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With the increase in concrete production worldwide in recent years, our natural aggregate resources are rapidly
depleting. Various waste aggregates are used as an alternative to natural aggregates to solve this problem.
However, the demand for High Strength Self-Compacting Concrete (HSSCC) in the concrete industry is
increasing. Using waste aggregates as coarse aggregate in HSSCCs may increase the sustainability of HSSCCs,
while simultaneously reducing environmental waste problems and production costs. This study aims to produce
the HSSCC series by using basalt and waste marble aggregates in certain volumetric ratios instead of limestone-
based crushed stone used as coarse aggregate in concrete production. To achieve this aim, the effect of aggregate
type was investigated on the physical, mechanical, and durability properties of the produced concrete series. In
the production of HSSCC series, silica fume and cement were used in fixed proportions. Instead of limestone-
based coarse aggregates, waste marble and basalt aggregates were used at 25, 50, 75, and 100 % ratios by
volume. Thus, a series of eight different HSSCCs and a control HSSCC were created. Slump flow, Tsgo time, V-
funnel, and 1-box tests were applied to assess the flowability, filling, and passing ability of the produced HSSCC
series. Cylindrical specimens of 100 x 200 mm and cubes of 150 x 150 x 150 mm were produced with the
prepared mixture series. The produced specimens were subjected to standard curing for 28 and 180 days in lime-
saturated water pools with a temperature of 20 + 2 °C. After the curing period, ultrasonic pulse velocity,
compressive strength, splitting-tensile strength, apparent porosity, sorptivity, rapid chloride permeability,
electrical resistivity tests, and internal structure analyzes were applied to the specimens. According to the fresh
concrete test results, no segregation was observed in all of the HSSCC series and it was observed that they were in
compliance with the fresh state standards. When 180-day curing was applied to the HSSCC series, the
compressive strength of the series in which 25 % waste marble aggregate was used increased by 9.1 % compared
to the control series, while the compressive strength of the series in which 100 % basalt aggregate was used
increased by 19.5 %. As a result, it has been observed that HSSCCs with high strength and durability properties
can be produced by using basalt or waste marble aggregates at rates of 25 % to 100 % instead of crushed stone
aggregates.

1. Introduction conventional and high-performance concretes [3].

Self-Compacting Concrete (SCC), which was first designed by H.

In the construction industry, the use of high-performance concretes
is increasing day by day in the construction of complex structures with
significant heights and spans (such as skyscrapers, high towers, and
large bridges) [1]. This is due to improvements in structural perfor-
mance, such as the higher strength and durability that high-strength
concrete will provide, compared to conventional normal strength con-
crete [2]. Concretes are defined as normal strength (20 to 50 MPa), high
strength (50 to 120 MPa), ultra-high strength (over 120 MPa),
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Okamura in 1986 to produce durable concrete, was first used in practical
constructions in Japan and mostly in large construction companies [4].
Continuing to increase its usage area in recent years, SCC is defined as an
innovative concrete that is not exposed to external influences and can be
easily placed in the mold in which it is poured without creating a void
[5,6]. SCC is the most suitable option for beam-column junction and
densely-reinforced structural members of bridges and foundations [7].
The structures to be built with the combination of high strength and self-
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compacting technology will become more durable compared to con-
ventional method concretes [8]. Considering the advantages of using
SCC, it is considered that High Strength Self-Compacting Concrete
(HSSCC) will be preferred more because of the expected performance
from members in high-rise buildings (especially on lower floors) [9].

The consumption of natural aggregates, which constitutes approxi-
mately 70-80 % of the concrete volume, is increasing rapidly with the
increase in concrete production and use[10]. As it is known, the amount
of aggregate to be used in the concrete mixture will also affect the low
cost of the concrete. For this purpose, researchers are working on the use
of waste aggregate, which will prevent the depletion of our natural
aggregate resources and contribute to the production of concrete in
terms of economy and durability.

Basalt used as concrete aggregate has different colors such as dark,
gray, and dark grayish. Basalt usually contains 45-52 % silica (SiO5) and
oxides such as iron, calcium, and magnesium, compared to the most
common igneous rocks [11]. Basaltic rocks’ crushing and cohesive
strengths are 170-220 MPa and 32-44 MPa, respectively [12]. Basalt
aggregates are used in many countries, especially in the construction of
road and airport pavements. The fact that basalt aggregates have high
specific gravity and lower water absorption and wear loss values proves
that it is suitable for use in concrete production [13]. Sarireh [14]
conducted a study using basalt aggregates compared to crushed lime-
stone and rounded valley aggregate concrete to produce high-strength
and durable concrete. It was determined that in the mixtures prepared
for different concrete qualities, there was a 15-40 % increase in
compressive strength and a 35-50 % improvement in tensile strength
using basalt aggregate.

Marble constitutes 50 % of the natural stone production in the world
[15]. According to the statistical results in the Natural Stones Sector
Report [16] prepared by the Ministry of Commerce of the Republic of
Turkey, Turkey is one of the top 5 countries that produce and export the
most natural stones in the world between the years 2018-2020. Marble
production comes first with a share of 95 % of total natural stone exports
in Turkey. This large marble production industry produces large
amounts of marble waste [17-19]. The wastes in marble processing
plants are generally in the form of marble sludge and broken marble
pieces. These wastes, which create various environmental problems in
nature, are being disposed to open lands (Fig. 1). Marble waste, which
poses a threat to the environment, also has some advantages that reduce
the total void content when used as a cement or aggregate substitute in
concrete and pavement[20].

