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Abstract

Sulphur polymer concretes (SPC) are widely used in construction technologies as building materials in recent
years. Knowing the strength changes of SPCs used in structural members during their service life is of great
importance in terms of building health. Therefore, it is aimed to determine the long-term strength changes of
bitumen modified SPCs within the scope of this study. First, the sulphur modification was made using 2.5%
by weight of bitumen. Modified sulphur (MS) samples were examined with DSC and SEM to see if the
modification was realized. Compressive, flexural and splitting tensile strength tests were carried out on SPC
samples prepared with MS at the end of 1-hour, 1-day, 7, 28 and 360 days. Traditional Portland cement
concrete (PCC) was prepared to be the same as the 28-day compressive strength of SPC, and the same tests
were carried out to examine the results found comparatively. It was determined that the compressive, flexural
and splitting tensile strength values of SPCs at the end of 1-hour reached 78%, 86% and 84%, respectively. It
was determined that while the long-term strength values of PCCs increased, the long-term strength of SPCs
decreased.
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Kiikiirt Polimer Betonlarin Uzun Dénemli Mekanik Ozelliklerinin incelenmesi ve
Portland Cimento Betonlari ile Karsilastiriimasi

Oz

Kiikiirt polimer betonlar (SPC), son yillarda yap1 malzemesi olarak insaat teknolojilerinde yaygin bir sekilde
kullanilmaktadir. Yapisal elemanlarda kullanilan SPC’lerin servis dmiirleri boyunca dayanim degisimlerinin
bilinmesi yap1 sagligi agisindan oldukga biiyiilk nem tagimaktadir. Bu nedenle bu ¢alisma kapsaminda bitiim
kullanilarak modifiye edilen SPC’lerin uzun siireli dayamim degisimlerinin belirlenmesi amaglanmstir. ilk
olarak agirlik¢a % 2.5 oraninda bitiim kullanilarak kiikiirt modifikasyonu yapilmistir. Modifiye kiikiirt (MS)
numuneleri DSC ve SEM ile incelenerek modifikasyonun gergeklesip gergeklesmedigi incelenmistir. MS ile
hazirlanan SPC numuneleri {izerinde 1 saat ile 1, 7, 28 ve 360 giin sonunda basing, egilme ve yarma dayanimi
deneyleri yapilmistir. Bulunan sonuglarin karsilagtirilmali olarak incelenebilmesi i¢in SPC’nin 28 giinliik
basing dayanimlari ile ayni olacak sekilde geleneksel Portland ¢imento beton (PCC) numuneleri hazirlanmis
ve ayni deneyler gergeklestirilmistir. SPC’lerin 1 saat sonunda 28 giinliik basing, egilme ve yarma dayanimi
degerlerinin sirastyla %78, %86 ve %84’tne ulastigi belirlenmistir. PCC’lerin uzun siireli dayanim
degerlerinde artiy oldugu ancak SPC’lerin uzun siireli dayanimlarinda azalmalar meydana geldigi
belirlenmistir.

Anahtar Kelimeler: Kiikiirt polimer beton, portland ¢imento betonu, dayanim, mekanik 6zellikler
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1. Introduction

Pure sulphur was first used as a building
material in experimental studies conducted
by Bacon and Davis in 1921. The aim of the
research, which started in 1920 and
continued until the end of the 1960s, was to
show that sulphur could be used as an
alternative in the construction industry
(Kobbe, 1924; Duecker, 1934; Dale, 1966).
Studies carried out after the beginning of the
1970s aimed to develop the strength and
durability  properties of  construction
materials obtained from sulphur. After the
acceptance of the use of sulphur concretes as
construction materials, high strength sulphur
concrete was obtained by using basalt
aggregate as a result of the study carried out
by Crow et al. (1970) to improve the
mechanical ~ properties  of  concretes.
However, in most of the experimental studies
carried out until this date, pure sulphur was
generally used as a binder in concrete. With
the experimental studies carried out, it was
determined that the concrete properties
prepared using pure sulphur give excellent
results. In contrast, their durability properties
were evil, and that fragmentation and
collapses occur in a short time (Yue et al.,
2006). When pure sulphur and aggregate are
prepared as a hot mixture and poured into the
mould and left to cool, sulphur in the liquid
form first takes the form of Sg (monoclinic)
crystal by showing 7% volume decrease at
114°C. When the temperature goes below
95.4°C while cooling continues, Sg crystals
turn into S, (orthorhombic) crystals form.
This form is also the crystal structure where
sulphur is in the constant form at room
temperature. These transition phases occur
very quickly with cooling, and phase
transitions are completed in less than 24
hours. Since the S, crystal structure, which
comes in a stable form at room temperature,

is denser than the Sg crystal structure,
internal stresses occur in the sulphur binder
and cause severe cracks to occur. Pure
sulphur is modified under chemical or
physical sulphur crystallization control to
prevent this situation (Vlahovic et al., 2011).
The additives used in the chemical control of
sulphur crystallization can be summarized as
dicyclopentadiene (DCPD) (Maraghechi et
al., 2011; Shin et al., 2014) and combinations
of DCPD, cyclopentadiene and dipentene
(Bordoloi and Pierce, 1978; Lin et al., 1995).
Sulphur crystallization can be physically
prevented Dby using olefin hydrocarbon
polymers and fly ash. The most commonly
used olefin hydrocarbon polymers can be
summarized as RP220, RP020, Escopol
(Vroom, 1981) and bitumen (Mohamed and
El Gamal, 2006, 2007, 2014; Al-Otaibi et al.,
2018).

