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« Workability of HSC mixtures with wollastonite was reduced.
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« HSC with ceramic waste aggregate exhibited higher strength at elevated temperatures.
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This study investigated the effects of combined utilization of wollastonite particles and recycled waste
ceramic aggregate (RWCA) on high strength concrete (HSC) properties. Two groups of mixtures were
manufactured: 1) concrete mixtures in which cement was partially replaced with wollastonite at values
ranging from 10% to 50%, and 2) mixtures in which wollastonite was used at the aforementioned dosages
and 50% of natural coarse aggregate was replaced with RWCA. In addition, 10% of cement weight micro-
silica was added to all mixtures. The concrete behavior in terms of strength, durability, resistance against
acidic environment, and performance under elevated temperatures ranging from 20 °C to 800 °C was
assessed. Furthermore, the effect of wollastonite and RWCA inclusions on the microstructure of samples
was studies using scanning electron microscopy (SEM). It was shown that wollastonite has an adverse
impact on concrete workability and compressive strength. For example, 34% and 6% reduction in slump
and 28-day compressive strength at wollastonite dosage of 50% was observed, respectively. On the other
hand, the 28-day splitting tensile strength and flexural strength were respectively increased by 4.25% and
10% at 50% wollastonite content with respect to the control concrete. Furthermore, inclusions of RWCA
improved the performance of concrete. For example, the 28-day compressive strength was increased
by 24% in mixture with 50% wollastonite content with reference to the control concrete. In addition,
the strength retention at 800 °C for mixture with RWCA was 16% higher than that of mixture without
RWCA. Thus, it was concluded replacing coarse aggregate with RWCA improves the strength and durabil-
ity properties of concrete and replacing 30% of cement with wollastonite particles strikes a balance
between workability and strength of concrete.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

raised some concerns regarding depletion of natural raw aggregate
[1] and greenhouse effects generated by ordinary Portland cement

Concrete is one the most widely used structural material in con-
struction industries due to the ease of access of its ingredients,
high durability, and low maintenance cost. Large volumes of con-
crete are being manufactured all around the world, which has
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production [2-5].

In this regard, green concrete construction, which is concerned
with effective management of different forms of industrial or agri-
cultural wastes through introducing them into concrete has drawn
the attention of many researchers.

In this regard, a great part of the studies has been dedicated to
the utilization of industrial by-products such as ground blast
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furnace slag [6-9], steel slag [10,11], cement kiln dust [12] and also
agricultural by-products including rice husk ash [13], sugarcane
bagasse ash [14,15], fly ash [16,17], palm oil fuel ash [18] as
replacement of cement or aggregate to manufacture sustainable,
green and eco-friendly concrete. Also, other types of materials such
as pozzolanic materials [13] and fiber-type materials including
metallic fibers [19], polymeric fibers (e.g. nylon and polypropy-
lene) [20], glass fibers [21,22], and natural fibers [23] have been
successfully incorporated in concrete production.

With the growth in population and subsequent urban develop-
ments, ceramic waste is being disposed in large volumes, causing
environmental issues in terms of landfilling and waste treatment.
The large amount of this waste material has encouraged many
researchers to incorporate it in concrete manufacturing [24,25].
Anderson et al. [26] studied the mechanical behavior of concrete
containing 20%, 25%, 35%, 50%, 65%, 75%, 80% and 100% ceramic
waste used as replacement of coarse aggregate. Rashid et al. [27]
conducted an experimental and numerical study on the perfor-
mance of concrete with ceramic waste aggregate. It was shown
that replacing natural aggregate with 30% ceramic waste leads to
the highest compressive strength and minimal environmental
impact. Martins et al. [28] evaluated the residual strength of con-
crete containing 20, 50, and 100% recycled ceramic waste subjected
to temperatures of 200, 400, and 600 °C for 60 min. Significant
reduction in strength and also spalling were observed at the high-
est temperature. In a similar study, Vieira et al. [29] studied the
behavior of concrete with recycled concrete aggregate used as sub-
stitution of natural coarse aggregate at elevated temperatures.

On the other hand, some studies investigated the incorporation
of using inert materials such as wollastonite in form of powder or
micro-fibers to enhance the microstructure of concrete [16,30,31].
Furthermore, several studies investigated the possibility of using
wollastonite in concrete manufacturing. Wahab et al. [32] studied
the mechanical properties of mortars in which cement or sand was
partially replaced with 10%, 20%, and 30% of wollastonite. Accord-
ing to the results, the compressive and flexural strength were
respectively improved by 45% and 28% when 20% of sand was
replaced with wollastonite. Dey et al. [33] conducted an experi-
mental study on cementitious composites with wollastonite
microfibers and silica fume replaced with cement at 5%, 10%, and
15% values. Results showed that about 30% increase in compressive
strength was obtained at 10% replacement level. Kalla et al. [34]
studied the durability of concrete incorporating wollastonite parti-
cles as replacement of cement by contents varying between 0 and
25%. It was indicated that concrete with 10-15% wollastonite exhi-
bits improved strength and lower porosity.

In the present work, the combined utilization of wollastonite
particles and recycled ceramic waste aggregate was studied.
According to the available literature, wollastonite particles are
effective in improving the tensile and flexural strength of concrete;
however, they have an adverse effect on compressive strength. On
the other hand, incorporating ceramic waste aggregate in concrete
as coarse aggregate enhances its strength. In this regard, this study
investigated the possibility of producing a high strength concrete
in which high percentages of cement have been replaced with wol-
lastonite particles without compromising its compressive strength.
For this purpose, concrete mixtures containing wollastonite parti-
cles with replacement ratios of 10-50% by weight of cement were
prepared. Furthermore, to evaluate the influence of ceramic waste
aggregate on the properties of concrete, another set of mixtures
containing the same dosages of wollastonite particles, but with
50% of natural coarse aggregate replaced with ceramic waste
aggregate was manufactured. In addition to evaluating the physi-
cal, mechanical, and durability properties of concrete mixtures,
the effect of elevated temperatures and acidic environment on
density and compressive strength of specimens was assessed.