Researchers have conducted some studies on the use of marble waste
in conventional concrete and SCCs. However, most of the studies use
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waste marble as fine aggregate or cement substitute in conventional
concrete and normal strength SCC [21-26]. Vaidevi et al. [27] produced
SCCs using 0, 25, 50, and 100 % by weight marble waste instead of fine
aggregate in concrete. Mechanical and chemical tests such as compres-
sive, flexure, and splitting tensile strengths and acid and sulfate attack
were applied to SCC specimens at 28 and 56 days of age. As a result of
the study, it was determined that the use of waste marble aggregate up to
25 % instead of fine aggregate in SCC increased the strength and dura-
bility compared to the control SCC. Sadek et al. [28] investigated the use
of marble and granite powders as mineral additives in SCC. They pro-
duced different SCC series by replacing the cement volume in the control
series with marble or granite powders at 20, 30, 40, and 50 % by ratios.
As a result of the study, it was concluded that waste marble and granite
powders can be used up to 50 % of the cement volume in SCCs and that
the performance of granite powder in concrete is higher than marble
powder. Andre et al. [29], produced different concrete series by
substituting the coarse aggregate ratios in three different normal con-
crete series consisting of coarse aggregates such as limestone, granite,
and basalt with marble aggregates. They have replaced each coarse
aggregate volume in the concrete series with marble aggregate at 20, 50,
and 100 % ratios. At the end of the study, they determined that the
concrete created with the use of marble aggregate; has similar properties
in terms of durability compared to the concrete formed with coarse
aggregates such as limestone, granite, and basalt and that marble ag-
gregates can be applied by including them in the concrete. Choudhary
et al. [30] prepared 16 HSSCC mixtures in binary, ternary, and quater-
nary form by adding marble waste dust, fly ash, and silica fume instead
of cement and a control mixture containing only cement as a binder. As a
result of the study, they found that the incorporation of marble waste
and fly ash into the mixture improves the fresh properties of high-
strength SCCs. It was concluded that the use of 10 % marble waste
dust, 15 % fly ash, and 5 % silica fume as cement substitutes in the
mixtures reached the optimum mechanical performance. Kore and Vyas
[18], investigated the use of marble waste as coarse aggregate in con-
ventional concrete. They replaced the traditional natural coarse aggre-
gate with marble aggregate at 0-100 % by weight. As a result of the
study, they stated that the workability increased with the increase in the
use of marble aggregate, and this was due to the low water absorption
and flat smooth surface properties of the marble aggregate. In their
experiments on the hardened concrete series on the 7th and 28th days,
they concluded that the average compressive strength of the series
increased by 40 % and 18 %, respectively. Srikanth et al. [31], instead of
traditional coarse aggregate in the mixtures; produced four different
concrete series and a control series concrete by using 100 % waste

Fig. 1. Marble waste dumped in open lands.
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granite marble chips, angular aggregate, demolished aggregate and
round aggregates. According to the compressive strength results of the
concrete series at the end of the 28th day, they found that concrete
produced using waste granite marble chips was the best alternative to
conventional coarse aggregate, and the round aggregate concrete series
gave the lowest results. The number of studies on the use of marble
waste as a coarse aggregate substitute in SCCs is very few. Uygunoglu
et al. [32] investigated the use of recycled aggregate obtained from 100
% marble waste and crushed concrete instead of limestone aggregate in
SCC production. As a result of the study, they determined that the
workability properties of SCC, such as flowability, blocking resistance,
and segregation resistance, could be increased by using marble waste. In
addition, as a result of the experiments, they stated that the use of
marble waste and recycled aggregate did not cause significant differ-
ences in the mechanical properties of SCC, and these aggregates could be
used in SCC.

Many studies in recent years have investigated the use of marble
waste as a partial substitute for concrete component materials. How-
ever, the number of studies investigating the effects of the use of marble
waste as a coarse aggregate substitute in high-strength SCCs on me-
chanical, rheological, microstructure, and durability properties is
limited. In addition, the comparison of waste marble aggregates used as
coarse aggregate replacement in high-strength SCCs with the perfor-
mances of other aggregate types has not been fully investigated. How-
ever, the majority of SCC studies with waste marble aggregate are based
on short-term curing age. The use of waste marble aggregates as coarse
aggregate in SCC can always create uncertainty and raise concerns about
mechanical and durability properties. In this study, it was aimed to
examine the physical, mechanical, durability, and micro-structural
properties of high-strength SCC series produced by the use of waste
marble aggregates as coarse aggregate, especially in advanced ages (180
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days). In addition, another aim of the study is to produce sustainable
HSSCCs by substituting basalt and waste marble aggregates in high
volume ratios instead of limestone-based crushed stone aggregate. Thus,
it is considered that the use of waste marble aggregates as coarse
aggregate in HSSCC production will be an alternative to natural aggre-
gate resources and will also benefit from reducing environmental waste
problems. For this purpose, eight different HSSCC series and a control
HSSCC were created by using waste marble and basalt aggregates
instead of limestone-based aggregates at 25, 50, 75 and 100 % by vol-
ume. After the productions, first of all, the fresh properties of the HSSCC
series were determined, and ultrasonic pulse velocity, compressive
strength, splitting-tensile strength, apparent porosity, sorptivity, rapid
chloride permeability and electrical resistivity tests were applied on the
hardened specimens. Finally, the microstructural properties of concrete
were investigated using Scanning Electron Microscopy (SEM). As a
result of the experiments, the usability of the basalt aggregate, which is
common in nature, and the marble aggregates obtained from the waste
marble fields, in HSSCC were examined comparatively.

2. Experimental study

The production process and applied experiments of HSCCC series are
shown in the flow chart in Fig. 2.

2.1. Materials used

In the production of HSSCC, CEM I 52.5 N Portland Cement in
accordance with TS EN 197-1[33], produced by GIMSA Afyon Cement
Factory, and silica fume (SF), which is the waste of Antalya Eti Elek-
trometalurji A.S. were used. In the mixtures, limestone-based crushed
sand (0-4 mm) and crushed stone I (4-11.2 mm) aggregates obtained
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Fig. 2. Flowchart of the mixing and testing procedures.



A. Raif Boga and A. Ferdi Senol

from the quarries of Afyon KOLSAN ready-mixed concrete facility were
used. The results of XRF analysis on cement and silica fume specimens
used in the mixtures are given in Table 1.

Waste marble (M) aggregates used in HSSCC production was ob-
tained from SAY Yap: A.S, which collects marble waste in Afyonkar-
ahisar Province Organized Industrial Zone, and basalt (B) aggregates
were obtained from the province of Kiitahya. The grain sizes of the M
(Fig. 3) and B aggregates used in the mixtures are in the range of 4-11.2
mm. The specific gravity of M and B aggregates are 2.55 and 2.64,
respectively, and their water absorption percentages are 0.692 and 1.13.
In addition, XRF analysis results of powder specimens obtained from
aggregates used in HSSCC production are shown in Table 2.