SPC is a thermoplastic material that uses
modified sulphur (MS) as a binder and is
prepared as a hot mixture with aggregate.
SPCs are used as an alternative construction
material to traditional Portland cement
concretes (PCC) in many special engineering
applications (Mohamed and El Gamal, 2006).
SPC is also called "waterless concrete"
because sulphur is used as a binder in
concrete instead of cement+water used in
traditional PCCs (Tautanji et al., 2010). SPCs
are prominent to be used in construction
applications to be carried out in space since
water is not used in its content, sulphur is
used as a binder, solidifies with cooling and
sulphur is present as a free element on the
moon surface (Grugel, 2012; Khoshnevis et
al, 2016; Anyszka et al., 2016). At the same
time, SPC has found its use in 3D printer
technologies, taking into account its fast
setting time and strength gain feature. (Hager
et al., 2016). Experimental studies have also
been carried out on the usability of SPCs as
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road pavement and concrete paving blocks
due to their high abrasion resistance (Al-
Otaibi et al., 2018). There are also
experimental studies in the literature to
evaluate waste materials such as fly ash and
recycled aggregate (Shin et al., 2014),
electrolytic manganese residue (Yang et al.,
2014), waste ilmenite mud (Contreras et al.,
2013), cement kiln dust (Mohamed and El
Gamal, 2011), crumb tire rubber particles
(Maraghechi et al., 2011) in SPC.

The essential advantages of SPC over PCC
are that setting time in less than 24 hours and
high strength. (Contreras et al., 2013). In the
study carried out by Vroom (1981), it was
determined that SPC samples modified using
olefin hydrocarbon polymer reached 80% of
their ultimate strength at the end of 1-day and
gained 100% at the end of 4-day. The
changes in long-term strength values of SPCs
were first examined by McBee et al. in the
experimental study carried out in 1983. It
was determined that the SPCs reached 70%
of their ultimate strength a few hours after
the start of cooling, and this ratio reached the
range of 75-85% after 24-hour. Long-term
strength values at the end of 180-day were
examined, and it was seen that the samples
reached their ultimate strength at the end of
this period. The use of bitumen in sulphur
modification was investigated in 2006 by
Mohamed and El Gamal. In the experimental
study (2007) performed on samples prepared
with this proposed modification method, it
was determined that the ultimate strength
value reached 76% at the end of 1-day, and
this rate was approximately 96% at the end
of 3-day. It was observed that there was no
significant change in 42-day long-term
strength values. It is seen that there is a
deficiency in the experimental studies
examining the long-term strength changes of
SPCs in the literature.

In this study, it is aimed to determine the
long-term strength changes of SPCs prepared
with bitumen modified sulphur. The changes
in the compressive, flexural and splitting
tensile strengths of SPC at the end of 1-hour,
1-day, 7, 28 and 360 days were determined
and compared with PCC with the same 28-
day compressive strength values.

2. Experimental Study

2.1. Materials

In this study, pure sulphur released as a result
of the Claus process was used in Tiipras-
Izmit refinery. The purity of the sulphur
supplied from the refinery was determined as
99.8%. The physical and chemical properties
of sulphur are given in Table 1.

Table 1. Properties of sulphur

Properties Result
Appearance Solid particulate
PP (visual inspection)
Odour Odourless
Melting/freezing i
point (°C) 119 (ASTM D-97)
Boiling point starting
o 445 (ASTM D-86
Relative density
(15°C) (ke/L) 2.1 (ASTM D1298)
Flaming point

temperature (°C) 206 (ASTM D-93)

Bitumen (50/70 penetrated) with the
viscosity of 416 cSt at 135°C, softening point
of 49°C, specific gravity 1.034 of g/cm® and
with a chemical analysis of 79% carbon, 10%
hydrogen, 3.3% sulphur, 0.7% nitrogen was
used as a chemical additive for sulphur
modification. In this study, CEM | 42.5 type
Portland cement was used as a binder in
PCC, and F class fly ash supplied from
Catalagzi Thermal Power plant was used as
filler in SPC. The specific gravity of cement
and fly ash were 3.14, 2.29 g/cm®, and the

1254



Investigation of Long Term Mechanical Properties of Sulphur Polymer Concrete and
Comparison with Portland Cement Concrete

specific surface areas were 3420 and 2765
cm?/g, respectively. Chemical properties of

cement and fly ash are given in Table 2.

