.003 0.0040
Strain of concrete (mm/mm)

(a) With stirrups

S25-0
S22-0
S19-0

0

50

100

150

200

250

Lo
ad

 (k
N

)

0.0003 0.0006 0.0009 0.0012 0.00150
Strain of concrete (mm/mm)

(b) Without stirrup

Figure 10: Load versus flexural compressive strain of concrete in shear test specimens.
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Figure 11: Load versus shear strain in shear test specimens.

indicate that the analysis provides values larger by maximum
26% and the similarity between the predictions of the design
and the analysis.

4. Finite Element Analysis

4.1. Method of Analysis. The numerical analysis was carried
out using the nonlinear finite element program, RCAHEST,

developed by Kim et al. [15]. The analysis models consist of
a compression, tension stiffening, and shear transfer model
for concrete and a model for embedded reinforcing steel.
The concrete-reinforcement bond interaction is considered in
both the tension stiffening model for concrete and the model
for reinforcement. An earlier study [18] demonstrated that the
above-mentioned analysis model agreed reasonably with the
experimental data.
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4.2. Material Models for Reinforced Concrete. The nonlinear
stress-strain relation of a reinforced concrete (RC) in-plane
element is formulated based on the concept of space averag-
ing on the control volume. The cracks and reinforcing bars
are idealized as being distributed over the entire element.
Although the local behavior of the crackedRC is not uniform,
in practical terms it can be treated as a continuum having
quasi-uniform stress and strain fields in a finite region. The
material models aim to describe the overall behavior of a
structure rather than a specific local behavior at the element
level. In this paper, the term “crack” explicitly refers to the
macrocrack perpendicular to the principal tensile direction.

According to the cracking criteria, the analysis models
are divided into models before and after the initiation of
cracks, as shown in Figure 12.Thematerialmodel for concrete
prior to cracking is based on the elastoplastic fracture model
[19] given in Figure 13. The local coordinate systems of
reinforcing bars are always assigned with respect to each bar
axis, but those of cracked concrete are determined according
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Figure 14: Comparison of experimental and analytical load-
deflection curves for flexure test members.

to the current major crack plane. Once a smeared crack is
initiated, it is treated as fixed in a direction, and anisotropy is
introduced. As loading step proceeds, the principal direction
of the average stress can be changed, and the consequent shear
transfer model is involved in the constitutive law.

5. Comparison of Experimental and
Analytical Results

5.1. Flexure. Figure 14 compares the experimental and ana-
lytical load-displacement curves for specimens F25, F22, and
F19. The analytical results are in relatively good agreement
with the experimental values and indicate the validity of the
analytic model. However, for F25 with the largest tensile ratio
considered in this study, the test specimens exhibit slight
brittle failure compared to the analytical prediction. The ini-
tial slope of the experimental curves is on the whole smaller
than that of the analytical curves. The different initial slopes
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Figure 15: Comparison of experimental and analytical load-displacement curves for shear test members.

of the analytical and experimental results can be attributed
partially to the stiffness adopted in the analytical model of
the members and some experimental error. Moreover, the
early completion of the tests explains the different maximum
deflections of the analytical and experimental results. In fact,
larger deflection would have been measured in the members
that experienced failure through flexure but the tests were
interrupted prematurely due to limitations in the capacity of
the testing equipment and for the sake of safety.

5.2. Shear. Figure 15 compares the experimental and analyti-
cal load-displacement curves of the shear test specimens.The
analytical results are in relatively good agreement with the
experimental values for the specimens with stirrups. Here
also, slight difference in the initial slope occurred as explained
above in Section 5.1. Specimen S25-0.5d experienced sudden
brittle failure due to the clear occurrence of shear failure.
Values near the maximum load could not be measured
because of the delay in the acquisition of the data. Besides, the
specimenswithout stirrup showed smallermaximum loads in
the test than those of the analysis. However, considering the
large experimental errors that are generally observed in the
shear test of specimens without stirrup, the results presented
here demonstrate to some extent the good execution of the
tests performed in this study.