The specific gravity of sand and crushed stone I (limestone) aggre-
gates are 2.657 and 2.698, respectively, and their water absorption
percentages are 1.276 and 0.689. Sieve analysis was carried out on the
aggregates, and to compare the granulometry curves of waste marble,
basalt, crushed stone I aggregate, and crushed sand are given together in
Fig. 4. As seen in Fig. 4, the granulometry curves of M, B, and crushed
stone I aggregates overlapped. In other words, the particle distributions
of the aggregates used in 4-11.2 mm sizes are very close to each other. In
HSSCC productions, crushed sand and crushed stone I aggregates were
used at 50 % and 50 % by volume, respectively. By replacing the M and B
aggregates with the crushed stone I aggregate at 25, 50, 75, and 100 %
volumetric ratios, HSSCC series with M and B aggregates were obtained.

Los Angeles abrasion (LA) [34], aggregate impact value (AIV) [35],
aggregate crushing value (ACV) [36] and uniaxial compressive strength
(UCS) [37] tests were performed on the aggregates. The results obtained
from the tests on aggregates are shown in Table 3. When Table 3 was
examined, better results were obtained from basalt aggregate compared
to other aggregates. The values obtained from limestone and waste
marble aggregate are quite similar. When the LA and ACV values were
examined, it was observed that these values were very close to each
other in all three aggregates. In the study of Kamani and Ajalloeian [38],
LA and ACV values are similar to each other. Polycarboxylic ether-based
Basf Ace 450 with hyperplasticizer (HP) concrete admixture between
0.85 and 1% of the binder material was used to ensure workability in
HSSCC productions.

Table 1
Properties of Portland cement and silica fume.

Components, % CEM1525N SF

Chemical properties (XRF) SiO, 19.96 80.22
AlO3 5.44 0.84
Fe,03 3.25 0.46
CaO 63.98 1.39
MgO 1.64 6.55
Na,O 0.17 1.45
K20 0.45 2.23
SO3 2.98 1.04
ZnO - 0.26
MnO - -
Cry03 - 1.69
cr 0.0060 0.027
F - 0.27
Loss on ignition 1.94 3.35
Insoluble residue 0.15 -
Free CaO 1.10 -

Physical properties Specific gravity 3.12 2.20
Specific surface, cm?/g 5012 -
BET, m%/g - 13.02
Initial setting time, min 110 -
Final setting time, min 157 -
Volume expansion, mm 0 -

Compressive strength 2 days, MPa 36.2 -
7 days, MPa 52.4 -
28 days, MPa 64.7 -
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2.2. Mix proportioning

HSSCCs were designed according to EFNARC [5] standards by using
25, 50, 75, and 100 % by volume M and B aggregates instead of the
limestone-based crushed stone I aggregate (4-11.2 mm) used in the
control (C) mixture. M and B indices in the names of the designed
concrete mixtures represent waste marble and basalt aggregates,
respectively. M25, M50, M75, and M100 indices indicate that the con-
crete series contain 25, 50, 75, and 100 % waste marble aggregates by
volume; B25, B50, B75, and B100 indices show that the concrete series
contain basalt aggregates at 25, 50, 75 and 100 % by volume. Since the
aggregates of crushed-stone I, M and B have different specific weights,
the aggregates have been displaced by volume in the mixtures. In HSSCC
production, according to EFNARC [5] criteria, a high percentage of
powdered material (400-600 kg/m>) should be used to provide fresh
properties. In the study, a total of 500 kg/m® powder material was used.
The water/powder material ratio was chosen as 0.35. If only cement is
used as powder material in self-compacting concrete designs, the con-
crete produced will not be economical and sustainable. The fact that the
production of cemented concrete consumes our natural resources and
causes high CO, emissions from cement creates negative effects on the
environment. Therefore, the use of waste materials such as silica fume in
concrete will contribute to sustainable green concrete production in
order to reduce these negative effects caused by cementitious concrete
production in recent years. Reducing the amount of cement is a very
critical and economic situation for sustainability. However, it should be
noted that silica fume increases the cost of cement due to the higher
price of the fume compared to cement and the need for higher amounts
of admixtures.

Typically, the SiO5 content in the SF is expected to be above 85 %. SF
containing a lower percentage of SiOy is less pozzolanic [39]. The SiO,
ratio of silica fume used in the study is around 80 %. For this reason,
high rates of silica fume were used in order to contribute to the pozzo-
lanic reactions and to benefit from the filling effect.

Replacing cement with high doses (5-20 %) of SF causes a significant
increase in the mechanical properties and durability performance of
concrete. The addition of SF to the concrete mix increases the water
demand due to its high surface area. Water-reducing admixtures are
widely used to maintain the desired workability at a desired water/
cement ratio [39]. In the study, the desired workability properties were
provided.

While designing the mixture, the typical ranges by mass and volume
of the constituents given in EFNARC [5] and TS 802 [40] standards were
used. In the study, powder: 500 kg/m?, paste volume: 379 L/m>, water:
175 L/m3, coarse aggregate: 837 kg/ms, coarse aggregate volume: 310
L/m3, water/powder ratio by volume: 0.97. All values fall between the
limit values given in EFNARC [5] and TS 802 [40]. The amount of
admixture was used in such a way as to ensure self-compacting without
causing any segregation in the mixtures. The mixture ratios obtained are
given in Table 4.

2.3. Specimen types produced and curing

After the mixing ratios were determined, concrete casting processes
were carried out. The fresh concrete mixes produced were placed in
®100 x 200 mm cylindrical and 150 x 150 x 150 mm cube specimen
molds. Three cube and cylindrical specimens were produced for each
series, and the concrete specimens in the molds were kept in the labo-
ratory for 24 h and then removed from their molds. Standard curing was
applied to the produced HSSCC specimens in lime-saturated water pools
with a temperature of 20 & 2 °C until the 28th and 180th days, and then
the relevant experiments were conducted. The HSSCC series poured into
molds and cured are shown in Fig. 5. Ultrasonic pulse velocity and
compressive strength tests were carried out on cube specimens, and
splitting-tensile strength, apparent porosity, sorptivity, rapid chloride
permeability and electrical resistivity tests were performed on
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4-11.2 mm coarse waste marble aggregates

Fig. 3. Waste marble aggregates.

