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ABSTRACT: Self-compacting concrete (SCC) contains fine mineral fillers such as limestone powder. The idea
of this study was to partially replace limestone with waste sulfur since it is hydrophobic, insoluble in water and
therefore chemically inert and to compare the properties of produced concrete samples. Fresh concrete proper-
ties included: slump-flow, tsy, V-funnel time, L-box ratio, segregation ratio, density, and entrained air content.
Hardened concrete was tested for compressive, flexural and bond strengths, ultrasonic velocity, dynamic elas-
ticity modulus, dynamic Poisson’s ratio, and microstructure. Flowability and segregation increased, while bulk
density, compressive and flexural strength, dynamic elasticity modulus and ultrasonic velocity slight declined.
Times ts,, and V-funnel time, L-box ratio and entrained air changed insignificantly. Considering that all proper-
ties should remain or improve in case of waste valorization and the criteria should set to satisfy requirements for
SCC, this study proved that all mixtures can be used for structural applications.

KEYWORDS: Concrete; Mixture proportion; Mechanical properties; Microstructure; Modulus of Elasticity.

Citation/Citar como: Savi¢, A.; Martinovié, S.; Vlahovi¢, M.; Volkov-Husovi¢, T. (2020) Effects of waste sulfur content
on properties of self-compacting concrete. Mater. Construcc. 70 [338], €216 https://doi.org/10.3989/mc.2020.06919

RESUMEN: Efectos del contenido de residuos de azufre en las propiedades del hormigon autocompactante. El
hormigdn autocompactante (SCC, del inglés Self-compacting concrete) contiene cargas (fillers) minerales finas
como polvo de piedra caliza. La idea de este estudio fue reemplazar parcialmente la piedra caliza por contenido
de residuos de azufre, ya que es hidrofobo, insoluble en agua y, por lo tanto, quimicamente inerte, y comparar
las propiedades de las muestras de hormigén producidas. Las propiedades analizadas en el hormigén fresco
incluyeron: flujo de asentamiento, tsy, tiempo del embudo en V (V-funnel time), relacion de caja en L (L-box
ratio), relacion de segregacion, densidad y contenido de aire ocluido. En el hormigén endurecido se analizo la
resistencia a compresion, flexion y adherencia, velocidad ultrasénica, mdédulo dinamico de elasticidad, coefi-
ciente dinamico de Poisson y microestructura. La fluidez y la segregacion aumentaron, mientras que la densidad
aparente (bulk density), la resistencia a la compresion y la flexion, el modulo de elasticidad dinamica y la veloci-
dad ultrasonica disminuyeron ligeramente. Los tiempos tsy, y el tiempo del embudo V, la relacion de la caja L'y
el aire ocluido cambiaron de manera insignificante. Considerando que al valorizar residuos, se deben conseguir
propiedades similares o mejoradas, y que los criterios deben establecerse para satisfacer los requisitos de SCC,
este estudio demostrd que todas las mezclas se pueden utilizar para aplicaciones estructurales.
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1. INTRODUCTION

Today’s concept of building industry includes
several approaches such are: acceptable physical
and mechanical properties for specific applications,
economic effects, material durability or lifespan,
and ecological impact of these materials on the
environment (1-3). Conventional concrete (CC) is
usually placed by vibration to reduce the entrained
air content and eliminate the possibility of cavi-
ties occurrence in contact with reinforcement and
formwork. Very fine powders are added to CC mix-
tures as water reducing admixture, active additive
or filler, and the viscosity-modifying admixture to
densify the interface between aggregate and matrix.
The development of super-plasticizers (chemical
admixtures) allowed easier installing the concrete
of stiffer consistency without any vibrations leading
to the concept of highly flowable Self-Compacting
Concrete (SCC) that spreads into place, easily fills
framework and seals, encapsulates or wraps even
the most congested reinforcement without segre-
gation. Initial investigations and the term of SCC
originated in the 1980s in Japan (4, 5), the first com-
mercial use was in 1990 while the first important
application was the building of pre-stressed con-
crete pylon for the cable-stayed bridge “Shin-Kiba
Ohashi bridge” in 1991 (5). Since then, there has
been a growing interest in SCC development. The
most important advantage of SCC is the ability to
flow into and fill spaces within the formwork under
its own weight while maintains homogeneity dur-
ing placement and compaction without vibration
(1, 6-9). Its highly flowable nature can be attributed
to careful mix design, usually replacing much of the
coarse aggregate with fines and cement, and adding
chemical admixtures. By excluding the vibration,
internal segregation between solid particles and sur-
rounding liquid phases are avoided, thus resulting in
a less porous transition zone between the paste and
aggregates and also higher compressive strength and
durability, compared to the CC (10). Some disad-
vantages of SCC are a higher content of powdered
components (< 0.125 um), high cement portion,
and usage of chemical additives. That increases cost
for 20-60 % comparing to the CC (11, 12). Also,
the usage of super-plasticizers, higher content of
powdered components, and a lower volume ratio
of coarse aggregate can provoke more pronounced
sensitivity of SCC, meaning reduced robustness
that demands more frequent quality control (13).
Therefore, furthering development should be opti-
mization of price-performance ratio.

To overcome the disadvantages and reduce the
overall production cost, it is necessary to use the
inert or non-pozzolanic and hydraulic or pozzo-
lanic material in the form of waste and recycling
materials as a replacement for a binder, filler, and/
or chemical admixtures (14). Beside economic, there

are also important environmental benefits by using
industrial by-products. Also, data regarding the use
of waste and cementitious materials in SCC was
analyzed in previous study, show that industrial
waste is among the most prominent (15). Namely,
the design of SCC allows usage of industrial and
building wastes in case of producing SCC with the
same or better engineering properties (6, 14, 16, 17),
while the purpose of using powdered waste indus-
trial residues is to ensure sustainable production of
SCC and to produce “green concrete” (6, 18-21).
During the last decades, many researches were occu-
pied with the valorization of technogenic wastes to
reduce their negative effects on the environment.
The most significant wastes used in SCC are: fly
ash, blast furnace slag, rice husk, silica fume, build-
ing waste materials (14).

In the last decades, the availability of sulfur has
considerably grown, mainly due to the current envi-
ronmental restrictions regarding the petroleum and
gas refining processes, which limit the maximum
quantity of sulfur present at combustibles. Sulfur is
therefore obtained as a by- product from processing
natural gas and refining high-sulfur crude oils. The
most common conversion method used in refiner-
ies is the Claus process. Extremely large quantities
of waste sulfur are stored leading to more or less
controlled disposal. According to US EPA, most
of the 68x10° tons of sulfur produced in the world
in 2012 was a by-product from refineries and other
hydrocarbon processing plants (US EPA 2014)
(22). Global production of sulfur will continue to
increase, thus ensuring its continued availability in
the future (23, 24).