Here also, the early ending of the tests explains the
different maximum deflections of the analytical and experi-
mental results. The members without stirrup in Figure 15(b)
experienced sudden failure but the tests were interrupted
prematurely due to limitations in the capacity of the testing
equipment and for the sake of safety. In addition, it is
extremely difficult to measure precisely the behavior of the
members without stirrup after the ultimate state when the
failure test is conducted using an actuator and through

displacement control. On the other hand, the similarity of the
experimental and analytical maximum deflections observed
in Figure 15(a) was achieved because the members suffered
shear failure and reached a state close to their ultimate state at
the completion of the tests thanks to the presence of stirrups.

6. Conclusions

This study evaluated experimentally and analytically the
structural behavior of reinforced concrete beams made of
AAS concrete. The following conclusions can be drawn from
the results.

(1) The elastic modulus and the strain at maximum stress
of AAS concrete were slightly smaller than those
predicted for normal concrete. This difference could
be explained by the reduction in the unit mass of
AAS concrete caused by the smaller density of slag
compared to cement. Further study shall propose
adequate models for the elastic modulus and stress-
strain relation of AAS concrete.

(2) The test results of the flexural members showed
that the ratio of the ultimate load to the yield load
of steel ranged between 1.15 and 1.41 and the load
bearing capacity improved with higher tensile steel
ratio. The flexural behavior of the reinforced AAS
concrete members appeared thus to be very similar
to that of the reinforced concrete beam made of
normal concrete because the reinforcing bars govern
the flexural behavior of the members. A nonlinear
flexural analysis model was proposed using the elastic
modulus and stress-strain relation of AAS concrete.
The analytical resultswere in good agreementwith the
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experimental results and demonstrated the validity of
the analytical model.

(3) The experimental shear strength obtained for the
members without stirrup was significantly higher
than that predicted by the design code, which indi-
cated the conservativeness of the design code. The
shear behavior of the reinforced AAS concrete mem-
bers varied according to the amount of tensile steel.

(4) In view of the finite element analysis results reflecting
the nonlinearmodel ofAAS concrete used in previous
studies, the flexural and shear behaviors of the AAS
concrete specimenswere in relatively good agreement
with those predicted analytically.

(5) Consequently, the test results show that the flexural
and shear behaviors of the reinforced AAS concrete
members are very similar to those of the reinforced
concrete beammade of normal concrete and render it
possible to apply conventional design code for flexure
and shear in the design of reinforced AAS concrete
members. Further studies are required for the practi-
cal use of AAS concrete since this experimental study
was limited to specimens with specific dimensions.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This research was financially supported by the Korean
Ministry of Environment as “Public Technology Program
Based on Environmental Policy” (no. 2016000700003). This
research was also supported by a grant (Code 11-Technology
Innovation-F04) from Construction Technology Innovation
Program (CTIP) funded by Ministry of Land and Transport
of Korean government.

References

[1] S.-D. Wang, X.-C. Pu, K. L. Scrivener, and P. L. Pratt, “Alkali-
activated slag cement and concrete: a review of properties and
problems,” Advances in Cement Research, vol. 7, no. 27, pp. 93–
102, 1995.

[2] A. Palomo, M.W. Grutzeck, andM. T. Blanco, “Alkali-activated
fly ashes: a cement for the future,” Cement and Concrete
Research, vol. 29, no. 8, pp. 1323–1329, 1999.