Table 1

Physical properties of wollastonite.
Property Value
Appearance White
Shape Acicular
Dimension (ptm) 4-6
Molecular weight 114
Specific gravity 291
Specific surface area (m?/kg) 845
pH 9.9
Water solubility (g/100 cc) 0.0095
Density (kg/m?) 2899.3
Mohs hardness 4.5
Coefficient of expansion (1/°C) 6.5x 107
Theoretical melting point (°C) 1540

The outcome of this investigation will provide a comprehensive
and practical database for guideline modification, engineering pur-
poses and further investigations on the field of concrete with sup-
plementary materials (Table 1).

2. Experimental program
2.1. Materials

2.1.1. Cement

In this study, cement type II with the 28-day compressive
strength of 25 MPa was provided from Shahrekord cement plant.
The specific gravity, specific surface area, and density of cement
were 3.15, 372.5 m?/kg, and 3140 kg/m>, respectively. It is worth
mentioning that the specific surface area of cement was calculated
by using the Blaine’s air permeability technique. The chemical
composition of cement is presented in Table 2. In addition, X-ray
diffraction (XRD) analysis was carried out on cement particles
and the results are demonstrated in Fig. 1. As observed, the abun-

Table 2
Chemical characteristics of cement, micro-silica, and wollastonite used in this study.

Chemical compound Cement Micro-silica Wollastonite
Si0, 21.68 96.4 48.3
Cao 63.5 0.49 49.8
ALOs 59 1.32 05
Fe,03 3.2 0.87 0.55
TiO, - - 0.01
MnO - - 0.18
MgO 1.8 0.97 0.46
Na,O 0.2 0.31 0.06
K;0 0.7 0.21 0.064
SO5 1.7 0.1 -
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Fig. 1. X-ray diffraction of cement.
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dance of calcium silicate (Ca,SiO4) and calcium aluminium oxide is
evident.

2.1.2. Micro-silica

To enhance the microstructure of concrete mixtures, micro-
silica was used at a constant amount of 10% of cement weight in
all mixtures. Due to its highly pozzolanic characteristic, it can con-
tribute to the strength gain in concrete mixtures. Micro-silica con-
sists of fine particles with the average size of 0.1-0.2 pm, density of
550-650 kg/m?>, specific surface area of 21000 m?/kg, and specific
gravity of 2.22. The chemical analysis showed that the micro-
silica used in this study is composed of 96.4% SiO, as tabulated
in Table 2, which was in agreement with XRD results where the
presence of silicon oxide and quartz was evident as depicted in
Fig. 2.

Furthermore, the morphology of MS particles is illustrated in
Fig. 3. As observed, they are mostly in angular shape and have a
porous structure as shown in Fig. 3(a). In addition, Fig. 3(b)
indicates that MS particles have a rough surface.

2.1.3. Wollastonite particles
Basically, the raw wollastonite mainly consists of SiO, and CaO.
Wollastonite is not categorized as a pozzolanic material; however,
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Fig. 2. XRD of micro-silica.
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it is listed as a hydraulic cement according to Keil-Rankin diagram
[35].

The wollastonite used in this study was produced by Tiva
Tejarat Company in Esfahan, Iran. The inorganic wollastonite was
reduced in size in two steps by using crushing machines with dif-
ferent sizes and then was grinded by using an air-jet mill to obtain
wollastonite with particle size less than 75 um. Thereafter, the
produced wollastonite particles was passed through a sieve with
hole diameter of 45 pm using wet sieving technique. It was shown
that over 75% of the produced wollastonite passed through the
selected sieve. Fig. 4(a) shows the natural inorganic wollastonite
(as-received) and Fig. 4(b) shows the wollastonite particle after
processing, i.e., in powder form.

Furthermore, the physical properties of wollastonite is tabu-
lated in Table 2. It is worth noting that the specific surface area
of wollastonite particles was measured by using Nitrogen adsorp-
tion technique.

In addition, grain size distribution of wollastonite was deter-
mined by using a LA-960 Laser Particle Size Analyze HORIBA. A
comparison between the grain size distribution of cement, micro-
silica, and wollastonite is illustrated in Fig. 5. As seen, cement par-
ticles were the largest, the next was wollastonite, and micro-silica
had the smallest particle size. Also, the chemical properties of the
wollastonite together with cement and micro-silica used in the
present study are presented in Table 2.

Furthermore, Fig. 6 shows the SEM micrograph of wollastonite
particles used in the present study. As observed, the wollastonite
particles are amorphous and vary in size and shape (Fig. 6(a)).
The angular shape and rough surface of wollastonite particles as
shown Fig. 6(d), increases the interlocking between them and the
cement paste. Moreover, layered wollastonite particles (Fig. 6(e)
and (f)) possess a higher water absorption capacity which conse-
quently, lowers the workability of the resulting mixture. In addi-
tion, some wollastonite particles are in the form of micro-fibers
as shown in Fig. 6(a)-(c). This important characteristic, results in
micro-fiber effect which increases the tensile and flexural strength
of concrete through preventing cracks from propagation and fur-
ther opening as reported by previous studies [33,36,37].

To obtain an understanding about the chemical composition of
wollastonite, X-ray diffraction analysis was carried out and the
results are illustrated in Fig. 7. As seen, wollastonite particles

i)
WD: 14.34 mm VEGANTESCAN
Det BSE 10 pm wi

®)

Fig. 3. SEM image of micro-silica particles: (a) 500x magnification, (b) 3000x magnification.
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Fig. 4. (a) Natural inorganic wollastonite, (b) Wollastonite in powder form.
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Fig. 5. A comparison between the grain size distribution of cement, micro-silica, and wollastonite.

mainly consist of calcium silicate and olivine, which is a magne-
sium iron silicate.

2.1.4. Aggregate

Gravel with the particle size varying between 4.75 mm and
19 mm, density of 2250 kg/m>? and water absorption of 2.65%
was used as natural coarse aggregate in this study. Regarding the
fine aggregate, washed river sand provided from Sofeh mine with
particle size of 0-4.75 mm, density of 2170 kg/m>, water absorp-
tion of 4.6% and fineness modulus of 3.1 was used. Fig. 9 shows
the passing percentage of the natural coarse and fine aggregate.