Table 2
Chemical analysis results of aggregate specimens.
Oxide components Waste marble (%) Basalt (%) Limestone (%)
NaO 0.06 2.34 0.03
MgO 1.37 4.12 1.63
Al,03 1.08 16.12 0.82
SiOy 0.18 50.57 1.72
Py0s - 0.37 -
SO3 0.06 0.08 0.02
Cl 0.03 - 0.01
K0 0.02 2.27 0.08
CaO 54.10 9.76 52.50
TiO, - 0.94 -
MnO - 0.19 0.01
Fe,03 0.08 9.02 0.15
SrO - 0.15 -
BaO - 0.16 -
Loss of ignition 43.00 3.42 42.90
100
=0— Crushed stone I
90 1 —4—Sand
80 A ~fli—Marble aggregate (M)
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e 70 -
)
o
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T 40
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cylindrical specimens.

2.4. Tests

2.4.1. Fresh and hardened concrete tests

To determine the fresh properties of HSSCCs, slump flow test and
Ts00 time [41], V-Funnel [42], and 1-Box [43] tests were applied on the
mixtures. In order to determine the mechanical properties of HSSCCs,
hardened concrete tests were applied to the specimens prepared in TS
EN 12390-1 [44] and TS 12390-2 [45] standards. Sectional views of the
HSSCC series with basalt and waste marble aggregate are shown in
Figs. 6 and 7.

Ultrasonic pulse velocity tests were carried out on cube specimens of
150 x 150 x 150 mm, after 28 and 180 days of standard curing, in
accordance with TS EN 12504-4[46]. Then, compressive strength tests
were carried out on the same specimens in accordance with TS EN
12390-3[47]. Splitting-tensile strength tests were carried out on ®100
x 200 mm cylindrical specimens after 28 and 180 days of standard
curing, according to TS EN 12390-6 [48].

The durability properties of concrete were determined in accordance
with ASTM C 1202[49]. In the rapid chloride permeability experiments,

0,00 0.063 0.15 0.25 0.5

1.00 2.00 4.00 8.00 11.2016.0022.4031.50
Particle size, mm

Fig. 4. The granulometry curves of all aggregates used.
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Table 3
Test results of the aggregates.
Test name Standards Aggregates
— Basalt Limestone Waste Marble
Los Angeles TS EN 1097-2 [34] 16.45 24.15 24.94
Abrasion Value
(LA),
%
BS 812-112 [35] 5.10 11.54 13.65
Aggregate Impact Value
(AIV),
%
Aggregate Crushing Value BS 812-110 [36] 14.29 22.95 23.58
(ACV),
%
Uniaxial Compressive Strength TS EN 1926 [37] 144 113 109

(ucs),
MPa

disc-shaped specimens of ®100x50 mm, obtained by cutting ®100 x
200 mm cylindrical specimens, were used. Before this experiment, 28
and 180 days standard curing was applied to the specimens. Before the
rapid chloride permeability test, the specimens were vacuumed ac-
cording to ASTM C 1202[49]. The preparation of the specimens for the
experiment with the vacuum pump and the rapid chloride permeability
test setup are shown in Fig. 8.

At the end of the 6 h, the total charge passed of specimens placed in

the rapid chloride permeability test setup were determined. The rapid
chloride permeability levels of the produced HSSCCs were determined
by comparing the total charge passed values obtained as a result of the
experiments with the ASTM C 1202 limit values given in Table 5.
Electrical resistivity tests were performed on ®100x200 mm cylin-
drical specimens after 28 and 180 days of standard curing. Before the
electrical resistivity measurements, the specimens were saturated with
water. Table 6 was used to evaluate the relationships between electrical
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Table 4
The mixing ratios of the HSSCC series (kg/m?’).
Mixes Water Cement Silica fume Crushed Crushed stone I Marble Basalt HP
sand M) (B)
(0-4 mm) (4-11.2 mm)
C 175 350 150 824 837 - - 4.50
M25 175 350 150 825 628 198 - 4.25
M50 175 350 150 825 419 396 - 4.25
M75 175 350 150 825 209 594 - 4.25
M100 175 350 150 824 - 791 - 4.40
B25 175 350 150 825 628 - 205 4.30
B50 175 350 150 824 419 - 410 4.50
B75 175 350 150 824 209 - 614 4.75
B100 175 350 150 824 - - 818 5.00

C B25

B50

B75 B100

Fig. 6. Cross-sectional views of HSCCC series with basalt aggregate.

M50

M75 M100

Fig. 7. Cross-sectional views of HSSCC series with waste marble aggregate.

resistivity and corrosion probability.

In order to calculate the sorptivity coefficient and the apparent
porosity percentages, ®100x200 mm cylindrical specimens were pro-
duced. The produced cylindrical specimens were cured for 28 and 180
days. Archimedes balance was used to determine the weights of the
specimens in water, and the apparent porosity values of the HSSCC se-
ries were calculated using Equation (1) [51].

Apparent porosity (AP) (%) = (Wg-Wo)/(W4-W))x100 (1).

In Equation (1); W,: the weight of the specimen dried at 105 °C for
24 h (g), Wy: the saturated weight of the specimen in water (g), Wq: the
weight of the specimen at the saturated condition in the air (g), AP: the
apparent porosity value (%).

Before the sorptivity tests, the specimens were dried in an oven for
24 h, and then the sorptivity tests were carried out. The sorptivity co-
efficient (k) values were calculated with the help of Equation (2) and
Equation (3).
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Fig. 8. Vacuum treatment and rapid chloride permeability test setup.

Table 5

ASTM C 1202 limit values.
Total charge passed (Coulmb) Permeability
>4000 High
4000-2000 Moderate
2000-1000 Low
1000-100 Very low
<100 Negligible

Table 6
Relationship between electrical resistivity and corrosion probability[50].

Electrical resistivity (kQ.cm) Corrosion probability

<5 Very high
5-10 High
10-20 Low
>20 Negligible
2 _

qg =k xt(Q)

q’= (/A (3).

In equations; Q: The amount of water absorbed by the specimen (g),
A: the area of the water-impregnated surface (cm?), q: the amount of
water absorbed per unit area (g/cmz), t: the water absorption time of the
specimen (sec).

Pieces were taken from the 180-day standard cured specimens of the
HSSCC series, and internal structure images were taken with Zeiss
LEO1430VP brand scanning electron microscope (SEM), and analyzed.