[3] C. Shi, P. V. Krivenko, and D. Roy, Alkali-activated cement and
concrete, vol. 376, Taylor & Francis, Abingdon, UK, 2006.
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This research studies the effects of W/B ratios and palm oil fuel ash (POFA) on compressive strength, water permeability, and
chloride resistance of concrete. POFA was ground until the particles retained on sieve number 325 were less than 5% by weight.
POFAwas used to partially replace OPC at rates of 15, 25, and 35% by weight of binder.The water to binder (W/B) ratios of concrete
were 0.40 and 0.50. The compressive strength, water permeability, and chloride resistance of concrete were investigated up to 90
days.The results showed that POFA concrete withW/B ratio of 0.40 had the compressive strengths ranging from 45.8 to 55.9MPa or
82–94% of OPC concrete at 90 days, while POFA concrete with W/B ratio of 0.50 had the compressive strengths of 33.9–41.9MPa
or 81–94% of OPC concrete. Furthermore, the compressive strength of concrete incorporation of ground POFA at 15% was the
same as OPC concrete.The water permeability coefficient and the chloride ion penetration of POFA concrete were lower than OPC
concrete when both types of concrete had the same compressive strengths. The findings also indicated that water permeability and
chloride ion penetration of POFA concrete were significantly reduced compared to OPC concrete.

1. Introduction

Palm oil fuel ash (POFA) is a by-product from biomass power
plants, in which palm oil residues such as fibers, shells, and
empty fruit bunches are burned to generate electricity. In
2013, approximately 6.25 million tons of palm oil residues
were produced inThailand. After combustion, approximately
312,500 tons of POFA were obtained or approximately 5%
by weight of palm oil residue [1]. Since the palm oil is the
main material in the production of biodiesel, the by-product
of palm oil fuel ash is tended to increase annually, whereas the
application of POFA remains to be very limited. Thus, most
POFA is disposed as waste in landfills, which causes many
environmental problems. The main chemical composition
of palm oil fuel ash is silicon dioxide (SiO

2
), and previous

studies have shown that POFA in its original size is not

suitable as a good pozzolan due to its large particle and
high porosity [1]. However, high fineness POFA is a good
pozzolanic material. Therefore, the POFA should be ground
to higher fineness before it is used to partially replace OPC in
concrete [2–4].

Previous researchers have reported that blast furnace slag
or pozzolans such as fly ash, silica fume, rice husk ash,
and bagasse ash can be used to partially replace OPC in
concrete mixture [5–10]. POFA has been introduced as a
pozzolanic material in concrete and most studies of POFA
have focused on the mechanical properties of concrete such
as compressive strength andmodulus of elasticity of concrete
[1–4]. Moreover, POFA has been used to replace cement
as a binder in the geopolymer mortar and concrete to
improve the compressive strength [11–13]. Some studies have
considered the durability of concrete in terms of chloride
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Table 1: Physical properties of the materials.

Sample Specific gravity Retained on a 45 𝜇m sieve (number 325) (%) Median particle size, 𝑑
50
(𝜇m)

Type I Portland cement 3.14 13.5 14.7
POFA (before grinding) 1.89 94.4 183.0
Ground POFA 2.52 1.7 10.7

Table 2: Chemical compositions of the ground POFA and Type I Portland cement.

Sample SiO
2

Al
2
O

3
Fe

2
O

3
CaO MgO K

2
O Na

2
O SO

3
LOI

Cement 20.9 4.8 3.8 65.4 1.2 0.4 0.2 2.7 1.0
Ground POFA 55.4 9.1 5.5 12.4 4.6 — — 2.3 7.9

Table 3: Mixture proportions of the types of concrete.

Sample Mix proportion (kg/m3) Slump (mm)
Cement Ground POFA Sand Crushed limestone Effective water Super P.

40CT 475 0 765 935 190 2.38 85
40P15 404 71 765 910 190 2.85 72
40P25 357 118 765 895 190 3.09 80
40P35 309 166 765 875 190 3.33 75
50CT 385 0 765 1012 190 0.39 90
50P15 327 58 765 990 190 0.58 85
50P25 289 96 765 980 190 0.77 75
50P35 250 135 765 965 190 1.16 80

ion penetration [14, 15] and corrosion resistance of high-
strength, high workability concrete [16]. Once chloride ions
penetrate into concrete and their concentrations around the
reinforcing steel exceed a critical level, they will break down
the protective film, which leads to the beginning of steel
corrosion.