2.1.5. Ceramic waste aggregate

Ceramic waste aggregate was used as partial replacement of
coarse aggregate in this investigation. The ceramic wastes were
collected from construction sites (Fig. 8(a)) and then they were
crushed by using a jaw crusher machine to obtain ceramic aggre-
gate with the particle size of 4.75 mm to 19 mm as shown in
Fig. 8(a)-(d). The grain size distribution of ceramic waste aggregate
is demonstrated in Fig. 9.

The water absorption of ceramic waste aggregate and natural
coarse aggregate was 16.6% and 2.65%, respectively. Furthermore,
the density of ceramic waste aggregate was 2461.1 kg/m>, which
is close to that of gravel (2250 kg/m?>); therefore, incorporating
them instead of natural coarse aggregate does not influence the
weight of the concrete significantly.

Moreover, to obtain an understanding about the mineralogical
compounds of the ceramic waste aggregate, X-ray diffraction

(XRD) analysis was carried out. As seen in Fig. 10, the predomi-
nance of SiO, (Quartz) and Zeolite, which mainly consist of silicon
and oxygen is clear.

2.2. Concrete mix design

In this study, two groups of concrete mixtures were prepared. In
the first group of mixtures, hereinafter referred to as HSCW mix-
tures, cement was partially replaced with wollastonite particles
at 10%, 20%, 30%, 40%, and 50% (by weight of cement) dosages.
The second group of mixtures, herein denoted as HSCRW mixtures,
were prepared with the same mix proportioning of HSCW mixtures
except that 50% of natural coarse aggregate was also replaced with
recycled ceramic waste aggregate. All concrete mix designs were
determined in accordance with ASTM C192 [38] for a water to bin-
der ratio of 0.38 as presented in Table 3. It should be noted that 10%
of cement weight micro-silica was added to all mixtures for the
purpose of pore refinement. Furthermore, brown modified polycar-
boxylic ether (PCE) polymer, with the specific gravity of 1.06 and
pH value of 8 was incorporated as super-plasticizer in all mixes
with dosage of 2.5% by weight of cementitious materials.

3. Experimental procedures

An extensive experimental program was designed to examine
the physical, mechanical, and durability properties of recycled
ceramic waste high strength concrete with wollastonite particles.
Fresh concrete properties including slump and density were deter-
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Fig. 6. SEM micrograph of wollastonite particles used in this study: (a) 200x magnification, (b) 500x magnification, (c¢) 500x magnification, (d) 1000x magnification, (e)
2000x magnification, (f) 4000x magnification.
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Fig. 7. X-ray diffraction of wollastonite.

100

mined according to C143/C143M-12 [39] and ASTM C138/C138M-
14 [40], respectively. The compressive strength of cubic samples
with the side length of 150 mm were determined based on the pro-
visions of ASTM C39/C39M-16 [41]. Note that three specimens
were manufactured for each mix design to be tested at the age of
7,28, and 91 days resulting in 108 specimens. The splitting tensile
strength test was conducted on cylindrical samples with the
dimensions of 150 mm x 300 mm at the age of 7, 28, and 91 days
according to ASTM (C496/C496M-17 [42]. Further, the flexural
strength of 500 mm x 100 mm x 100 mm beam specimens at
curing age of 7, 28, and 91 days was evaluated per ASTM C78/
C78M-16 [43]. Note that two specimens were prepared for each
mix plan for splitting tensile strength and flexural strength test,
i.e,, 72 samples were manufactured in total for each test. In
addition, the modulus of elasticity test was carried out on
150 mm x 300 mm cylindrical specimens in accordance with
ASTM C469/C469M-14 [44].
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Fig. 8. (a) Waste ceramic collected from construction sites, (b) processed aggregate (4.75-9.5 mm), (c) processed aggregate (9.5-12.5 mm), (d) processed aggregate (12.5-

19 mm).
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Fig. 9. Grain size distribution.

Moreover, to obtain an insight into the effects of wollastonite
particles and recycled ceramic waste aggregate on durability prop-
erties of HSC, 24 cubic samples with the side length of 150 mm
were immersed in acidic solution with the pH =2 and their com-
pressive strength and mass variations (per [45]) were determined.
Furthermore, the effects of elevated temperatures on density and
28-day compressive strength of cubic samples were studied at
temperatures ranging from 25 °C to 800 °C. Also, the water absorp-
tion of concrete mixtures was evaluated at the age of 28 days using
100 mm x 100 mm x 100 mm cube samples per [45]. Additionally,
the concrete integrity was assessed by using ultrasonic pulse
velocity (UPV) test at the age of 28, 56, and 91 days according to
ASTM C597 [46]. The specimens were demolded after 24 h and
were cured in a water tank at the temperature of 23 °C until the
required age.
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Fig. 10. X-ray diffraction analysis of ceramic waste aggregate.
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Table 3
Mix proportioning.

Mix plan w/b Cement Water Sand Gravel Wollastonite Wollastonite Ceramic waste Micro-silica Super-plasticizer

(kg/m®)  (kg/m®)  (kgim’)  (kg/m’) (%) (kg/m?) (kg/m?) (kg/m?) (kg/m?)

HSC! 0.38 400 170 700 820 - - - 40 10

HSCW?10 0.38 360 170 700 820 10 40 - 40 10

HSCW20 0.38 320 170 700 820 20 80 - 40 10

HSCW30 0.38 280 170 700 820 30 120 - 40 10

HSCW40 0.38 240 170 700 820 40 160 - 40 10

HSCW50 0.38 200 170 700 820 50 200 - 40 10

HSCRW>0 0.38 400 170 700 410 - - 410 40 10

HSCRW10 0.38 360 170 700 410 10 40 410 40 10

HSCRW20 0.38 320 170 700 410 20 80 410 40 10

HSCRW30 0.38 280 170 700 410 30 120 410 40 10

HSCRW40 0.38 240 170 700 410 40 160 410 40 10

HSCRW50 0.38 200 170 700 410 50 200 410 40 10

! HSC: control mix.
2 HSCW: high strength concrete containing wollastonite particles.