Therefore, the development of new applications
of sulfur becomes fundamental. Building materi-
als come into the focus of interest at the time when
industrial or municipal waste is becoming increas-
ingly important as a potential raw material. One of
the causes for that is the fact that the primary appli-
cation of building materials has been constantly
expanding, and therefore the alternative materials
are also taking their place. Modification of con-
ventional building materials is commonly realized
using some of the secondary raw materials from
various industrial processes. Generally, building
materials are important acceptors for large quanti-
ties of various wastes since they can provide com-
plete immobilization without degradation of their
properties (25).

During the 1960s, there was a remarkable invest-
ment in environmental protection against the dis-
charge of sulfur into the surroundings, thus making
sulfur a surplus commodity on the market, particu-
larly in the United States and Canada. This was a
crucial point, that made the interest in the usage of
sulfur as a structural binder, to grow further.

Construction materials such as sulfur concrete
and sulfur modified asphalt continue to receive more
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attention since they are environmentally friendly
and cost-effective. Beginning in the 1970s, successful
projects on sulfur concrete as a construction mate-
rial have been carried out in different levels, mostly
in North America, few and mainly research or test
pilot projects in Europe, with only Denmark con-
ducting commercial or industrial activities. Recent
research activities on sulfur concrete as a construc-
tion material have been going on in Spain, Italy, and
the Netherlands, while interest on medium scale
industrial uses of sulfur concrete is in Poland. In
South-East Asia, preliminary reports are indicat-
ing a growing interest in the use of sulfur concrete
as a result of the increase of surplus sulfur from
the refinery industry. Similar reports come from
the Middle East (Saudi Arabia), South America
(Chile) and Africa (South Africa), where attempts
to use sulfur concrete were reported earlier, or are in
progress (23).

The use of sulfur binder as a replacement for
Portland cement to produce concrete is well-known
for a long time. The obtained material, sulfur poly-
mer concrete, has many advantages compared with
the conventional Portland cement concrete espe-
cially concerning chemical resistance in aggressive
acid and salt environments. Namely, there was evi-
dence that no signs of degradation in more than
4 years of industrial testing in 50 process environ-
ments. This property of sulfur concrete can be
attributed to sulfur (26-31). Considering our expe-
rience in synthesis of sulfur polymer concrete with
sulfur as a by-product from natural gas and oil pro-
duction (28-30), and the fact that elemental sulfur

is almost inert and does not react with water under
normal conditions, thus excluding the occurrence
of sulfate attack, sulfur can be successfully used in
the production of SCC. Nevertheless, there is data
regarding sulfur solubility and stability in basic
media. Sulfur is normally considered to be insoluble
in water, in fact, the solubility of o-Sg at 20 °C is
only Sug/l (32, 33). Therefore, the idea of this study
was to synthesize and characterize SCC modified
with sulfur as a partial replacement of usual filler,
limestone (both non-pozzolanic fillers).

The priority was not achieving high-strength
concrete, but concrete of 20-30 MPa for the appli-
cation in certain construction parts (28-30, 34).

2. EXPERIMENTAL

This study compares microstructural, fresh, and
hardened properties of SCC with limestone as a
filler (reference SCC) and SCC where certain por-
tion of limestone is replaced by sulfur.

2.1. Materials
2.1.1. Aggregate

Natural aggregate originated from the river
Danube was separated, and following fractions
were used for SCC synthesis: I (0/4), II (4/8), and
IIT (8/16). The particle size distribution of the
aggregate determined according to the standard
procedure (35) is shown in Figure 1. Contents of
fine particles in fractions II and III were 1.84% and
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FIGURE 1. Particle size distribution of aggregate.
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0.94%, respectively, while the contents of coarser
grains (> 4 mm) in fractions I, II, and III were
1.96%, 5.81%, and 0%, respectively. Content of fine
particles in fraction I determined according to the
standard procedure (36), was 0.59% (particle size
<0.063 mm) and 1.68% (particle size < 0.09 mm).
The grading curve of the fractions mixture is shown
in Figure 1, as well.

Table 1 lists physico-mechanical and chemical
properties of used aggregate fractions determined
according to the standards (37-43). All determined
properties meet the quality requirements (44-45).

The mass ratio of fractions II and III was deter-
mined on a laboratory test that made known the

TABLE 1.

highest value of density for the mixture of these
fractions in the dry compacted state, Figure 2.
Consequently, the mass ratio of these fractions was
adopted to be 1:1.

The content of fraction I in an aggregate mixture
was determined based on the pilot mixtures and it
was 31.8 % of SCC total volume.

2.1.2. Cement

Cement without additives (CEM [ 42.5R,
Lafarge, Serbia) was used as a binder. Physico-
mechanical characteristics of cement are realized
by standard procedures (46-48) shown in Table 2.

Physico-mechanical and chemical properties of the aggregates

Fraction (mm)

Property 0/4 4/8 8/16
Resistance to frost (%) 2.0 1.7 1.5
Total sulfur as SO; (%) 0 0 0
Chloride content as Cl" (%) 0 0 0
Real density of aggregate grains (kg/m’) 2640 2641 2642
Bulk dry loose density (kg/m®) 1667 1519 1493
Bulk dry compacted density (kg/m”) 1788 1621 1599
Absorption (%) 1.0 0.8 0.7
Resistance to dynamic stress and abrasion by friction (%) - 25.9 29.2
Cylinder crushing resistance (%) - 14.6 18.6
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FIGURE 2. Density and porosity of two fractions mixture in various proportions II/(II+I1I).
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Chemical composition was obtained by standard-
ized procedure (49) and given in Table 2.

2.1.3. Limestone

Limestone powder, carbonate with a medium
grain size of 250 um, (Granit Pescar, Ljig) was used
as filler. Physico-mechanical properties of lime-
stone are done on natural stone— limestone, which
was ground to obtain limestone powder using stan-
dard procedures (47, 50-55) and given in Table 3.
Chemical composition was provided by the pro-
ducer and shown in Table 3.