However, few studies have jointly considered the three
main properties for durability in concrete, that is, compres-
sive strength, water permeability, and chloride ion penetra-
tion. Moreover, POFA concrete with different W/B ratios
was also considered in this study. In addition, the results
obtained from this study would be beneficial to understand
the POFA concrete’s properties and to apply POFA concrete
in the future.

2. Experimental Programs

2.1. Materials. Palm oil fuel ash (POFA) used in this study
was collected from a power plant in Thailand. The POFA
obtained from the power plant was in a dry condition and
had a low pozzolanic reaction due to its large particle sizes
and high porosity; therefore, it was ground with a ball mill to
improve its reactivity. The POFA was ground by ball mill to a
required level of fineness until the retained particles were on
a number 325 sieve of 1.7% by weight.

Ordinary Portland cement (OPC), natural river sand
with a fineness modulus of 3.09, crushed limestone with a
maximum size of 19mm, and a type-F superplasticizer (SP)

were used in this study. The physical properties of the OPC
and POFA are shown in Table 1.

As shown in Table 2, the chemical compositions indicate
that the sums of SiO

2
, Fe

2
O

3
, and Al

2
O

3
in the ground POFA

were 70% (55.4 + 9.1 + 5.5) by weight, whereas the values of
LOI and SO

3
were 7.9 and 2.3%, respectively. Awal andHussin

[17] found that the sum of SiO
2
, Fe

2
O

3
, and Al

2
O

3
in POFA

fromMalaysia was 59.7% and the values of LOI and SO
3
were

18.0 and 2.8%, respectively, which were not much different
from the results of this study (except LOI).

2.2. Mix Proportions of Concrete. To investigate the effects
of W/B ratios on properties of concrete containing ground
POFA, two values of W/B ratio were used. The concrete was
designed to have binder contents of 475 and 385 kg/m3, corre-
sponding to theW/B ratios of 0.40 and 0.50, respectively.The
mixture proportions of the control types of concrete (40CT
and 50CT) and the types of concrete containing ground
POFA (40P15, 40P25, 40P35, 50P15, 50P25, and 50P35) are
summarized in Table 3. The compressive strengths of the
40CT and 50CT control types of concrete (types of concrete
using OPC as a binder) were designed to be 50 and 40MPa
at 28 days, respectively. A type-F superplasticizer was used
to produce concrete having roughly the same slump between
50 and 100mm which was the typical workability for general
concrete.The cement replacements with ground POFA in the
concrete mixtures were at rates of 15, 25, and 35% by weight
of binder (ground POFA + OPC). The effects of W/B ratios
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Figure 1: Water permeability coefficient test.

and ground POFA on the properties of the concrete were
investigated and compared to the control concrete.

2.3. Tests for the Compressive Strengths of Concrete. Cylin-
drical concrete specimens with a diameter of 100mm and a
height of 200mm were used to determine the compressive
strengths. To prepare the concrete specimens, cylindrical
moldswere filledwith fresh concrete in three equal layers, and
each layer was rodded 25 times using a standard rod. After
casting, the concrete specimens were allowed to set for 24 h
before being removed from themolds andwere cured in fresh
water. The concrete specimens were tested for compressive
strengths at 7, 28, 60, and 90 days according to ASTM C39
[18]. At each testing age, three samples were used to obtain
an average value.

2.4. Tests for the Water Permeabilities of the Concrete. The
steady flowmethodwas applied to test the water permeability
of the concrete. Each of the 100 × 200mm cylinder types
of concrete at the middle was cut to have 2 sliced pieces of
100mm in diameter and 40mm in thickness. Epoxy resin
with a thickness of 25mm was coated around the perimeter
of the sliced concrete specimen. The concrete sample, after
the epoxy resin set for 24 h, was installed in housing cells
and a water permeability test apparatus, as shown in Figure 1,
which was suggested by Chan and Wu [19]. The test of
water permeability of concrete followed the procedure used
by Tangchirapat et al. [20]. The concrete was conducted to
determinewater permeability coefficient (WPC) at the ages of
28 and 90 days.Thewater permeability coefficient of concrete
was calculated from the following equation [21]:

𝐾 =
𝜌𝐿𝑔𝑄

𝑃𝐴
. (1)

𝐾 is the water permeability coefficient, WPC, (m/s); 𝜌
is the density of water (kg/m3); 𝑔 is the acceleration due to
gravity, 9.81 (m/s2); 𝑄 is the constant flow rate (m3/s); 𝐿 is
the length of the concrete sample (m); 𝑃 is the water pressure

(0.5MPa); and 𝐴 is the cross-sectional area of the concrete
sample (m2).