3. Evaluation of test results
3.1. Fresh concrete test results

According to the fresh concrete test results, no segregation was
observed in all of the HSSCC series and it was observed that they were in
compliance with the fresh state standards determined by TS EN 206 +
A2 [52]. The results of the flow diameter, Tsog time, V-funnel flow time
and 1-box experiments of fresh HSSCC mixtures are given in Fig. 9. The
fresh properties of the HSSCC series were evaluated according to the
limit values recommended by TS EN 206 + A2 [52] and the class they
belonged to was determined. As can be seen from Table 4, the amounts
of hyperplasticizer (HP) admixtures were not used at a fixed rate in the
study. The aim of the study is to produce HSSCC series with similar
workability properties. For this, slump flow values are intended to be in
SF1 (550-650 mm) class and Tsgo values in VS1 (<2.0 sec) class. HP
admixture amounts have been adjusted in a controlled manner. After
providing these workability classes, V-funnel and 1-box experiments
were also carried out.

When Fig. 9 is examined, it has been determined that the flow
diameter results vary between 575 and 670 mm and all series except
B100 series are in the SF1 (550 to 650 mm) class. The highest flow
diameter result (670 mm) in the HSSCC series was observed in the B100
series. According to the Tsg time results of fresh HSSCCs, all series
reached a diameter of 500 mm in under 2 s (1.20-1.90 sec.). That’s why
all HSSCC series are in VS1 class. In general, higher Tsqo times were
obtained in series with smaller flow diameters. The V-funnel flow time
values obtained from the HSSCC series were between 2.38 and 4.23 sec,
with all values below 9.0 sec. Thus, it has been concluded that the
produced HSSCC series are in the VF1 class. Generally, the series with a
high spreading time to 500 mm diameter also had high V-funnel flow
times. -box test results (hy/h; ratios) ranged from 0.80 to 0.93. Thus, all
series are in PL2 class and have reached the ability to pass through dense
reinforcements without obstruction.

As can be seen from Fig. 9a, flow diameter of 600 mm was obtained
in the control series. When the same amount of admixtures as the control
series was used in the pilot casting made with marble aggregate, it was
decided to reduce the amount of admixtures used, since segregation was
observed in these series. As can be seen from Table 4, by using fewer
admixtures from the control series, the tendency to segregation was
prevented, and M25, M50, and M75 series were produced in SF1 class. It
is thought that the observation of segregation tendencies when similar
admixtures are used with control series and the production of SF1 class
concrete with fewer admixtures is due to the smoothness surface
structure of marble aggregates. Kore and Vyas [18] stated in their study
that the workability properties of the marble aggregate series increased
due to the smooth surface structure of the marble aggregate. As can be
seen in Fig. 9b, it has been determined that the Tsoo times gradually
increase with the increase in the use of marble aggregate in the series
with marble aggregate. Tsq( times were found to be 1.20, 1.74, 1.82 and
1.90 sec for control, M25, M50 and M75 series, respectively. Since the
value obtained from the M75 series is close to the 2.0 sec limit value, the
amount of HP used in the M100 series has been slightly increased (3.5
%) compared to the M25, M50 and M75 series. Thus, both the slump
flow and Tsg( values of the M100 series are placed in the desired class
(SF1 and VS1). When the Tsq times obtained from the M25, M50 and
MY75 series are examined, it is seen that the differences between them are
very low (0.16 sec) and very close to each other.

In addition, if the same amount of HP is used in M100 series as in
other marble aggregate series, it can be considered that the limit value of
2.0 sec may not be exceeded. However, in order to stay on the safe side in
the study, it was decided to increase the amount of HP, and the limit
value was avoided. While using 4.50 kg HP in the control series, 600 mm
flow diameters were obtained, while using 4.40 kg HP in the M100 se-
ries, 610 mm flow diameters were obtained. Similarly, Tsoo times were
obtained very close to each other (1.20 and 1.30 sec). As can be seen
from these results, HSSCCs with very similar workability properties to
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Fig. 9. Fresh concrete properties of HSCCC series a) Slump flow b) Tsgo ¢) V-funnel d) r-box.

control series can be produced by using less admixtures in marble
aggregate series. Again, this situation is considered to be related to the
smooth surface structure of the marble aggregate.

When Fig. 9c is examined, it is seen that the V funnel values obtained
from the control, M25, M50, M75 and M100 series are 3.10, 4.23, 3.95,
3.80 and 3.25 sec, respectively. As with the Tsgg times, the V funnel
values of the M25, M50 and M75 series were higher than the control
series. However, there was a decrease between the M25 and M75 series.
When these decrease times are examined, it is seen that they are at very
low levels (0.28-0.43 sec). Since these values are well below 1 sec, they
are thought to be at very close workability levels. In addition, all V
funnel values obtained are well below 9 sec, which is the limit value of
TS EN 206 + A2 [52], and it has been observed that all HSSCC series
produced have a very good filling ability. In addition, conformity
criteria for target values of consistence and viscosity are given in TS EN
206 + A2 [52]. These values are + 50 mm for slump-flow diameter, 1
sec for Tsog times and + 3 sec for V funnel.

As can be seen from Fig. 9d, the 1-box test results varied between 0.80
and 0.93. Thus, all series are in PL2 class and have reached the ability to
pass through dense reinforcements without obstruction. As stated in
EFNARC [5], slump flow and V-funnel tests are performed to determine
the filling ability properties of the produced self-compacting concrete,
while 1-box tests are performed to determine the passing ability prop-
erties. Since these tests are used to determine different properties of
concrete, there is no general relationship between slump flow and V
funnel test results, and L-box test results.

When the slump flow values of the basalt aggregates in Fig. 9a are
examined, it is seen that the B25, B50, and B75 series are in the SF1 class
and the B100 series are in the SF2 class. In the pilot castings, it was
observed that the slump flow values did not remain between the limit
values with the increase in basalt aggregate usage rates. It has been

observed that the water requirement of HSSCC mixtures increases due to
the porous structure of the basalt aggregates and the high water ab-
sorption amount. For this reason, with the increase of the B substitution
in the HSSCC series, the HP amounts were also increased. Thus, all the
workability properties of the HSSCC series with basalt aggregate pro-
vided the limit values given in Fig. 9.