2.1.4. Sulfur

Secondary sulfur used as a partial substitution
for usual mineral filler, limestone, originates from
the oil refining process by Claus's procedure in the
Oil Refinery Pancevo and its purity was 99.9%. The
density of sulfur was 2050 kg/m’ and was done by
standard procedure (50) while the specific surface

area 2600 cm?/g was realized by Blaine method.
Elemental sulfur is hydrophobic and insoluble in
water under normal conditions (26-27, 32-33).

2.1.5. Super-plasticizer

A new generation of chemical admixture, poly-
carboxylate based super-plasticizer, Glenium Sky
690 (BASF Construction Chemicals, Italy), was used
to provide self-compacting abilities and enhance
flowability of concrete. Its properties were provided
by the producer and shown in Table 4.

2.2. Mix proportion and test procedure

SCC mixes were designed based on preliminary
experiments that included variations of composition
and obtained fresh and hardened concrete proper-
ties. Compositions of five SCC mixtures are given in
Table 5. The reference concrete series (E) was made
with limestone powder as filler. In series S2, S5,
S10, and S20, limestone was partially replaced with

TABLE 2. Physico-mechanical properties and chemical composition of cement

Physico-mechanical properties Standard procedure Value
Sieve 0.09 mm residue (%) (46) 0.5
True density (kg/m’) 3040
Loose density (kg/m’) 890
Compacted density (kg/m”?) 1440
Specific area—Blaine (cm?/g) (47) 4240
Standard consistency (%) (48) 27.8
Chemical composition (49)
Component CaO SiO, MgO ALO; Fe,O4 K,O Na,O TiO, SO;
Value (%) 61.64 21.21 222 4.81 2.13 1.11 0.33 0.18 6.37
TABLE 3. Physico-mechanical properties and chemical composition of limestone
Physico-mechanical properties Standard procedure Value
Density without pores and vacancies (kg/m”) (50) 2720
Density with pores and vacancies (kg/m®) 2700
Porosity (%) 0.7
Specific surface area (cm?/g) (47) 3800
Water absorption (%) (51) 0.12
Compressive strength in dry state (MPa) (52) 143
Compressive strength in saturated state (MPa) 137
Compressive strength after frost action (MPa) 132
Flexural strength (MPa) (53) 21
Abrasion resistance (cm’/cm?) (54) 18/50
Frost resistance (55) Sound
Chemical composition
Component CaO SiO, MgO ALO; Fe,O; K,O MnO SO, P,0s LOI
Value (%) 54.86 0.21 .10 0.5 0.09 0.05 0.005 Traces 0.5 43.64
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TABLE 4. Physico-mechanical properties of
super-plasticizer

Physico-mechanical properties Value
Density at 20 °C (kg/dm’?) 1.06
Viscosity at 20 °C (mPa-s) 30-200
Solid particles content (%) 26
pH 5-8
Chloride ion content (%) 0.01
Alkali content (as Na,O equivalent) (%) 0.26

TABLE 5. Compositions of SCC mixes

Series
Concrete component E S2 S5 S10  S20
Limestone powder (kg/m®) 220 215.6 209 198 176
Ground sulfur (kg/m’) 0 44 11 22 44
Superplasticizer (kg/m’) 7.6
Water to cement ratio (w/c) 0.482
Fluid" to powder ratio (f/p) 0.318

*Fluid-sum of water and superplasticizer; Powder- sum of
cement, limestone and ground sulfur.

sulfur (2%, 5%, 10%, and 20%, respectively). Water
content and superplasticizer dosage were kept con-
stant for all mixtures.

In order to provide mixes flowability as well as
homogeneity and uniformity of concrete proper-
ties, the following procedure was applied: mixing
of coarse (II and III fractions) and fine (I fraction)
aggregates for 60 s, addition of cement and mixing
for 30 s, and then dosage of water and super-plas-
ticizer with an additional mixing of 270 s. For this
preparation, laboratory mixer with a capacity of 60
1, fixed drum, and paddles at the vertical axel was
used. SCC series were made at the ambient tempera-
ture (20-22 °C). After preparation, fresh concrete
tests were performed according to the standard pro-
cedures recommended by EFNARC committee (8).
Then, fresh concrete was poured into the moulds,
de-moulded after 24 hours and cured until the hard-
ened concrete testing day. For the purpose of vari-
ous testing, cubes (10 cm), prisms (12X12X36 cm),
and plates (50x50%8 cm) were prepared.

2.3. Test procedure

All applied methods were standard procedures
for testing of the initial components, fresh and
hardened concrete, according to the European
Guidelines for SCC recommendations (8).

The effects of limestone replacement on the
fresh SCC properties were evaluated by the follow-
ing tests: flowability (Slump-Flow, tsy V-Funnel
time), L-box (passing ability (H»/H,)), segregation

resistance, density, content of the entrained air.
Standard procedures (56-60) are applied for deter-
mining fresh SCC properties, respectively.

Investigations on the hardened SCC included:
compressive, flexural and bond strength, dynamic
modulus of elasticity, dynamic Poisson’s ratio, ultra-
sonic pulse velocity, according to standardized pro-
cedures (61-65).

Dynamic elasticity modulus was measured using
ERUDITE device, based on determining the reso-
nance frequency of concrete prisms exposed to the
longitudinal waves. The samples were subjected to
ultrasonic velocity measurement by PUNDIT test-
ing device. Both measurements were realized on the
fixed prismatic samples (12X12x36 cm with mea-
surements in the direction of the sample length of
36 cm) from the age of 7 days until 28 days, with one
additional at 180 days.

The microstructure of SCC was monitored
using a scanning electron microscope (SEM) JEOL
JSM-6610LV that achieves high-resolution images
at magnification range up to 100000 x. Besides the
reference sample (E), two samples of S20 were also
selected. One S20 sample was prepared by polishing
and another was not polished to avoid the induced
surface damage. This especially refers to the pres-
ence of softer sulfur grains, which can be damaged
or even removed during the polishing.

Prior to SEM analysis, the samples were cleaned
from dust, fibers, paper, untied or loosely bound
particles, greasy parts, fingerprints and the like,
using petroleum ether and then held several min-
utes in ultrasonic cleaning bath and dried under the
lamp. Before SEM recording, the samples were pre-
pared by steaming a thin layer (15-25 nm) of carbon
(polished samples) or gold (unprepared sample).

The true densities of the hardened concrete sam-
ples E and S20 were conducted by helium pycnom-
eter using the ATC Helium Pycnomatic (Thermo
Scientific) device with double temperature measur-
ing point. Measuring was done exactly at the tem-
perature of 20.00 °C + 0.01, while the fluid helium
was of purity 5.0.