2.5. Tests for the Electrical Indication of the Concrete’s Ability
to Resist Chloride Ion Penetration. At ages of 28 and 90 days,
a 100mm diameter and 50mm height concrete specimen
was cut from a 100 × 200mm concrete cylinder, coated with
epoxy resin, and tested for rapid chloride ion penetration
in accordance with ASTM C1202 [22]. This test method
covers the determination of the electrical conductance of
concrete to provide a rapid indication of its resistance to
the penetration of chloride ions. The total passed charge (in
coulombs)was recorded by application of a 60Vvoltage (DC)
across the specimen during a 6 h period. The set-up for the
rapid chloride ion penetration test apparatus is shown in
Figure 2.

3. Results and Discussion

3.1. Compressive Strength of Concrete. Figure 3 shows the
compressive strengths of the control concrete and the POFA
concrete with OPC replacements of 15, 25, and 35% by weight
of binder. The development of the compressive strengths of
the POFA concrete was compared to that of the 40CT and
50CT types of concrete, fromwhich the effects of the different
W/B ratios on the compressive strengths and durability
properties of the concrete were investigated.

The40CT and 50CT types of concrete gained compressive
strengths of 45.5 and 31.5MPa at 7 days, respectively. At 28,
60, and 90 days, the 40CT concrete developed strengths up
to 50.2, 54.1, and 55.9MPa, respectively, whereas the 50CT
concrete developed lesser strengths, which were 39.6, 41.4,
and 41.9MPa, respectively. At the sameW/B ratios, the POFA
concrete produced lower compressive strengths than those
of the control concrete up to 90 days. At 7 days, the 40P15
concrete had compressive strength of 38.9MPa and increased
to 46.2MPa at 28 days. At the later ages of 60 and 90
days, the 40P15 concrete had compressive strengths of 49.1
and 52.8MPa, respectively. The compressive strengths of the
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Figure 3: Compressive strengths of the concrete at different ages.

40P25 concrete were 35.1, 43.3, 46.9, and 50.9MPa at 7, 28, 60,
and 90 days, respectively. At ages of 7, 28, 60, and 90 days, the
40P35 concrete had compressive strengths of 34.5, 40.0, 44.4,
and 45.8MPa, respectively.

The results indicated that the use of ground POFA to
replace OPC at rates of 15 to 35% by weight of binder
slightly decreased the compressive strength of the concrete.
The 40P15 concrete had a compressive strength of 92% of
the 40CT concrete at 28 days and developed to 94% of the
40CT concrete at 90 days, whereas the 50P15 concrete had a
compressive strength of 92% of the 50CT concrete at 28 days
and developed to 94% of the 50CT concrete at 90 days.When
the ground POFA was used to replace OPC in concrete, it
resulted in a decrease in the compressive strength, and the
results conformed to those of Sata et al. [23]. The decrease
in the compressive strengths of the POFA concrete could
be attributed to the lower quantity of OPC, such that the

compressive strength obtained from the pozzolanic reaction
of the ground POFA was not high enough to compensate
for the loss in strength due to the hydration of the cement.
However, the use of ground POFA to replace OPC can reduce
the usage of OPC in concrete mixtures and the compressive
strength is notmuch different from the control concrete at the
same W/B ratio.