3 HSCRW: high strength concrete containing recycled ceramic waste and wollastonite particles.

4. Results and discussion
4.1. Physical properties

4.1.1. Slump

The workability of fresh concrete was measured using slump
test. Fig. 11 shows the slump test results for different concrete
mixtures. As observed, partial replacement of cement with wollas-
tonite particles caused reduction in slump value of HSCW mix-
tures. For example, the slump value of HSCW20 and HSCW50

Slump (mm)

Fig. 11. Slump of concrete mixtures.
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Fig. 12. Fresh density of concrete mixtures.
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Fig. 13. Variations of fresh concrete density and slump.

Fig. 14. Compression test setup.
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was reduced by 15% and 34% as compared to the control concrete,
respectively. The reduction was more pronounced when recycled
ceramic waste was also included in the mixtures, e.g., 23% and
41% reduction was observed in slump value of HSCRW20 and
HSCRW50, respectively. This owed to the fact that wollastonite
particles were finer than cement particles, thus they possessed a
larger surface area, which increased the water demand of concrete.
In addition, recycled ceramic wastes had a higher water absorption
capacity compared to the natural coarse aggregate, which resulted
in further reduction of workability of concrete.

4.1.2. Fresh density

The fresh concrete density was evaluated based on ASTM C138/
C138M-14 [40]. Fig. 12 demonstrates the fresh density of different
concrete mixtures. It was observed that the fresh density generally
decreased with increasing values of wollastonite and recycled
ceramic waste aggregate content; however, its variations was
below 1%. The slight reduction in fresh density could be attributed
to the fact that the density of wollastonite was relatively lower
than that of cement (2.91 g/cm® versus 3.15 g/cm?), which resulted
in a lower concrete density. On the other hand, incorporating recy-
cled ceramic waste aggregate led to a minor increase in fresh con-
crete density owing to the fact that the density of the ceramic
waste aggregate used in this study was slightly higher than that
of the natural coarse aggregate. For example, the average fresh
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density of the control concrete was 2533 kg/m>, while this value
for HSCRWO was 2547 kg/m°.

The variations of slump and fresh density of concrete is illus-
trated in Fig. 13. As discussed earlier, with increasing values of
wollastonite particles both properties tend to decrease and with
inclusions of recycled ceramic waste aggregate, the reduction in
slump became more pronounced.

4.2. Mechanical properties

4.2.1. Compressive strength

Compressive strength of concrete is one of the key design fac-
tors, which depends on the cement content, water to cement ratio,
and aggregate properties. The compressive strength test was con-
ducted on cubic samples at the age of 7, 28, and 91 days per ASTM
C39/C39M-16 [41] using a hydraulic jack as shown in Fig. 14.

Fig. 15(a) and (b) respectively show the compressive strength
and its variations for concrete mixtures containing wollastonite
particles as partial replacement of cement. As observed, the com-
pressive strength tend to decrease with increasing values of wol-
lastonite content; however, the reduction was not considerable.
For example, the compressive strength of HSCW50 was reduced
by 6% as compared to the control sample. The reduction in strength
could be attributed to the fact that the amount of CSH gel produced
due to hydration, decreased as cement was replaced with wollas-
tonite particles. This reduction in CSH gel could not be offset by
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Fig. 15. Compressive strength of concrete mixtures: (a) Compressive strength of HSCW mixtures, (b) Compressive strength variations of HSCW mixtures with respect to HSC,
(c) Compressive strength of HSCRW mixtures, (d) Compressive strength variations of HSCRW mixtures with respect to HSC.
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micro-filling effect of these particles [32] and as a result, wollas-
tonite did not contribute to the strength development and weak-
ened the bond between concrete components as its content
increased. The results were in agreement with findings of other
studies. Kalla et al. [16] reported that the compressive strength
of concrete in which cement was partially replaced with wollas-
tonite and fly ash declined from 37.53 MPa to 34.1 MPa when wol-
lastonite content was increased from 10% to 25%. Also, Abdel
Wahab et al. [32] investigated the properties of mortars containing
wollastonite particles as partial replacement of cement. It was
shown that replacing 30% of cement with wollastonite particles
resulted in 35% reduction in compressive strength.

Furthermore, as seen in Fig. 15(c) and Fig. 15(d), incorporation
of ceramic waste aggregate as partial replacement of natural coarse
aggregate led to a significant improvement in the compressive
strength. The highest compressive strength was recorded for
HSCRWO in which the 7-, 28-, and 91-day compressive strength
was increased by 50%, 34%, and 29% with reference to the control
sample, respectively. Based on the experiments results, the
strength gain was more pronounced at earlier ages due to the poz-
zolanic activity of ceramic wastes, which contributed to the
strength gain during hydration process. Furthermore, the angular
shape and rough surface of ceramic waste aggregate increased
the interlocking and bond between aggregate and cement paste.
The results were comparable with earlier findings. Rashid et al.
[27] noticed that the compressive strength of concrete containing
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30% ceramic waste aggregate as partial replacement of coarse
aggregate was increased by 30%. This increase was attributed to
addition of more pozzolanic material. In addition, the rough sur-
face of the ceramic waste aggregate provided physical anchorage
while its higher porosity compared to the natural coarse aggregate
increased the anchorage between hydrated products and aggregate
(chemical anchorage). Medina et al. [47] showed that replacing
25% of the natural coarse aggregate with ceramic waste aggregate
increased the compressive strength by 11% as compared to the
concrete, which was attributed to the improvements in the interfa-
cial transition zone between ceramic waste aggregate and paste. In
another study, Medina et al. [48] stated that using ceramic waste
aggregate with grain size greater than 4 mm gave rise to hydrated
products such as calcium silicate hydrate or calcium aluminate
hydrate due to its sufficient pozzolanic activity which facilitated
the reaction with portlandite present in the vicinity of aggregate.
Higashiyama et al. [49] also reported that the 28-day compressive
strength of the mortar in which 60% of fine aggregate was partially
replaced with ceramic waste aggregate increased from 51.6 MPa to
67.4 MPa. It was concluded that the pozzolanic reactivity of cera-
mic powder was responsible for the increase in strength.