Mercury porosimetry (true porosity) measure-
ments were performed on a high pressure unit
PASCAL 440 (Thermo Scientific) in CD3-N type
dilatometer in the pressure range 0.1-200 MPa. Two
intrusion-extrusion runs were conducted, one after
the other. A SOLID Software System PC interface
was used for automatic data acquisition and tex-
tural parameter calculation.

3. RESULTS AND DISCUSSION
3.1. Properties of fresh SCC
According to the (8), a concrete mixture can be

classified as SCC if the requirements for filling, pass-
ing, and segregation resistivity of the fresh concrete
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are fulfilled. For this purpose, fresh SCC properties
were determined according to the standard proce-
dures and results are shown in Table 6.

A method for quantifying SCC flowing char-
acteristics of a fresh mix in unconfined condi-
tions is a slump-flow test (SF). As can be seen,
the slump flow diameters of the mixes with sul-
fur were higher than in the reference mixture (E).
Generally, slump-flow values are in the range from
761 to 820 mm which means that they belong to
a desirable range. More precisely, all series satisfy
the requirements for SCC and fall into the category
of SF3 (760-850 mm), according to the EFNARC
(8). The concrete mixture of this slump flow class
is suitable for vertical applications in case of highly
congested rebars, structures with complex shapes,
and for fulfilling difficult-to-reach areas inside the
formwork (8). The reference mix exhibited the low-
est slump flow value.

The relationship between slump-flow and free
water content were studied earlier showing that the
slump-flow value increases with the content of free
water until the saturation (66). Starting with this
assertion, the following assumption is possible. A
noticeable positive effect of sulfur on slump-flow
may be attributed mamly to its lower Blaine specific
surface area (2600 cm’/g) compared to limestone
(3800 cm?/g), but also to sulfur hydrophobicity.
Namely, the higher value of the Blaine specific sur-
face area of limestone compared with powdered
sulfur requires more water to reach a certain slump
flow value. This has been investigated previously, for
instance, according to the (8), Blaine specific sur-
face changes the water demand of the mix. Since the
water content is constant in all mixtures, the slump
flow of the reference mixture is the lowest (67).
Furthermore, hydrophobicity has a similar effect on
slump flow. Sulfur additionally improves the work-
ability of the mix since there is almost no absorp-
tion of water by the sulfur, thus increasing the free
water content of the mixes reducing yield stress and
friction among the particles and thus providing

better flowability. Contrary, limestone shows water
absorption of 0.12%, so with increasing limestone
content, the water/cement ratio will decrease as well
as the slump flow values. Precisely, such a mixture
requires higher water content to achieve a certain
flowability.

According to the results, the best flowability of
mixtures S2 and S5 indicates an optimal portion for
replacing limestone with sulfur (14,68).

Viscosity and filling ability of SCC determined
indirectly by measuring the flowing time tsy, dur-
ing the slump-flow test and the efflux time t, during
the V-funnel test demonstrate negligible increment
or decrement compared to the reference sample.
Lower values of tsy, indicate improved viscosity
of the mixture. However, all series fulfill SCC vis-
cosity requirements and can be categorized in the
viscosity class of VS2 with tyy,> 2 s (8). Since dif-
ferences among ts, values of all series are less than
one second, it is obvious that partial replacement
of limestone with sulfur has no significant influ-
ence on viscosity. Substituting limestone with sul-
fur provides satisfactory rheological properties with
flow time values that indicate relatively high vis-
cosity probably because of smooth surface texture
and sulfur hydrophobicity. S2 mixture has the low-
est value of the ts,, very close to the reference one,
while other mixtures show an increment of the flow
time value with sulfur content increase. Considering
the validation, all measured ts,, values are valid for
the class of < 3.5 s, with the repeatability of 0.66 s
and the reproducibility of 0.88 s. Similarly, analysis
of the sulfur content influence on t, values shows
that their mutual differences are less than 2.5 s that
is in the range of repeatability, so it can be valid for
one series (repeatability of 2.6 s and reproducibility
of 3.9 s for the reference mix). Namely, the V-funnel
time for the mixtures with sulfur did not show sig-
nificant differences depending on the reference mix-
ture. All mixtures satisfied the requirement of SCC
limit and can be qualified as SCC viscosity class of
VF2 according to EFNARC (8).

TABLE 6. Properties of fresh SCC

Series
Property E S2 S5 S10 S20
Slump-flow (mm) 761 820 820 780 775
Time tsg (s) 2.62 2.59 2.84 3.42 3.07
V-funnel time t, (s) 9.73 8.21 10.48 8.87 9.21
L-box (H2/H1) 0.97 0.98 0.98 0.96 0.96
Segregation resistance (%) 3.5 4.3 3.8 4.2 3.6
Fresh concrete density (kg/m®) 2397 2394 2387 2381 2375
Content of entrained air (%) 1.9 1.2 1.2 1.7 1.9

ts00- time required for spreading; t,- V-funnel time; H1 and H2-heights at the beginning and
at the end of the horizontal part of L-box, respectively
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Passing ability (PA) that evaluates the ability of
SCC to flow around obstructions was measured
according to the standard test [57]. Based on the cri-
teria specified in this standard for the opening with
three smooth steel bars of 12£0.2 mm in the L-box
test, all mixtures have the blocking ratios between
0.96 and 0.98 and achieve the class PA2 (H2/H1>
0.8), Table 6. Namely, all obtained PA values are in
the range that did not show any tendency of block-
age and achieved sufficient resistance to segregation
around congested reinforcement area. The changes
in PA of mixtures with sulfur comparing with the
reference one show increase for 1% in case of lower
sulfur content (S2 and S5) and decrease of 1% in
case of higher sulfur content (S10 and S20). This
means that there is a slight workability increase in
the samples with lower sulfur content and its slight
decrease in the samples with higher sulfur content.
As a general observation, there are no significant
changes in PA depending on sulfur content, since all
results are in the range of + 0.01, indicating a simi-
lar behavior of the samples.

Segregation resistance (SR) is very important
characteristic of SCC since it has a pronounced
influence on the in-situ properties of hardened con-
crete. Determination of segregation resistance was
measured according to the sieve segregation test
[58] and expressed as a portion of segregated par-
ticles in percentage. The segregation ratio of tested
SCC mixtures ranged from 3.5 to 4.3%, Table 6, and
according to EFNARC (8), all mixtures belong to
the class of SR2 < 15%. It is evident that segrega-
tion ratios of the mixtures with sulfur increase in
relation to the reference one by up to 22.9%. Results
clearly indicate a certain increase in segregated por-
tion probably due to larger amount of hydrophobic
sulfur and therefore higher content of free water
and hence lower cohesion.