3.2. Water Permeability. Table 4 shows the water permeabil-
ity coefficients (WPCs) and the compressive strengths of
concrete at 28 and 90 days. The ratio of WPC (𝑘/𝑘 control) is
the normalizedWPC of POFA concrete as comparedwith the
control concrete at the same testing age andW/B ratio (40CT
or 50CT concrete). The 40CT and 50CT types of concrete at
28 days had the WPC of 3.01 × 10−13 and 4.81 × 10−13 m/s
and reduced to 1.96 × 10−13 and 3.2 × 10−13 m/s at 90 days,
respectively, which was similar to the previous research [24]
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Table 4: Compressive strengths and water permeability coefficients of the types of concrete at 28 and 90 days.

Mix Compressive strength (MPa)-normalized (%) Water permeability (𝑘) × 10−13, 𝑘 (m/s) –k/k control
28 days 90 days 28 days 90 days

40CT 50.2-(100) 55.9-(100) 3.01-1.00 1.96-1.00
40P15 46.2-(92) 52.8-(94) 2.26-0.75 1.08-0.53
40P25 43.3-(86) 50.9-(91) 3.33-1.11 2.04-1.04
40P35 40.0-(80) 45.8-(82) 4.52-1.50 2.86-1.46
50CT 39.6-(100) 41.9-(100) 4.81-1.00 3.20-1.00
50P15 36.4-(92) 39.5-(94) 5.06-1.05 2.91-0.91
50P25 34.6-(88) 35.5-(85) 6.67-1.39 3.86-1.21
50P35 31.7-(80) 33.9-(81) 7.03-1.46 4.51-1.41

demonstrating that the WPCs of cement concrete were
between 10.00 × 10−13 and 1.00 × 10−13 m/s at 28 days.

This study showed that the WPCs of the POFA concrete
decreased as the curing age increased. For example, at 28 and
90 days, the 40P15 concrete had the WPCs of 2.26 × 10−13
and 1.08 × 10−13 m/s or 0.75 and 0.53 of the 40CT concrete
at 28 and 90 days, respectively, which were lower than those
of the control concrete. It should be noted that the 40P15
concrete had a lower compressive strength than that of the
40CT concrete and still had a lower WPC than the 40CT
concrete too.

The POFA concrete with 15% cement replacement had
the WPCs lower than those of the control concrete and
had higher WPCs than those of the control concrete at
replacement rates of 25 and 35%. For example, at 28 days,
the 40P25 and 40P35 types of concrete had the WPCs of 3.33
× 10−13 and 4.52 × 10−13 m/s or 1.11 and 1.50 of the 40CT
concrete, respectively. The WPCs of the concrete with W/B
ratios of 0.40 at 90 days were slightly lower than those at 28
days. The WPCs of the 40P25 and 40P35 types of concrete
were 2.04 × 10−13 and 2.86 × 10−13 m/s or 1.04 and 1.46 of the
40CT concrete at 90 days, respectively. It should be noted that
the compressive strengths of the 40P25 and 40P35 types of
concrete at 90 days were 91 and 82% of the 40CT concrete,
respectively.

The WPC ratios of the 50P15, 50P25, and 50P35 types
of concrete at 90 days were 0.91, 1.21, and 1.41 of the 50CT
concrete, respectively. At 90 days, the WPC ratios of the
POFA concrete were slightly lower than the values at 28 days.
This denotes that the WPCs of the POFA concrete at 25 and
35% OPC replacement were slightly higher than those of the
control concrete. However, the POFA concrete at 15% OPC
replacement can produce concrete with lowerWPC than that
of the control concrete.

Considering the types of concrete with the same ranges
of WPCs, it was found that the concrete with lower W/B
ratio can replace OPC with ground POFA at a higher rate.
For example, at 90 days, the WPCs of the 40P35 and 50P15
types of concrete were 2.86 × 10−13 m/s and 2.91 × 10−13 m/s,
respectively, but the 40P35 concrete had a ground POFA
replacement of 35% by weight of binder. Note that the 40P35
and 50P15 types of concrete had compressive strengths of 45.8
and 39.5MPa, respectively.