4.2.2. Splitting tensile strength
The splitting tensile strength of cylindrical specimens with the
dimensions of 15 cm x 30 cm were evaluated at different curing
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Fig. 16. Splitting tensile strength: (a) Splitting tensile strength of HSCW mixtures, (b) Splitting tensile strength variations of HSCW mixtures with respect to HSC, (c) Splitting
tensile strength of HSCRW mixtures, (d) Splitting tensile strength variations of HSCRW mixtures with respect to HSC.
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ages. The splitting tensile strength, T, of a specimen with the length
I and diameter d is calculated as follows [42]:

T =2P/nld )

where P refers to the maximum applied load. Fig. 16 shows the
splitting tensile strength of different concrete mixtures at different
ages. As observed, partial replacement of cement with wollastonite
particles slightly improved the tensile strength of concrete. As seen
in Fig. 16(a) and (b), the splitting tensile strength demonstrated an
increasing trend with increasing values of wollastonite content. For
example, about 5% improvement was observed in 28-day tensile
strength of concrete containing 50% wollastonite. This slight
increase could be related to the high modulus of wollastonite as
reported by Mathur et al. [50] and fibrous nature of wollastonite
particles, which arrested cracks and prevent them from further
opening [32]. Furthermore, the increase in strength was more
pronounced in concrete mixtures with wollastonite particles and
recycled ceramic waste aggregate. With reference to Fig. 16(c)
and (d), about 16% and 24% increase in 28-day splitting tensile
strength of HSCRW20 and HSCRW50 were observed compared to
the control sample, respectively. The strength gain owed to the poz-
zolanic characteristic of the recycled ceramic waste aggregate in
addition to its rough surface and higher porosity compared to the
natural coarse aggregate increased the anchorage between
hydrated products and aggregate. In addition, it was observed that
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the strength development at earlier ages was more pronounced. For
example, 33%, 24%, and 18% increase in tensile strength of
HSCRW50 were observed compared to the plain concrete at the
ages of 7 days, 28 days, and 91 days, respectively.

4.2.3. Flexural strength

Three-point flexural test was conducted on beam specimens at
the ages of 7 days, 28 days, and 91 days per ASTM C78/C78M-16
[43]. The test results are depicted in Fig. 17. As seen in Fig. 17(a)
and (b), flexural strength of concrete mixtures with wollastonite
particles generally increased, e.g., about 10% increase in 28-day
flexural strength of HSCW50 was observed. Similar to the splitting
tensile strength, the increase in the flexural strength could be
ascribed to the filling effect of wollastonite particles, which
reduced the void spaces in the concrete matrix and also their nee-
dle shape which enable them to bridge between two sides of a
crack and inhibit further propagation. Furthermore, inclusions of
recycled ceramic waste aggregate contributed to the flexural
strength of specimens according to Fig. 17(c) and (d). For example,
the 28-day flexural strength of HSCRWO increased from 5.75 MPa
to 6.41 MPa (11.5% improvement). The flexural test results also
confirmed the fact that higher strength gain occurred at earlier
ages. For example, approximately 16%, 9%, and 5% increase in the
flexural strength of mix HSCRW50 were observed at the age of
7 days, 28 days and 91 days, respectively.
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Fig. 17. Flexural strength of concrete mixtures: (a) Flexural strength of HSCW mixtures, (b) Flexural strength variations of HSCW mixtures with respect to HSC, (c) Flexural
strength of HSCRW mixtures, (d) Flexural strength variations of HSCRW mixtures with respect to HSC.
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4.2.4. Modulus of elasticity

The modulus of elasticity of cylindrical samples was evaluated
after 28 days of curing. Fig. 18 shows the modulus of elasticity of
concrete mixtures and its variations. As observed, with increasing
values of wollastonite content, a slight reduction occurred in the
modulus of elasticity. For example, the modulus of elasticity
decreased from 38.9 GPa to 37.74 GPa in HSCW50, i.e., approxi-
mately 3% reduction occurred.

On the other hand, replacing natural coarse aggregate with
recycled ceramic waste aggregate improved the modulus of elas-
ticity of concrete mixtures. For the sake of illustration, replacing
50% of gravel with ceramic waste aggregate led to 9% increase in
the modulus of elasticity of HSCRWO compared to the control con-
crete HSC.

Although combined utilization of wollastonite particles and
recycled ceramic waste had a positive influence on modulus of
elasticity of concrete mixtures compared to the plain concrete,
with increasing wollastonite content in HSCRW mixtures, the mod-
ulus of elasticity demonstrated a decreasing trend. For example,
about 4% reduction was observed in the modulus of elasticity of
HSCRW50 compared to HSCRWO.

4.2.5. Linear regression analysis

In this section, the correlation between different mechanical
properties was investigated. As seen in Fig. 19, a direct correlation
exists between the mechanical properties and the compressive
strength. Furthermore, a linear regression analysis was carried

Modulus of elasticity (GPa)

Modulus of elasticity (GPa)

N q\,bm $@ 4\“9

& &
&S
Mix plan

Modulus of elasticity variations (%)

out to find relationships between the mechanical properties. The
results of the linear regression analyses are presented in Table 4
in the form of predictive equations. In this table, f, is the compres-
sive strength, f;; denotes the splitting tensile strength, f, represents
flexural strength, and E, refers to the modulus of elasticity of the
concrete. The equations presented in Table 4 were calibrated
against the experimental data and according to the linear regres-
sion analysis results, the accuracy of the derived equations was
acceptable and they could be used to predict the mechanical prop-
erties based on the compressive strength of the concrete.

4.2.6. Comparison between experimental results and design code
expressions

In this section, the equations proposed by the existing deign
codes which are provided in Table 5, were used to estimate the
mechanical properties of concrete including the elastic modulus
E., flexural strength (f.), and splitting tensile strength (f;;) with
respect to the compressive strength (f) or characteristic compres-
sive strength (f.,). Furthermore, the predicted values were com-
pared with the experimental results in order to investigate the
applicability of design code expressions to HSCW and HSCRW
concretes.