The density of fresh concrete is lower in mix-
tures with sulfur compared with the reference, and
its values decrease with increasing sulfur portion,
Table 6. The dependence of fresh concrete density
and content of limestone substituted with sulfur
is linear with the excellent correlation coefficient,
Figure 3. The decline can be explained by lower
sulfur density compared with limestone. More
precisely, this decline is quite small and amounts
0.9 % for the replacement of 20 % limestone with
sulfur. Based on the linear interpolation of the
fresh SCC density, the following Equation [1] is
obtained:

y=-1.11-p + 2394 (R* = 0.926) 1]

where: y (kg/m’) is fresh concrete density, p (%) is a
sulfur portion in total filler mass. This correlation
complies with the mass equation, for the compo-
nents used and their densities.

2400

2395

2390

2385
y=-1.110 p + 2394

. R*=0.926

2380

Fresh concrete density (kg/m?)

2375 *

2370

0 5 10 15 20 25
Ground sulfur content (%)

FIGURE 3. Density of fresh SCC depending on the
ground sulfur portion in total filler mass.

The content of entrained air did not significantly
change with the sulfur content increase, Table 6.
However, sulfur improved the fresh SCC quality
because of decreasing the entrapped air content.
Namely, air content in fresh mixtures with 2 % and
5 % of sulfur decreased by 36.8 % compared with
the reference sample and 10.5 % compared with the
mixture with 10 % of sulfur. Air content in mixture
with 20 % of sulfur was the same as in the reference
one. This may be attributed to the sulfur content and
thus increased free water content and better filling
ability of concrete mixes with sulfur. Figure 4 indi-
cates a good correlation (R*=0.97) between slump-
flow and entrained air content for fresh mixtures.
This is in accordance with the general concept for
normally vibrated concrete (NVC) that agitation of
stiffer consistency entrains higher air amount.

According to the results, all mixes satisfied the
EFNARC limits for fresh SCC properties.

3.2. Properties of hardened SCC
3.2.1. Compressive strength

Compressive strength test measurements were
done on three samples (cubes of 10 cm edge length)
for each composition and curing age, while the
average values are shown in Table 7. As expected,
strength was weakened with the increase of replaced
limestone portion with sulfur while it was enhanced
by concrete ageing. So the lowest value of 44.1 MPa
was developed in the specimen with the highest
replacement percentage (S20) at the age of 3 days,
while the highest value of 62 MPa was reached after
28 days for E. Compressive strength of tested SCC
samples during the ageing is given in Table 7. It is
evident that the higher replacement ratio negatively
affects compressive strength, more precisely strength
decreases up to 12 % regarding the reference sample.
Strength decrease depends both on the portion of
limestone replaced with sulfur and ageing period,
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TABLE 7. Compressive strength changes of
tested SCC samples during the ageing

Compressive strength (MPa)

at time of aging (days)

Sample 3 7 14 28

E 488 539 583 620
S2 483 530 58.0 612
S5 46.1 520 58.0 622
S10 46.1 492 534 548
S20 441 479 530 546
Standard Deviation (MPa) 1.90 2.55 2.69 3.90
Mean 46.7 512 561  59.0
Maximum 48.8 539 583 622
Minimum 441 479 53.0 546
Median 46.1 520 58.0 612

probably due to the two effects. Firstly, sulfur has
a lower hardness value (1.5-2) than limestone (3) in
the Mobhs scale, so SCC with higher sulfur content
would have lower strength.

Secondly, explication of obtained results regarding
the compressive strength should be based on consider-
ing the facts that the compressive strength of any con-
crete is usually lower for the lower density (69), while
connected to lower porosity as well (70). Accordingly,
the lower compressive strength of the samples with
sulfur can be explained by the presence of a certain
amount of waste sulfur. This is because the used waste
sulfur has both lower density and lower mechanical
properties, in comparison to the used limestone. Also,
the results of true density measurements of hardened
concrete samples show that the samples with sulfur
have lower true density comparing with the samples
prepared only with the limestone.

Thirdly, it is well known that lower strength is
obtained in a higher w/c ratio. Contents of water
and cement are the same in all prepared mixtures.
However, waste sulfur that is sulfur in its elemental
form, almost does not absorb water, unlike lime-
stone. Therefore, the content of free water in such
fresh mixtures with sulfur (and thus the effective w/c
ratio) is higher compared to the mixtures with lime-
stone (26-29). According to the current knowledge
and studies of concrete technology, the greatest
impact on the concrete strength is the water/cement
factor of the fresh concrete mixture. Namely, con-
crete with a lower water/cement factor will have
higher strength than one with a higher water/cement
factor (71,72). In this case, mixtures with sulfur have
lower compressive strength. Similarly to the use of
porous aggregates, such as recycled concrete aggre-
gate (73), difference in porosity of the used filler
directly affects the water volume available for the
chemical reactions, i.e., lower the porosity of filler,
higher the ‘free’ water content, and, consequently,

2.2
2
@ * *
< 18 -
-] y=-0.129x + 11.78
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2 *=0.965
g 16
(5]
5
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Slump flow (cm)

FIGURE 4. Correlation between slump flow and
entrained air content of the SCC with sulfur.

the higher effective water to cement ratio, and finally
lower compressive strength (74).

Compressive strength enhanced by ageing from
15 % to 26 %. It is noticeable that the strength
increase with age is higher in the reference sample
and the samples with a small percentage of lime-
stone replacement, while in the samples with 10 and
20 % of replaced limestone, the strength increase
did not exceed 15.88 %. Also, compressive strength
change during ageing was not directly proportional
to the increase of limestone replacement. Namely,
strength decrease for SCC with 10 % and 20 % of
sulfur was almost similar at the late-age stages.
More precisely, differences in strength decrease
between S10 and S20 are becoming smaller with
the increasing ageing time. In addition, the strength
values are probably influenced by the filling effect
of different filler particles and their various specific
surface areas. Therefore, the higher strength of the
specimens without sulfur or with a lower portion of
replaced limestone with sulfur can be attributed to
higher specific surface area of limestone than sulfur.

Figure 5 shows the values of the compressive
strength of each sample with sulfur divided by the
value of compressive strength of the reference sam-
ple at a certain age.