3.2. Hardened concrete test results

3.2.1. Ultrasonic pulse velocity test results

The variation of ultrasonic pulse velocity results according to the
HSSCC series is given in Fig. 10. It was observed that the ultrasonic pulse
velocity values obtained from the waste marble and basalt aggregate
HSSCC series ranged between 4.95 and 5.33 km/s. When Fig. 10 is
examined, it is concluded that the ultrasonic pulse velocity values of
waste marble and basalt aggregates, which are substituted for crushed
stone aggregate, decrease with the increase in the replacement rates.
Gencel et al [19] reached similar results in their study with waste marble
aggregates. Ultrasonic pulse velocity values of the 28-day series, in
which 100 % of the waste marble aggregate was used, decreased by 2.7
% compared to the control series. If the curing period was 180 days, the
decrease rate was 3.8 %. When the HSSCC series produced with basalt
aggregate were examined, the ultrasonic pulse velocity values of the 28-
day series in which basalt aggregate was used at 100 % decreased by 5.2
% compared to the control series. If the curing period was 180 days, the
decrease rate was 7 % compared to the control series. As the basalt and
waste marble aggregate replacement ratios increased in the HSSCC se-
ries, it was evaluated that the series had a more porous structure
compared to the limestone aggregate (control) series. This situation
caused lower ultrasonic pulse velocity values in HSSCC series produced
with waste marble and basalt aggregate.
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Fig. 10. Variation of ultrasonic pulse velocity results according to HSSCC series.

The specific gravity of limestone, basalt, and marble aggregates were
2.698, 2.64, and 2.55, respectively, and the water absorption values
were 0.689, 1.13, and 0.692, respectively. As can be seen from the re-
sults of the obtained water absorption value, it is considered that the
basalt aggregate has a more porous structure. For this reason, it is
thought that lower ultrasonic pulse velocity values are obtained from the
concretes produced with basalt aggregate. In the study, concrete pro-
duction was carried out by replacing waste marble and basalt aggregates
with limestone aggregates by volume. As can be seen from the mixing
ratios given in Table 4, in case of using waste marble and basalt
aggregate, concretes with lower unit weight was produced compared to
the control series. It is also considered that the reason for the decrease in
the ultrasonic pulse velocity with the increase in the B and M ratios in
the HSSCC series may be due to the decrease in the unit weights. Gencel
et al.[19] also reached similar results regarding the decrease in ultra-
sonic pulse velocity with the decrease in unit weights.

120

It was understood that with the increase of the curing times, the
values also increased; that is, the HSSCC series became more imper-
meable. In the studies of Nik and Omran[53], it was stated that ultra-
sonic pulse velocities increase depending on the age of the concrete.
They explained the reason for this as the disappearance of the capillary
pores and cracks in the cement part of the concrete and the hydration
development with the increasing age of the concrete, thus reducing the
nominal resistance against the transmission of pulses.

3.2.2. Compressive strength test results

The variation of the compressive strength results according to the
HSSCC series is given in Fig. 11. The compressive strengths of the waste
marble and basalt aggregate series varied between 85 and 114 MPa. In
the series with waste marble aggregate, after 28 days of curing, the
highest compressive strength was measured in M50 with an increase of
4 % compared to the C series, while it was measured in the B100 series

100
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Fig. 11. Variation of compressive strength results according to HSSCC series.
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with an increase of 19.2 % in the series with basalt aggregate. When 180-
day curing was applied to HSSCC series, the highest compressive
strengths were obtained from M25 series in case of using marble
aggregate and from B100 series in case of using basalt aggregate. The
compressive strength of the M25 series increased by 9.1 % compared to
the C series, while the compressive strength of the B100 series increased
by 19.5 %. This high increase in the B100 series can be explained by the
fact that the aggregates in the concrete are composed of regular grains
and the small number of voids formed under the surfaces of the irregular
grains, as stated by Ostrowski[54]. Except for the series in which the
basalt aggregate was replaced by 100 %, the compressive strengths were
quite close to each other in the other series. The high compressive
strength of basalt stone may have increased the compressive strength of
HSCC series with basalt aggregate. In the compressive tests performed
on 15 cm stone cubes prepared from basalt and limestone, basalt can
reach a compressive strength of 150-170 MPa, and limestone can reach
a compressive strength of 70-90 MPa [14]. It was determined that the
compressive strengths increased with the increase in the curing times in
all series. This shows that hydration reactions continue with the increase
in curing times and additional C—S—H gels are formed, increasing the
compressive strength of concrete. Hebhoub et al.[17], in their study
where they substituted waste marble aggregates in concrete, evaluated
that the reason for increasing the compressive strength of waste marble
aggregate was due to the high carbonate content of the marble and the
improvement of the bonds between the aggregate and cement paste.

In general, when the literature is examined, the compressive strength
of concrete and building stones also increases with the increase in ul-
trasonic pulse velocity[55]. However, in this study, higher compressive
strengths were obtained from some series with low ultrasonic pulse
velocity. Ultrasonic pulse velocity results decrease with the increase in
the usage rates of waste marble and basalt aggregate. It has been
observed that the compressive strengths increase with the increase in
ultrasonic pulse velocities in the series with marble aggregates. This
situation is compatible with the literature. However, it was concluded
that the relationship between ultrasonic pulse velocities and compres-
sive strengths is not very strong. In the series with basalt aggregate, on
the other hand, the compressive strengths decrease with the increase in
ultrasonic pulse velocities. The obtained relationship is quite weak and
incompatible with the literature. The reason for this situation is that
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basalt aggregates have a more porous structure as can be understood
from their water absorption values. However, as can be understood from
the aggregate tests, basalt aggregates are a type of aggregate with high
mechanical properties, although they have a porous structure. In
particular, the highest compressive strengths were obtained from the
series using 100 % basalt aggregate. As a result, since the highest
compressive strengths were obtained from the series with the lowest
ultrasonic pulse velocities, a significant relationship could not be ob-
tained between the ultrasonic pulse velocities and the compressive
strengths in the series with basalt aggregate.

3.2.3. Splitting-tensile strength test results

The splitting-tensile strength results obtained from the HSSCC series
are given in Fig. 12. As seen in the figure, the splitting-tensile strength
results vary between 4.46 and 5.45 MPa. Experimental results show that
waste marble and basalt aggregates improve the splitting-tensile
strength of HSSCCs. This increase in strength may be due to the better
filling effect of waste marble and basalt aggregates in the mixtures and
their bonding to the cement paste. SEM images also confirm this (Section
3.2.8). Similar to compressive strengths, it was observed that with the
increase in curing times, splitting-tensile strengths also increased in
general. The highest strength increase rate of 18.63 % was obtained
from the B50 series, in which 50 % basalt aggregate was used. When the
waste marble and basalt aggregate series with a curing period of 28 days
were compared, generally lower split-tensile strengths were determined
in the basalt aggregate series, except for the B100 series. The highest
splitting-tensile strengths obtained from the HSSCC series, in which the
curing times were applied for 180 days, were obtained from the B50 and
B100 series, with 5.40 and 5.45 MPa, respectively.