A comparison between the mechanical properties obtained by
experiment and design codes are depicted in Fig. 20 to Fig. 22.
Regarding the modulus of elasticity of HSCW mixtures, EC-04
[53] and JCI-08 [55] provided the closest estimation to the experi-
mental modulus of elasticity; whereas, NZS 3101 [56] and ABA [57]

Modulus of elasticity variations (%)
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Fig. 18. Modulus of elasticity of concrete mixtures: (a) Modulus of elasticity of HSCW mixtures, (b) Modulus of elasticity variations of HSCW mixtures with respect to HSC, (c)
Modulus of elasticity of HSCRW mixtures, (d) Modulus of elasticity variations of HSCRW mixtures with respect to HSC.
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Table 4
Derived relationships between different properties.
HSCW R? Eq. # HSCRW R? Eq. #
fo = 0.039f +1.9791 0.83 2 fy = 0.0296f +2.7536 0.63 3
fr = 0.0715f, +2.166 0.75 4 f, = 0.0472f. +2.8014 0.85 5
E. =0.3236f. + 19.313 0.99 6 E. =0.2901f. + 18.814 0.99 7
fo =0.5091f, + 1.0161 0.96 8 fo = 1.156f, + 0.5356 0.71 9

underestimated the modulus of elasticity. For HSCRW concrete
mixtures, the modulus of elasticity estimated by ACI 318-14 [51],
EC-04 [53] and JSCE-07 [54] was close to that of the experiment.
Similarly, NZS 3101 [56] and ABA [57] underestimated the modu-
lus of elasticity, but JCI-08 [55] provided overestimated values.
Furthermore, Fig. 21 presents the splitting tensile strength val-
ues for HSCW and HSCRW concrete mixtures. Based on the results,
the values predicted by ACI 318-14 [51] and JCI-08 [55] were the
closest, while JSCE-07 [54] and NZS 3101 [56] underestimated the
splitting tensile strength for both HSCW and HSCRW mixtures. Fur-
ther, the values estimated by EC-04 [53] were approximately 14%
(by average) higher than the corresponding experimental values.
The flexural strength of HSCW and HSCRW mixtures are illus-
trated in Fig. 22. As observed, all design codes except EC-04 [53],

underestimated the flexural strength in HSCW mixtures by 20%
(by average). On the other hand, EC-04 [53] overestimated the flex-
ural strength approximately by 10%. A similar trend was observed
for HSCRW mixtures; however, the difference between EC-04 [53]
and experiment was more pronounced and the flexural strength
was overestimated by 30%.

4.3. Durability properties

4.3.1. Water absorption

Water absorption of cubic specimens with the side length of
10 cm was evaluated per [45]. The water absorption is determined
as below:
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W; =100 XV\/VVW;DVVD 2)

where W; is the water absorption at 30 min, Wp, refers to the dried
specimen’s weight (heated in oven for 72 h), and W,, denotes the
specimen’s weight after immersion in water for 30 min. Fig. 23
demonstrates the variation of water absorption together with

slump for different concrete mixtures. As observed, increasing the
wollastonite content in HSCW mixtures resulted in a decrease in
the water absorption. For example, 19% and 33% decrease was
observed in water absorption of HSCW30 and HSCW50 compared
to the control sample. Furthermore, a similar behavior was
observed for concrete mixtures in which 50% of natural coarse
aggregate was partially replaced with ceramic waste aggregate.

Table 5
Equations proposed by design codes.
Standard Modulus of elasticity (E.) (GPa) Flexural strength (f;) (MPa) Splitting tensile strength (f;) (MPa)
ABA (Iran) E.=5\/f. f, =060 \/f. h
ACI 318-14 [51] Ec = 4.73,/f. f, =062 \/f. fa=053 \/f.
CSAA23.3-04 [52] Eo—45,/f f. =060 \/f. -
EC-04 [53] E —22 (fﬁ ) 03 f, = 0435723 foa=03f23
JSCE-07 [54] E. = 47\/f, - fo =0.44,/f,
JCI-08 [55] E. — 6.37°% - fo = 013705
NZ5 3101 [56] Ec=332,/f. +69 f, =060 \/f. Fo = 0.44\/f.

fc and f., are the mean compressive strength and the mean characteristic compressive strength of concrete, f, = f.,;, — 8 per EC - 04 [53].
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For the sake of illustration, the water absorption of HSCRW10,
HSCRW?20, and HSCRW30 were 2.26%, 2.11%, and 1.98%, i.e., 9%,
15%, and 20% reduction was observed compared to the plain con-
crete. This owed to the fact that the wollastonite particles filled
the pores and voids in the concrete texture and produced a denser
matrix, which in turn reduced the water absorption of the concrete.
This supports the findings of other researchers that reported the
inclusions of wollastonite particles reduced the water permeability
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Fig. 23. Variation of water absorption versus slump.

and water absorption of concrete and improved its durability
[16,34,58]. Ransinchung et al. [58] reported that concrete with
15% wollastonite used as substitution of cement exhibited reduced
water absorption up to 30% with respect to (w.r.t) control mix.

4.3.2. Effects of exposure to acidic environment on concrete properties

This section briefly summarizes the effects of exposure to acidic
environments on physical and strength properties of concrete
specimens containing wollastonite particles and ceramic waste
aggregate. For this purpose, three cubic samples with the side
length of 15 cm were manufactured for each mixture and they
were cured in a water tank for 28 days. Thereafter, the control sam-
ples were kept in the water tank for another 28 days, while the
other specimens were immersed in a 5% sulfuric acid (H,SO,) solu-
tion with pH = 2, molar mass of 98.08 g/mol, and density of 1.84 g/
cm?’ for the same period of time. Meanwhile, the pH of the solution
was controlled by using a pH meter device. Fig. 24 compares the
unconditioned and conditioned specimens regarding their physical
appearance. The effects of acidic environment on concrete proper-
ties including mass and compressive strength were investigated
and the results are presented in the following sections.