Ascan be seen from Figure 5, all samples contain-
ing sulfur reached at least 88% of the corresponding
strength of the reference sample, at the same ages.
Two groups can be distinguished. The first group
is consisted of samples S2 and S5 which reached
almost the same values of compressive strength of
the reference E (94% or more of the reference). The
second group represents samples S10 and S20, with
a substantial drop of compressive strength of the
reference E (a drop of 6-12 %).

3.2.2. Flexural and tensile bond strength
Flexural strength was measured according to the

three-point loading test in the middle of the span, at
the age of 180 days. The test was carried out on three
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12X12%36 cm specimens, while the average values of
three measurements are shown in this study.

The bond strength determined by pull-off strength
test is often used for successful evaluation of concrete
resistance and verification of the adhesion strength
of the concrete repairing structures (75). The tensile
bond strength was not the issue in this study because
such strength of used adhesive was several times
greater than the bond strength between aggregates
and cement paste in the tested hardened concrete. It
should be emphasized that in all conducted tests, the
failure occurred usually inside the bulk of concrete,
neither in the adhesive nor at the contact of adhesive
and concrete. Therefore, obtained strength values
refer to the strength of the bond among the concrete
components bearing in mind the presence of differ-
ent sulfur content. Quality of SCC was determined
at the age of 180 days, on the 50x50%8 cm plates.

—_
0.99
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0.95 - -S2
-S5
o 093 - —S10
7
S 520
= 091
P
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0.85 T T T T
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FIGURE 5. Relationship between compressive strength

of the sample with sulfur versus the reference
strength with ageing time.
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Test dollies of two different diameters, @20 mm and
50 mm, were applied. Five tests/measurements
were conducted for each series and both dolly diam-
eters, while the average values are presented in this
study.

Flexural strength values were in the range of 6.9
(S20) and 10.5 MPa (E), while the adhesion strength
values were within the limits of 5.53 MPa (E) and
7.50 MPa (S10) in the case of @20 dolly and within
the limits of 5.77 MPa (E) and 6.28 MPa (S10) for
the @50 dolly.

Diagrams in Figure 6 show the decrease of flex-
ural and increase of adhesion or bond strength of
SCC with sulfur in relation to the reference SCC.

Flexural strength decreases for samples with sul-
fur in comparison to the reference sample from 18.1
% (S2) to 34.3 % (S20), Figure 6 a). It can be con-
cluded that this decrease is directly, almost linearly,
proportional to the increase of limestone replace-
ment by sulfur. Similarly to compressive strength,
flexural strength decrement of SCC with sulfur
in comparison with SCC without sulfur can be
explained by higher effective water to cement ratio
and lower sulfur hardness.

Figure 6 b) shows a change in adhesion strength
of SCC with sulfur compared to the reference sam-
ple. Results of the pull-off test show that the increase
of adhesion strength is lower for the samples with
higher content of sulfur for both dolly diameters. It
can be concluded that the use of sulfur has no nega-
tive influence on the adhesive strength regardless of
the used dolly diameter. In addition, bond strength
increment is more pronounced for the dolly diam-
eter of 20 compared to B50.

3.2.3. Ultrasonic pulse velocity tests (UPVT)

Ultrasonic pulse velocity measurements pro-
vide important information about the structural,
mechanical, anisotropic, and elastic properties of a
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FIGURE 6. Flexural and adhesion strength changes of SCC: a) with sulfur, b) reference.
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medium it passes through. Since the theory proves
that ultrasonic pulse travels with lower velocity
through the material of higher porosity and lower
density (76-78), measuring ultrasonic velocity can
be used for monitoring changes in the materials
structure such are homogeneity, existence and eval-
uation of cracks, voids, holes and pits, estimation of
compressive strength and determination of elastic
modulus.

Table 8 shows that the increasing sulfur content
induces the decrease of dynamic elasticity modu-
lus (Ey) for all ageing stages while these values are
increasing during the ageing per each series. It can
be observed that E; values are in the range of 40
and 44.12 GPa. However, a more comprehensive
approach of dynamic elasticity modulus changes
with adding sulfur can be shown through the dec-
rement in comparison with the reference, Table 8.
It is obvious that with increasing the sulfur con-
tent, that decrement is becoming higher. Changes
between those two dynamic elasticity moduli were
from 0.1% to 5.7%. Depending on the amount of
replaced limestone, the largest decrement of elas-
ticity modulus compared with the reference sample
E was observed in S20 sample (2.8-5.7%) and the
smallest in S2 sample (0.1-1.9%). Mutual variations
among E, values of the SCC with sulfur were char-
acterized as relatively small, ranging 0.1-5.1% com-
pared to the reference sample.

The analysis of E4changes shows a similar trend
as compressive strength, E; decrease with the sul-
fur content increase and Ey increase with the age-
ing. This behavior can be explained not only by the
influence of less hard and hydrophobic sulfur but
also with entrapped air content. Namely, the con-
crete component with lower hardness, higher water
content or w/c ratio, as well as higher entrapped air
content would induce lower E, values. Moreover,
fresh concrete investigation shows that entrapped
air content decreases with increased sulfur content.

TABLE 8. Dynamic elasticity modulus of
tested SCC samples during the ageing

Ed (GPa) at time of aging (days)

Sample 7 14 21 28 180
E 41.6 422 428 434 441
S2 40.8 42.1 42.6 434 438
S5 40.8 42.1 42.6 434 438
S10 40.0 414 416 422 425
S20 40.2 41.0 414 415 41.6
Standard Deviation (MPa) 0.63 0.50 0.61 0.82 1.07
Mean 40.6 41.7 42.1 42.66 43.16
Maximum 41.6 422 428 434 44.1
Minimum 40.0 41.0 414 415 416
Median 40.4 41.8 42.0 42.8 438

Therefore, it can be assumed that the influence of
the entrapped air is not dominant but the filler hard-
ness and free water content.

Since SCC has a uniform consistency, com-
pressive strength and dynamic modulus of elastic-
ity should have consistent correlation shown in
Figure 7. This correlation is linear with excellent
coefficient (R*> 0.9) and the equation y = 28.842 +
0.23x. Such a good correlation between strength
and dynamic modulus of elasticity proves the uni-
form consistency of SCC.