Considering the same ranges of compressive strengths but
for types of concrete of different ages, the 40P35 and 50P15
types of concrete had compressive strengths of 40.0MPa at
28 days and 39.5MPa at 90 days, respectively. It was found
that the 50P15 concrete had a WPC of 2.91 × 10−13 m/s,
whereas that of the 40P35 concrete was 4.52 × 10−13 m/s.
This suggested that the age of concrete has more influence
on reducing water permeability compared to the compressive
strength.

Table 4 also indicates that the increase in the compressive
strength of POFA concrete could be attributed to the lower
WPC. This is due to the incorporation of ground POFA,
which made the concrete denser by pozzolanic reaction and
packing effect was an effective way to reduce the water
permeability of the POFA concrete. However, the WPCs of
POFA concrete tended to increase as the POFA replacement
increased to same extent, that is, 25 or 35% replacement.
This result agreed with that of Chindaprasirt et al. [25] who
reported that the water permeability of concrete containing
pozzolans such as fly ash and rice husk-bark ash tended to
increase as the fly ash and rice husk-bark ash replacement
increased.

3.3. Chloride Ion Penetration. The results of the chloride ion
penetration of concrete determined by ASTM C1202 [22]
are given in Figure 4. At the same W/B ratios, the total
passed charges (coulombs) for the control concrete were
much higher than those of the POFA concrete.The 40CT and
50CT types of concrete (W/B ratios of 0.40 and 0.50) had total
passed charges of 3236 and 4507 coulombs at 28 days and
reduced to 1891 and 3590 coulombs at 90 days, respectively.
From the obtained results, the total passed charges for the
control concrete decreased as the curing age increased and
decreased as the W/B ratio decreased.

Figure 4 also suggests that, at the age of 28 days, the con-
trol concretewithW/B ratios of 0.40 and 0.50 can be classified
asmoderate and high for chloride ion penetration as specified
by ASTM C1202 [22] because the values of the total passed
charges of the 40CT and 50CT types of concrete were greater
than 2000 and 4000 coulombs, respectively. However, at 90
days, the 40CT and 50CT types of concrete were classified as
low and moderate for chloride ion penetration because the
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Figure 4: Chloride ion penetration and the replacement of ground POFA in concrete for W/B ratios of 0.40 and 0.50.

Table 5: Compressive strengths and chloride ion penetrations of the types of concrete.

Mix Compressive strength (MPa)-normalized (%) Total charge passed (coulombs)-normalized (%)
28 days 90 days 28 days 90 days

40CT 50.2-(100) 55.9-(100) 3236-100 1891-100
40P15 46.2-(92) 52.8-(94) 1798-56 823-44
40P25 43.3-(86) 50.9-(91) 1089-34 661-35
40P35 40.0-(80) 45.8-(82) 994-31 584-31
50CT 39.6-(100) 41.9-(100) 4507-100 3590-100
50P15 36.4-(92) 39.5-(94) 2140-47 1012-28
50P25 34.6-(88) 35.5-(85) 1459-32 890-25
50P35 31.7-(80) 33.9-(81) 1151-26 830-23

values of the total passed charges were less than 2000 and
4000 coulombs, respectively.

For the POFA concrete, the values of total passed charges
for the 50P15, 50P25, and 50P35 types of concrete were 2140,
1459, and 1151 coulombs at 28 days and declined to 1012, 890,
and 830 coulombs at 90 days, respectively. For the 40P15,
40P25, and 40P35 types of concrete, the valueswere only 1798,
1089, and 994 coulombs at 28 days and declined to 858, 661,
and 584 coulombs at 90 days, respectively. It should be noted
that the values of total passed charges of the POFA concrete
at 28 days were classified as low for chloride ion penetration
because the value of total passed charges was less than 2000
coulombs, except for the 50P15 concrete, which had total
passed charges of 2140 coulombs. When the age of the POFA
concrete reached 90 days, all the POFA concrete could be
classified as very low for chloride ion penetration because
the total passed charges were approximately 1000 coulombs
or less. The results suggested that ground POFA could be
used very effectively to reduce chloride ion penetration in
concrete.