4.3.2.1. Mass variations. The specimens were precisely weighted
before and after exposure to the acidic environment to determine
the mass variations due to corrosion. Fig. 25(a) and (b) illustrate

Fig. 24. (a) Unconditioned specimens, (b) Conditioned specimens after 28 days immersion in acidic solution.
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Fig. 27. Electric oven.

the mass variation of HSCW and HSCRW concrete mixtures,
respectively. As observed, with increasing values of wollastonite
content, the mass of the samples decreased; however, the reduc-
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tion percentage was below 1%. For example, 0.4% and 0.75% reduc-
tions were observed in HSCW40 and HSCW50 compared to the
control sample, respectively. Furthermore, the mass variations
were more pronounced in HSCRW mixtures in which 50% of natu-
ral coarse aggregate was replaced with ceramic waste aggregate.
For example, the sample’s mass decreased by 0.6% and 0.76%
respectively for HSCRW40 and HSCRW50 compared to the plain
concrete. The reduction in mass of the samples can be attributed
to the relatively lower corrosion resistance of recycled ceramic
waste aggregate in comparison with the natural coarse aggregate.
Upon exposure to the acidic environment, the sample’s surface
started to deteriorate and dissolved in the acidic solution, which
resulted in loss of mass of the specimen.

4.3.2.2. Compressive strength. The compression test was conducted
on conditioned and unconditioned cubic samples to determine the
strength retention of different mixtures after exposure to acidic
environment. The sulfuric acid permeated through the voids and
pores of the concrete and influenced the matrix and bond between
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Fig. 28. Effects of elevated temperatures on concrete density: (a) Concrete density of HSCW mixtures, (b) Concrete density variations of HSCW mixtures, (c) Concrete density

of HSCRW mixtures, (d) Concrete density variations of HSCRW mixtures.
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concrete components, resulting in strength deterioration. Fig. 26(a)
and (b) respectively show the compressive strength of HSCW and
HSCRW concrete mixtures, while Fig. 26(c) and (d) illustrate the
strength retentions. As seen, the highest resistance against acidic
environment was observed for mixtures with 10% wollastonite
content. According to the results, the compressive strength reten-
tion did not show a distinct trend with increasing values of wollas-
tonite content. For example, HSCW10, HSCW20, HSCW40, and
HSCW50 showed a strength retention of 96%, 91%, 93%, and 95%,
respectively. Furthermore, the effects of acidic environment on
strength deterioration of HSCRW mixtures was more pronounced,
e.g., 11% strength reduction was observed in HSCRW50, respec-
tively. This could be attributed to the lower resistance of recycled
ceramic waste aggregate compared to the natural coarse aggregate.

4.3.3. Effects of elevated temperatures on concrete properties

The specimens were subjected to elevated temperatures of
200 °C, 400 °C, 600 °C, and 800 °C for one hour by using an electri-
cal oven as shown in Fig. 27. After cooling down to the ambient
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temperature, the effects of the selected elevated temperatures on
density and compressive strength of samples were evaluated.

4.3.3.1. Concrete density. Fig. 28(a) and (c) respectively show the
effects of elevated temperatures on density of HSCW and HSCRW
mixtures, while Fig. 28(b) and (d) show the density variations of
the aforementioned mixtures. As seen, the concrete density
decreased with increasing temperature. For example, the density
of the control concrete was reduced by 7% and 18% at 400 °C and
800 °C, respectively. The effects of temperature on density were
almost identical for HSCW and HSCRW concrete mixtures, i.e.,
the reduction percentages were approximately equal. The reduc-
tion in density owed to the fact that at higher temperatures, higher
water evaporation occurred in the specimen and as a result, the
weight of the sample decreased.

4.3.3.2. Compressive strength. The effects of elevated temperatures
on compressive strength of HSCW and HSCRW concrete mixtures
are illustrated in Fig. 29(a) and (c), respectively. In addition, the
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Fig. 29. Effects of elevated temperatures on compressive strength: (a) Compressive strength of HSCW mixtures, (b) Compressive strength variations of HSCW mixtures, (c)
Compressive strength of HSCRW mixtures, (d) Compressive strength variations of HSCRW mixtures.
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strength retention after exposure to elevated temperatures are
depicted in Fig. 29(b) and (d) for HSCW and HSCRW mixtures,
respectively. As observed, the compressive strength of concrete
dropped as the temperature increased. For example, the compres-
sive strength decreased by 44% and 68% in HSCRWO at 600 °C and
800 °C, respectively. The strength reduction could be attributed to
the fact that with increasing temperature, the moisture in the con-
crete turned into super-heated steam, causing the internal pres-
sure to escalate. The pressure value can increase up to 8 to
10 MPa, which results in strength reduction due to crack forma-
tion. In addition, concrete is a complex material which consists
of several components with different thermal coefficients. There-
fore, the bond between the cement paste and aggregate diminishes
at high temperatures, since they expand to different extents. More-
over, it was observed that wollastonite did not have a considerable
effect on the compressive strength at elevated temperatures due to
its inert nature [59]. Furthermore, the strength reduction was less
pronounced in mixtures with recycled ceramic waste aggregate.
For the sake of illustration, the compressive strength of HSCW10
and HSCRW10 dropped by 84% and 70% at 800 °C, respectively.
This indicated that concrete with recycled ceramic waste aggregate
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performed better than the plain concrete when subjected to fire,
since ceramic aggregate were more fire resistant compared to the
natural coarse aggregate.

4.3.4. Ultrasonic pulse velocity

The ultrasonic pulse velocity test was performed on cubic sam-
ples to assess the quality and integrity of the hardened concrete
per ASTM C597 [46]. For this purpose, three identical cubic sam-
ples were selected for each concrete mixture at the age of 28, 56,
and 91 days and the velocity of ultrasonic wave passing through
the specimen was calculated by using an Ultrasonic Concrete
Tester110-240 V 50/60 Hz 1Ph device.

The UPV values and their variations for different concrete mix-
tures are presented in Fig. 30. In particular, Fig. 30(a) and Fig. 30(b)
demonstrate the UPV values and their variations for HSCW mix-
tures. As seen, replacing cement with wollastonite particles
slightly reduced the UPV value, for example, about 3% reduction
occurred in HSCW50.