The results for ultrasonic velocities are shown in
Table 9. Concrete quality classification proposed
by Whitehurst (79) categorizes the concrete as
“excellent”, “good”, “doubtful”, “poor” and “very
poor” for the UPV values of 4500 m/s and above,
3500-4500 m/s, 3000-3500 m/s, 2000-3000 m/s and
2000 m/s and below, respectively. Since measured
UPV ranges from 4478 to 4676 m/s, all mixtures
have excellent quality. Table 9 shows that UPV
values tend to increase with age, mostly followed
a similar trend for compressive strength. However,
the rate of UPV development was slower than that
concluded in the strength. Overall analysis shows
that ultrasonic velocity is increasing during the age-
ing and with sulfur content decrease. Concerning
decrement/increment approach, changes in relations
between UPV of SCC with sulfur and the reference
SCC are shown in Table 9.

Itis evident that the largest decrease (1.7%) was at
the age of 14 days, for the S10 sample. Also, mutual
deviations of UPV per examined series of SCC with
sulfur compared to the reference one are small and
within the relatively narrow range (- 0.15% - 1.7%).
Obtained results showed that kind of SCC behavior
is induced by several factors: mixture composition,
effective w/c ratio, porosity.

44

Equation y=a+b'x
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T | Residual sum 1.40058 1
of Squares
Pearson's r 0.95429
Adj. R-Square 0.90379
Value  Standard Error
Intercept 28.84856 1.11016
Slope 0.22956 001994
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FIGURE 7. Correlation between compressive strength and
dynamic elasticity modulus for SCC samples.
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TABLE 9. Ultrasonic pulse velocity of SCC samples during the ageing
UPYV (ml/s) at time of aging (days)
Sample 7 14 21 28 180
E 4525 4601 4639 4657 4669
S2 4543 4598 4615 4636 4673
S5 4511 4561 4602 4622 4676
S10 4478 4523 4589 4607 4638
S20 4483 4540 4577 4589 4630
Standard Deviation (MPa) 27.60 34.60 24.00 26.15 21.51
Mean 4508 4564.5 4604.4 4622.2 4657.2
Maximum 4543 4601 4639 4657 4676
Minimum 4478 4523 4577 4589 4630
Median 4511 4561 4602 4622 4669

Since the mixture compositions mutually differ
only in a portion of fillers type, the influence of
density of fillers and therefore hardened concrete
on UPV is as obvious. Concrete containing a higher
content of sulfur has lower UPV value.

Effective w/c ratio is a higher in the samples with
higher content of sulfur as discussed before, caus-
ing higher porosity and therefore lower UPV value.
Also, this can be proved with measured values of
true porosity and density (E sample has porosity
of 7.9 % while the sample S20 has true porosity of
10.1 %).

Therefore, the higher UPV values of the refer-
ence SCC is probably due to its reduced porosity.

The effect of different fillers on the correlation
between compressive strength and UPV was studied
by many researchers (80-84). Since the influence of
sulfur inclusion on compressive strength and UPV
was assessed in this study, the correlation between
compressive strength and ultrasonic pulse velocity of
SCCatagesof 7, 14, and 28 days is shown in Figure 8.
Strong linear correlation degree (R*=0.83127) is
obtained, so the compressive strength of SCC with
sulfur can be accurately predicted.

The results in Figure 8 are relatively close to the
values obtained using functional dependencies pro-
posed by Khatib (80) and Liu (81) for SCC with fly
ash. On the other side, a similar slope of correlation
line and lower ultrasonic velocity for the same com-
pressive strength can be noticed compared to the
results of linear correlation obtained by Mardani
et al. (82) for SCC with different superplasticizers.
The relationship between compressive strength and
UPYV for SCC with sulfur are lower compared to
the values based on correlations for NVC given by
Neville and Jones (83,84). Since there are no pub-
lished results of similar tests for SCC with sulfur,
these dependencies have a descriptive approach.

Based on the measured UPV and E, the dynamic
Poisson ratios (uy) were calculated, Table 10. The
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FiGure 8. Correlation between compressive
strength and UPV for the SCC samples.

values are ranging from 0.239 for the reference sam-
ple at the age of 7 days up to 0.257 for S20 at the age
of 180 days. Measured values of dynamic Poisson
ratios for all samples increased with the aging.
Comparing the measurements made on studied
series, dynamic Poisson coefficients for SCC with
sulfur were very close to the calculated values of the
reference sample E. Considering those observations,
the dynamic Poisson coefficients of limestone and
waste sulfur have similar values.

3.2.4. Microstructure

Relevant information about microstructure
(homogeneity, porosity, properties of hardened
cement matrix and the interface between aggre-
gate particles and cementitious materials in hard-
ened SCC) were examined on the reference and S20
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TABLE 10. Results of dynamic Poisson’s ratio during the aging

Dynamic Poisson’s ratio, p, Age (days) E S2 S5 S10 S20
7 0.239 0.254 0.253 0.250 0.245

14 0.250 0.252 0.248 0.243 0.250

21 0.252 0.250 0.253 0.256 0.254

28 0.248 0.245 0.250 0.254 0.255

180 0.239 0.244 0.252 0.251 0.257

' 600pm

FIGURE 9. Main constituents of SCC.

samples surfaces. Aggregate grains (quartz, quartz-
ite, dolomite), cement matrix, and fillers (limestone
and sulfur) can be identified showing the compact
internal structure of SCC, Figure 9.

Figure 10 shows the clearly evident interfa-
cial structure between the aggregate particle and
cementitious matrix of E and S20 specimens.

According to Figure 10, the surface porosity
degree of S20 compared to E did not visually vary.
However, in order to confirm the visual appear-
ance, image analysis was applied for measuring
the portion of cementitious matrix surface poros-
ity (marked red in Figure 10) and the thickness of
Interfacial Transition Zone (ITZ) (marked green
in Figure 10). Micrographs of the sample’s surface
were analyzed by Image-Pro Plus (IPP), a special
software program that enables work in all known
formats of images and automatically measures,
counts, and classifies data on analyzed objects. The

program communicates directly with Excel, thus
enabling statistical and graphical treatment of data.
Results are shown in Table 11.

The interfacial transition zones are the weakest
bond of concrete and the cracks development com-
monly reveal in the interfacial zone between the aggre-
gate particles and cementitious matrix (85). Therefore,
ITZ thickness measuring at about 30 spots between
aggregate grains and matrix and average values in
both specimens was done by IPP and it was less than
5 um. More precisely, it is evident that ITZ of S20 is
thinner than in E. Difference between surface porosity
of two examined samples is very small. Considering
the Image Pro Plus results (Table 11), the number of
pores in S20 is smaller while the porosity is higher
than in E. These results correspond to the compres-
sive strength decrease in the case of S20 compared
with E. The presence of soft sulfur particles addition-
ally contributes to compressive strength decrease.
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FIGURE 10. SEM micrographs of the SCC: (a) sample E; (b) sample S20.