3.2.4. Rapid chloride permeability test results

The variation of the rapid chloride permeability results with respect
to the HSSCC series is given in Fig. 13. The rapid chloride permeability
results obtained from the HSSCC series containing waste marble and
basalt aggregates ranged from 160 to 328 Coulombs. When the ASTM C
1202 [49] limit values given in Table 5 are examined, it is concluded
that the rapid chloride permeability results obtained from the test
specimens are very low. It is known that pozzolanic materials are used in
concrete production to reduce chloride permeability of concretes, and in
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Fig. 12. Variation of splitting-tensile strength results according to HSSCC series.
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Fig. 13. Variation of rapid chloride permeability results according to HSSCC series.

this study, silica fume, a pozzolanic material, was used. With the use of
silica fume, silica fume participates in pozzolanic reactions, producing
secondary CSHs that lead to filling the capillary pores and thus
improving the permeability of the concrete [56]. The main reason why
all batches produced have very low chloride permeability levels is the
use of silica fume in concrete production. From these results, it is un-
derstood that the produced concrete series will be highly resistant to
corrosion if used in environments containing chloride. While the
average chloride permeability obtained from the waste marble aggre-
gate series (MO, M25, M50, M75, and M100) with a curing period of 28
days was 257 Coulombs, the average of the 180-day series was 211.6
Coulombs. In the case of basalt aggregate series (B0, B25, B50, B75, and
B100) cured for 28 days, the average chloride permeability was 261.4
Coulombs, while in the case of curing for 180 days, it was 260 Coulombs.
When the apparent porosity and chloride permeability results were
examined, it was concluded that there was no strong relationship be-
tween them. No trend could be obtained regarding the effect of different
aggregate types and usage rates on chloride permeability. When all
HSSCC series were examined, it was concluded that chloride perme-
ability generally decreased (except for M25, B25 and B50 series) with

70

increasing curing times.

3.2.5. Electrical resistivity test results

The variation of the electrical resistivity results according to the
HSSCC series is given in Fig. 14. The electrical resistivity values of the
HSSCC series are between 46 and 57.5 kQ.cm. Since the electrical re-
sistivity values are>20 kQ.cm according to Table 6, it is concluded that
the produced HSSCC series are resistant to corrosion. The average of the
electrical resistivity values obtained from the waste marble aggregate
series (M0, M25, M50, M75, and M100) in which the curing period was
applied for 28 and 180 days was obtained as 51.6 and 52.5 kQ.cm,
respectively. The mean values obtained from the basalt aggregate series
(B0, B25, B50, B75, and B100) were determined as 50.74 and 51.28 kQ.
cm, respectively. When the waste marble and basalt aggregate HSSCC
series were compared, higher electrical resistivity values were obtained
in the waste marble aggregate series, albeit at very low rates. In general,
it was observed that the electrical resistivity values increased with the
increase in the curing times. With the use of silica fume admixture in the
HSSCC series, the concretes became more impermeable, their electrical
conductivity properties decreased and the electrical resistivity values of
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Fig. 14. Variation of electrical resistivity results according to HSSCC series.

12



A. Raif Boga and A. Ferdi Senol

the concretes increased.

The relationship between the electrical resistivity and rapid chloride
permeability results obtained from all series is given in Fig. 15. When
Fig. 15 is examined, it is concluded that there is a strong relationship
between the series and that the rapid chloride permeability values
decrease with the increase in the electrical resistivity values. Statistical
analysis of Fig. 15 was provided at the 95 % confidence interval. As a
result of the ANOVA test, the F value was 44.726 and the p-value was
0.000 (a number very close to zero). Since the p-value is less than a, the
Hp hypothesis is rejected. In other words, it can be said that the model is
significant at the 95 % confidence level.

3.2.6. Apparent porosity test results

The variation of the apparent porosity values with respect to the
HSSCC series is given in Fig. 16. In general, the apparent porosity values
decreased with the increase of curing times. It was observed that the
apparent porosity values obtained from the waste marble and basalt
aggregate HSSCC series ranged from 3.34 % to 4.79 %. When Fig. 16 is
examined in general, the apparent porosity values in the series with
waste marble aggregate are lower than the series with basalt aggregates.
When the water absorption values of the basalt aggregate are examined,
it is seen that they have a higher water absorption percentage than the
waste marble aggregate. Thus, it is evaluated that the basalt aggregate
has a more porous structure. Therefore, the apparent porosity values in
the HSSCC series with basalt aggregate were higher than the series with
waste marble aggregate. Since basalt aggregate is a type of volcanic
rock, it has a porous structure; however, although it has voids, it is a
rather hard and high mechanical property type of aggregate. Pek[57], in
one of his studies, stated that the water absorption and apparent porosity
values of basalt aggregate are similarly higher than those of limestone-
based aggregates and that the compressive strength is 50 % higher than
that of limestone aggregate.

As can be understood from the water absorption values of basalt
aggregates, they have a more porous structure than other aggregates
used in the study. Therefore, lower ultrasonic pulse velocity results were
obtained in HSSCCs with basalt aggregates. In addition, when the
apparent porosity and ultrasonic pulse velocity results are examined
together, it is seen that the series with higher apparent porosity values
have lower ultrasonic pulse velocities. This is thought to be due to the
porous structure of basalt aggregates.

3.2.7. Sorptivity test results

Sorptivity is a transport index to address the durability performance
of concrete[58]. The variation of the sorptivity coefficient results
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according to the HSSCC series is shown in Fig. 17. When Fig. 17 is
examined, it is seen that the sorptivity coefficient results obtained from
the series vary between 0.0030 and 0.0082 mm/sn’°. When Fig. 17 is
examined in general, lower sorptivity coefficient values were obtained
in the series with waste marble aggregate, as in the apparent porosity
test results. It was concluded that the increase of curing times decreased
the sorptivity coefficient values in general.