Table 5 shows the compressive strength and chloride
ion penetration results of the types of concrete. The results
suggested that the chloride ion penetration of the POFA
concrete tended to decrease as the replacement of ground
POFA and curing age increased. Use of ground POFA is
effective in reducing chloride ion penetration in concrete,
which is the same as the result of using fly ash and silica fume

in concrete [26]. This improvement in concrete resistivity
was due to the pozzolanic reaction, which improved the
interfacial bonding between the aggregates and pastes [27,
28], resulting in impermeable and dense concrete [29].

The types of concrete with the same replacement of
ground POFA, that is, the 25% replacement of OPC in the
40P25 and 50P25 types of concrete at 90 days, had the total
passed charges of 661 and 890 coulombs, respectively. The
40P25 concrete had lower total passed charges because of its
higher compressive strength and lower W/B ratio and it was
denser than the one with a higher W/B ratio. These results
have also been reported by many researchers [30, 31] who
used fly ash or silica fume to replace OPC in concrete.

Considering the same ranges of compressive strengths but
for POFA types of concrete with different W/B ratios, that
is, the 40P35 concrete and 50P15 concrete, which had the
compressive strengths of 40.0MPa at 28 days and 39.5MPa at
90 days, respectively, it was found that the 40P35 and 50P15
types of concrete had the total passed charges of 994 and 1012
coulombs, respectively, which were approximately the same.
Note that the total passed charges of the 40P35 concrete were
considered at 28 days, whereas those of the 50P15 concrete
were considered at 90 days.

Considering types of concrete cured at the same age and
approximately the same total passed charges, the types of
concrete to be considered are 40P15 and 50P35 at 90 days,
which had total passed charges of 858 and 830 coulombs,



Advances in Materials Science and Engineering 7

respectively. The results suggested that the replacement with
ground POFA at 35% in 50P35 yielded a compressive strength
of 33.9MPa compared with that of 40P15 concrete (ground
POFA of 15%), which was 52.8MPa, but both types of
concrete had almost the same total passed charges. This
means that the replacement of POFA was more effective to
reduce the total passed charges compared to the increase
in the compressive strength. When the replacement of
ground POFA in the concrete increased, the chloride ion
penetration of concrete tended to decrease. This was due
to the higher pozzolanic reaction in 50P35, which reduced
Ca(OH)

2
content, produced more C-S-H gel [32], reduced

porosity, and thus increased the resistance of the chloride
ion penetration. The results conformed to a large amount
of researches demonstrating that the increased replacement
of blast furnace slag or pozzolan such as fly ash or silica
fume in concrete can increase the resistance of chloride ion
penetration when compared to types of concrete with lower
replacement of pozzolan [33, 34].

4. Conclusions

The following can be concluded:

(1) The effects ofW/B ratios on the compressive strengths
of the POFA concrete were similar to those of con-
ventional concrete; that is, the compressive strength
of POFA concrete increased as the W/B ratio was
decreased. Moreover, the POFA concrete (W/B ratios
of 0.40 and 0.50) had approximately the same per-
centages of compressive strength compared to the
control concrete with the same W/B ratios.

(2) The replacement of ground POFA in OPC at 15 and
35% by weight of binder had strengths of 94–80% of
the control concrete at 28 and 90 days. In addition,
the use of ground POFA in the concrete required
slightly higher amounts of superplasticizer than those
required by the control concrete.

(3) The replacement of ground POFA in OPC at 15% by
weight of binder (40P15 and 50P15) produced good
water permeability resistance results, although the
compressive strengths of the POFA concrete were
lower than those of the control concrete. In addition,
the water permeability of the ground POFA concrete
decreased as the compressive strength and curing age
of the concrete increased.

(4) From the results of the rapid chloride ion penetration
test, ground POFA can be used very effectively to
reduce chloride ion penetration in concrete. More-
over, the replacement of ground POFA (15 to 35%)
is more important for increasing the chloride ion
penetration resistance of concrete than for increasing
its compressive strength.
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