TABLE 11. Results of ITZ thickness, surface matrix porosity, true density and total porosity

Specimen  Thickness of ITZ Counted object number Surface matrix porosity ~ True density ~ Total porosity
E 3.62 um 1998 5.85% 2.626 g/lem’ 7.9 %
S20 2.74 um 1476 7.043 % 2.604 g/em’ 10.1 %

With the aim of characterizing the distribution
of phases in the matrix, EDS analysis was per-
formed on several surface places. Appropriate EDS
analysis results for the sample shown in Figure 11
are given in Table 12.

Based on the results, the matrix has following
composition: S grains (Spectrum 1) and quartz/
sand (Spectrum 5) while the Spectrums 2, 3, and
4 indicate the presence of CH and CSH phases.
The contact zone between sulfur grains and the
surrounding matrix (Spectrum 2) remained almost
chemically unchanged since EDS analysis shows
slightly higher sulfur content with other similar
constituents. On the other side, the contact zone
between quartz and the matrix (Spectrum 4) indi-
cates higher Si content.

On the basis of image analysis, it can be con-
cluded that E shows a presence of higher content
of smaller pores, while S20 has a lower content of
larger pores, which cannot be visually distinguished.
According to Hg porosimetry, further information
regarding pore size was obtained. The measure-
ments showed that sample S20 had higher aver-
age pore size diameter (45.8 nm) than E (43.5 nm),

which approved the image analysis. This measure-
ment also approved discussion regarding effective
w/c ratio (higher porosity of S20).

Sulfur in an alkaline matrix such as cement paste
is a chemically stable material (86,87). Considering
the SEM and EDS analysis, it can be concluded
that the reaction of sulfur with hydrated cementi-
tious phases does not happen. Therefore, unlike
sulfates, the sulfur can be considered as a chemi-
cally inert component in such mixtures, so the sul-
fate attack phenomenon is practically impossible
in these conditions. Even, by visual inspection of
the samples sulfur can be detected with its charac-
teristic yellow color.

Mapping by elements S, Ca, and Si (qualitative
analysis) was performed at several matrix surface
places, Figure 12. Based on the results, it is evident
that main particles of the matrix are uniformly dis-
tributed showing good homogeneity of components
inside the matrix. Regarding the dispersion of lime-
stone and sulfur performed at several matrix surface
places, grouping/clustering of ground particles was
not observed and good distribution of all matrix
components is evident.
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Characteristic positions of EDS analysis in the matrix of S20.

TABLE 12.  EDS analysis of characteristic positions in SCC matrix

Content (yeigne %0)
Position o Mg Al Si S Cl K Ca Fe Total
Spectrum 1 0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 0.00 100.00
Spectrum 2 57.20 0.00 0.69 5.19 8.78 0.75 0.49 26.90 0.00 100.00
Spectrum 3 55.30 0.64 1.55 5.30 3.14 0.17 0.54 32.48 0.88 100.00
Spectrum 4 54.40 1.64 3.05 8.20 3.50 0.00 0.00 27.51 1.70 100.00
Spectrum 5 54.31 0.00 0.00 45.69 0.00 0.00 0.00 0.00 0.00 100.00
Mean 44.24 0.46 1.06 12.88 23.08 0.18 0.20 17.38 0.51 100.00
Std. deviation 24.76 0.72 1.28 18.58 43.11 0.33 0.28 16.01 0.76 -
Max. 57.20 1.64 3.05 45.69 100.00 0.75 0.54 32.48 1.70 -
Min. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -
4. CONCLUSIONS hydrophobicity of sulfur and limestone, both having

The influence of waste sulfur as a partial substi-
tution for usually used filler limestone powder on
the properties of SCC was studied in this paper by
comparing five series with different compositions.
The main conclusions of this research regarding
fresh and hardened properties of SCC are presented
below.

According to the EFNARC, all tested samples
with sulfur meet the requirements of fresh SCC
properties. Flowability tests show an increase
in SF values up to a certain sulfur content most
likely due to the values of specific surface area and

the same effect on this property. Sulfur has a lower
specific surface area and higher hydrophobicity than
limestone, leaving the higher content of free water
inside the fresh mixtures, thus producing reduced
yield stress and friction among particles and there-
fore better flowability. The flow rate characterized
by t500 and tv values showed no significant change
with respect to sulfur content, as well as the height
ratio H2/H1, segregation resistance, and entrained
air content. The bulk density showed small reduc-
tion, up to 0.9 %, caused by sulfur presence that can
be explained by lower specific gravity of ground sul-
fur compared with limestone powder.
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Regarding the hardened state of mixtures,
the compressive strength of SCC with sulfur was
lower compared with the reference sample, at all
ages. However, compressive strength values after
28 days of ageing (54-62 MPa) show that all mix-
tures can be used in common structural applica-
tions. Flexural strength decrease while the adhesion
strength increase with increasing of the sulfur con-
tent in sample, so the use of sulfur has no negative
influence on the adhesive strength regardless of
the used dolly diameter. Sulfur addition resulted
in ultrasonic pulse velocity decrease, regardless of
its content and age, as well as dynamic modulus of
elasticity. Samples containing a higher content of
sulfur showed lower UPV values, due to the lower
density of sulfur, and due to higher content of free
water resulting in higher porosity of these samples.
According to the SEM analysis, slight surface poros-
ity increase was noticed for the sample S20 which
was in accordance with the experimental compres-
sive strength results. Considering the SEM and EDS
analysis, it can be concluded that the reaction of sul-
fur with hydrated cementitious phases does not hap-
pen, proving that sulfur in an alkaline matrix such
as cement paste is a chemically stable material, that
is chemically inert component in such mixtures, so
the sulfate attack is practically impossible in these
conditions. Therefore, using sulfur as a waste by-
product has economic benefits, as a replacement for
limestone in SCC.

Above conclusions proved that by valorization of
secondary sulfur from the oil refining process for the
SCC production the waste was turned into valuable
material. Having in mind that use of supplemen-
tary cementing materials and fillers such as: fly ash,
silica fume, combustion products of various indus-
trial processes is increasing, future studies should
address binary and ternary mixtures, incorporating
two or three fillers in the SCC whereby one of them
is sulfur. Also, the durability of such SCC mixtures
should be investigated more in the future, having
in mind the lack of data regarding this subject in
today’s scientific literature.
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