On the other hand, substitution of natural coarse aggregate with
recycled ceramic waste, improved the integrity of concrete mix-
tures. For example, the UPV of HSCRWO increased about 10%
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Fig. 30. UPV test results: (a) UPV of HSCW mixtures, (b) UPV variations of HSCW mixtures with respect to HSC, (c) UPV of HSCRW mixtures, (d) UPV variations of HSCRW

mixtures with respect to HSC.
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compared to the control concrete. This could be due to the poz- 4.4. Scanning electron microscopy (SEM) analysis

zolanic reactions between ceramic waste aggregate and other com-

ponents, which introduced more CSH gel into the concrete texture The morphology of different mixtures are presented in Fig. 31
and reduced the voids and pores in the concrete. (a)-(e). In particular, Fig. 31(a) shows the SEM image of the control

B
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Fig. 31. SEM images of mixtures: (a) Control sample, (b) HSCW10, (c) HSCW50, (d) HSCRW10, (e) HSCRW50.
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sample. With reference to this figure, several pores were observed
in the concrete matrix which indicated insufficient hydration.
Fig. 31(b) illustrates the microstructure of mixture HSCW10 in
which 10% of cement was replaced with wollastonite particles.
As seen, inclusions of wollastonite particles led to a denser matrix
with fewer voids due to micro-filling effect of these particles. By
increasing the wollastonite content in the mixture, a higher pore
refinement was achieved as shown in Fig. 31(d). As observed, con-
crete with 50% wollastonite content exhibited a less porous struc-
ture in comparison with the previous figure. Furthermore, Fig. 31
(d) and (e) illustrate the micrograph images of mixtures HSCRW10
and HSCRW50, respectively. According to these figures, replacing
half of the natural coarse aggregate with ceramic waste aggregate
improved the pore structure of concrete. As seen, there was a
noticeable increase in the amount of CSH gel which could be attrib-
uted to the pozzolanic reaction between ceramic waste aggregate
and portlandite as reported by previous studies [27,47,48]. In addi-
tion, it can be inferred from comparing Fig. 31(d) and (e) that the
micro-filling effect of wollastonite particles further reduced the
pore size and resulted in a denser structure in HSCRW50 compared
to HSCRW10.

4.5. Optimum wollastonite percentage

This paper investigated the utilization of wollastonite particles
and recycled ceramic waste aggregate in high strength concrete.
Based on the experiment results, the concrete quality in terms of
workability and compressive strength degraded with increasing
wollastonite content; however, splitting tensile and flexural
strength and durability properties such as water absorption were
enhanced. Therefore, the optimum percentage of wollastonite par-
ticles to be utilized as partial replacement of cement in high
strength concrete production was indicated to be 30%. This was
in agreement with the previous studies, which investigated the
combined utilization of wollastonite and other alternative materi-
als in concrete. Kalla et al. [34] evaluated the properties of concrete
containing 5%, 10%, and 15% wollastonite as partial replacement of
cement and showed that incorporating 10% to 15% wollastonite led
to the highest compressive and tensile strength. In another study,
wollastonite and fly ash were utilized in concrete mixtures to
replace cement in different dosages and it was shown that replac-
ing 10-15% of cement with wollastonite together with 40% of fly
ash led to the best compressive and tensile strength in concrete

[16]. Similarly, Dey et al. [33] showed that replacing 10% of cement
with wollastonite improved the flexural strength of concrete. Soli-
man and Nehdi [36] replaced 4% and 12% of cement with wollas-
tonite and concluded that higher dosage of wollastonite resulted
in higher crack resistance and lower shrinkage. Fig. 32 shows the
optimum wollastonite percentages for concrete production recom-
mended by different studies.

In summary, using wollastonite particles as partial replacement
of cement would reduce the amount of greenhouse gas emissions
due to Portland cement production. Furthermore, replacing natural
coarse aggregate with ceramic waste aggregate would help
addressing the problems associated with its disposal. Ceramic
waste is one the most common waste materials in Iran since it is
one the major building materials in construction industry. There-
fore, using it in concrete production would reduce the demand of
landfill space. Besides, as shown in this study, partial replacement
of natural coarse aggregate with ceramic waste aggregate
increased the strength and durability of the concrete.

5. Conclusions
Based on the results, the following conclusions were drawn:

1- The workability of concrete decreased with increasing wol-
lastonite content. Furthermore, partial substitution of natu-
ral coarse aggregate with ceramic waste aggregate further
reduced the workability.

2- Combined utilization of wollastonite particles and ceramic

waste aggregate reduced the fresh density of concrete; how-

ever, the maximum reduction was below 1%. The slight
reduction in fresh density was due to the relatively lower
density of wollastonite particles compared to that of cement.

Concrete specimens with wollastonite particles showed

reduced compressive strength compared to the control sam-

ple. On the other hand, concrete with recycled ceramic
waste aggregate exhibited 34% higher compressive strength
at curing age of 28 days with respect to the control concrete.

4- Inclusions of wollastonite particles enhanced the splitting
tensile strength, flexural strength, and modulus of elasticity
of concrete. At 50% replacement ratio, the aforementioned
properties were increased by 24%, 10%, and 4% compared
to the control sample, respectively. Moreover, incorporating
ceramic waste aggregate contributed to the aforementioned
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Fig. 32. Optimum wollastonite percentage recommended by different studies.
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properties which was attributed to enhanced interlocking

between aggregates and cement paste and pozzolanic reac-

tion between ceramic waste aggregate and portlandite.

The water absorption of concrete specimens decreased with

increasing wollastonite content. This owed to the filling

effect of wollastonite particles, which led to pore refinement
in concrete matrix.

6- Due to lower permeability and absorptivity of concrete con-
taining wollastonite and ceramic waste aggregate, HSCW
mixtures showed higher strength retention after exposure
to acidic environment with reference to the control concrete.
However, the strength retention of HSCRW mixtures was
slightly lower than that of the control concrete due to lower
corrosion resistance of ceramic waste aggregate compared
to natural coarse aggregate.

7- The density and compressive strength of concrete were sig-
nificantly reduced at elevated temperatures. Up to 80%
reduction in compressive strength was observed at 800 °C,
which was attributed to the increase in internal pressure
of specimens and formation of surface cracks. Concrete with
recycled ceramic waste aggregate performed better under
fire since ceramic aggregate were more fire resistant com-
pared to the natural coarse aggregate.

8- The results of UPV test showed that utilization of ceramic
waste aggregate as partial replacement of natural coarse
aggregate improved the integrity and pore structure of the
concrete. Furthermore, the inclusions of wollastonite parti-
cles resulted in a slight reduction in UPV values, which could
be due to lower quality of the interfacial transition zone
(ITZ) of concrete with wollastonite.
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