Fig. 18 shows the relationships between the apparent porosity and
sorptivity coefficient results obtained from all HSSCC series. As seen in
Fig. 18, it was concluded that with the increase in the apparent porosity
values, the sorptivity coefficient values also increased. It has been
determined that there is a strong relationship between the apparent
porosity and sorptivity coefficient results.

Statistical analysis of Fig. 18 was provided at the 95 % confidence
interval. As a result of the ANOVA test, the F value was 85.365 and the p-
value was 0.000 (a number very close to zero). Since the p-value is less
than a, the Hy hypothesis is rejected. In other words, it can be said that
the model is significant at the 95 % confidence level.

3.2.8. Internal structure analysis

Internal structure image analyses of the HSSCC series M100, B100,
and control (C) specimens were performed with the scanning electron
microscope (SEM) at low (x1000) and high (x3000) magnifications
after 180 days of curing. In addition, Energy Dispersive X-ray (EDX)
analyzes were applied to the HSSCC series for which SEM analysis was
performed. Accordingly, the densities of the elements in the M100 and
B100 series were observed in Fig. 19, and the interface transition zones
(ITZ) were determined. When Fig. 19a is examined, it is observed that
the regions where the Ca element originating from the CaO in the in-
ternal structure of the waste marble aggregate in the M100 specimen are
concentrated can be seen, and the density of the Si element increases in
the transitions from marble aggregates to cement paste. In the B100
specimen in Fig. 19b, on the other hand, it was observed that Si and Ca
elements were formed in similar amounts in the areas where cement
paste was present, and the Si density increased with the presence of Si
elements in the basalt structure during the transition from cement paste
to basalt aggregate. These observations confirm the results of the XRF
analysis given in Table 2 of Section 2.1.

SEM images obtained from C, M100, and B100 series are given in
Figs. 20, 21, and 22, respectively. From the SEM images observed in
Figs. 20, 21, and 22, it is seen that the dense microstructure of the
cement pastes in the waste marble and basalt aggregate HSSCC series are
similar to each other. Different aggregates used in concrete have varying
physical and chemical properties, and this directly affects the ITZ
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Fig. 15. Relationship between electrical resistivity and rapid chloride permeability results.
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Fig. 16. Variation of apparent porosity results according to the HSSCC series.
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properties in concrete[59]. The ITZ between cement paste and aggregate
is one of the important factors affecting the mechanical properties of
concrete [60,61]. When the SEM images in Fig. 2la and 22a are
examined, it is observed that the micro cracks formed in the ITZ regions
of the aggregates and cement paste, reducing the compressive and ten-
sile strength of the hardened mortars, occur at narrower intervals in the
B100 and M100 series, and at wider intervals in the C series seen in
Fig. 20a. This situation can be evaluated as it contributes to the
compressive and tensile strengths of B100 and M100 series being higher
than the strength of C series.

The durability of concrete depends on the microcrack system that
decides when the material will fail. Destructive processes in concrete
strength can begin with microcracks in contact between coarse aggre-
gate and cement matrix[62]. According to the compressive strength test
results obtained in the study, the fact that the strength results of the
B100 series, in which 100 % basalt aggregate is used, are slightly higher
than the other series, can be attributed to the fact that the strength of the
basalt aggregate is higher than that of limestone and waste marble ag-
gregates. Similarly, Li et al[63]; They evaluated that the intrinsic
strength of coarse basalt aggregate is higher than that of conventional
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coarse aggregates, the use of dense basalt aggregate can improve the
compressive strength of concrete, and the ITZ between coarse basalt
aggregate and cement paste can become stronger by optimizing the
powder content in the mixture. This situation can also be observed from
the SEM images in Fig. 19b and Fig. 22b.

The use of a high percentage of waste marble aggregate in the HSSCC
series generally increased the splitting tensile strengths. This situation
can be evaluated as the ITZ in the M100 series has low porosity and good
bonding structure, as can be seen from the internal structure analyzes in
Fig. 19a and Fig. 21b. Vardhan et al.[64], stated that the addition of
waste marble to the mixtures would not have much effect on the hy-
dration of cement, and C—S—Hs will spread better. Thus, the C—S—H
gels and C-Hs in the HSSCC series remain almost the same in all series.

In the SEM and EDX analyses, it was observed that there was a strong
bond between the aggregate particles in the waste marble and basalt
aggregate HSSCC series and the cement paste. Especially from the SEM
images of M100 (Fig. 19a and Fig. 21b), the absence of a boundary line
between the aggregate and the cement paste indicates a strong bond
between them.
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4. Results and discussion

All conclusions obtained from the study are based on a specific study
using the specific tested materials and under the specific research con-
ditions, and many cannot be generalized. According to the results ob-
tained from the tests;

e The study’s results showed that basalt or waste marble aggregates
could be useful in developing HSSCC. In addition, it is evaluated that

15

using waste marbles as coarse aggregate in SCCs will reduce pro-
duction costs and contribute to environmental waste management.

e According to the fresh concrete test results, segregation was not
observed in all HSSCC series with basalt, and waste marble aggre-
gate, and the limit values given in TS EN 206 + A2 were met.

e With the increase in curing times, the ultrasonic pulse velocity values
also increased, and HSSCC series became more impermeable.

e The highest compressive strength values of the HSSCC series were
obtained from the B100 series, which were cured for 180 days. This
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Fig. 22. SEM images of B100 series a) x 1000b) x 3000 magnification.

result was evaluated as the intrinsic strength of basalt aggregate is
higher than limestone and waste marble aggregates, it consists of
regular grains and good bonding between aggregate and paste. The
compressive strength results of other HSSCC series were very close to
each other.

o Similar to compressive strengths, with the increase in curing times,
splitting-tensile strengths also increased in general. The highest
value was obtained from the B100 series, in which basalt aggregate
was used at 100 %, as in the compressive strength.

e All HSSCC series have very low chloride permeability. In addition, in
terms of electrical resistivity measurements of all series, it has been

16

concluded that HSSCC series are highly resistant to corrosion when
used in environments containing chloride.

When the apparent porosity and sorptivity coefficient values are
examined in general, the apparent porosity and sorptivity coefficient
values of the waste marble aggregate series are lower than the basalt
aggregated series.

From the SEM and EDX analyses, it was determined that the waste
marble and basalt aggregates intensified the binder-aggregate
interface in the HSSCC series and formed a strong bond in general.
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