Table 2. Chemical properties of cement and fly ash

Chemical compositions (%)

- - LOI* [IM**
Sio, A|203 Fe,O; CaO MgO SO, Na,O K,O Cl
Cement 22.10 4.37 3.30 65.63 120 2.62 0.28 046 0.048 264 0.68
FlyAsh 5732 2521 6.86 1.47 1.86 047 041 4,08 0.01 119 -

* LOI: Loss on ignition
* |M: Insoluble material

The same aggregates were used in the
castings of SPC and PCC; natural sand is
used as fine aggregate and crushed stone as
coarse aggregate. The fineness module of
natural sand was 2.28, and its specific weight
was 2.60 g/cm®, the fineness module of
crushed stone was 4.88, and its specific
weight was 2.68 g/cm®. Polycarboxylate
based superplasticizer was used in PCC. The
plasticizer with a density of 1.08 g/cm® was
used in the mixtures at a rate of 1.3% of the
cement weight.

2.2.  Preparation of Specimens

Bitumen was used to modify pure sulphur in
this study. For sulphur modification, pure
sulphur, which is available in granular form,
was placed in a temperature-controlled
mechanical mixer (Fig. 1) heated between
130-135°C and mixed until it reaches the
liquid phase. Then, 2.5% by weight of
bitumen was added to the liquid sulphur. The
asphalt emulsifier was added to the mixture
at a specified rate (0.025 g/100g) so that the
bitumen can spread homogeneously in liquid
sulphur and that sulphur-bitumen reactions
can take place literally. The mixture was
mixed with the mechanical mixer for 60
minutes to form a reaction between the
sulphur, bitumen and asphalt emulsifier in
the liquid phase. The temperature was kept
constant between 130-135°C during the
mixing process. After the mixing process was

completed, the MS was allowed to cool to 7-
13°C per minute at room temperature.

Figure 1.
mechanical mixer

Temperature-controlled

In the preparation of SPC, pure sulphur, MS,
fly ash, natural sand and crushed stone
weight ratios were used as 33.95%, 1.05%,
35%, 15% and 15%, respectively. All
equipment used in mixing concrete, filling
the moulds and smoothing the surface was
used after heating in the oven between 130-
135°C for 2 hours, as shown in Fig. 2.
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Figure 2. Materials and equipment kept in
the oven

After fixing the temperature-controlled
mechanical mixer between 130-135°C, pure
sulphur was allowed to come into the liquid
phase by being mechanically mixed. After
the pure sulphur melted and liquefied, the fly
ash, which was kept in the oven, was added
and mixed for a total of 20 minutes, at a low
speed for 10 minutes and high speed for 10
minutes, to make the mixture homogeneous.
Then, the determined ratio of MS was added,
and mixing was continued for 10 minutes.
Natural sand and crushed stone, which was
heated in the oven, was added to the mixture
consisting of pure sulphur, MS and fly ash,
and it was allowed to mix for a minimum of
20 minutes until it was sure that the mixture
becomes homogeneous. The concrete
mixture was filled into a 75x75x254 mm
prism and 100x200 mm cylinder metal
moulds heated in the oven. Placement of the
SPC mixture, which was placed in metal
moulds with the help of a plastic mallet and a
hot iron bar, was completed. All samples
were allowed to cool at room temperature.

Within the scope of this study, after the
castings of SPC, 28-day compressive
strengths were determined. The determined
compressive strength value was chosen as the

target strength of the PCC to make
comparisons with the same compressive
strength properties. Many trial castings were
carried out, and the required mixing ratios
were determined to provide this strength
value. Cement dosage was taken as 400 kg,
and the water/cement ratio was 0.50 in PCC.
The same aggregate was used with SPC, and
the amount of natural sand and crushed stone
were determined as 673.7 and 1041.7 kg/m®,
respectively. The chemical additive was used
as 1.3% of cement weight. The weight ratios
of the materials used in SPC and PCC are
summarized graphically in Fig. 3.

SPC

PCC

Pure Sulphur

uMS
100% -

ht

u Cement

o
S
=S

= Water
u Fly Ash

o
S
=S

® Natural Sand

IS
S
53

= Crushed Stone

20% 1 34%

Mix proportions by weig

0%
Figure 3. Mix proportions of SPC and PCC

3. Experimental Results
3.1.  Sulphur modification

DSC and SEM analyses were performed on
both pure sulphur and MS samples to
determine whether the sulphur modification
was performed. DSC samples were prepared
as 10 mg in an aluminium pan. All samples
were first heated from room temperature to
150°C (first temperature loading) and then

cooled to room temperature (Second
temperature loading). In the last temperature
loading, samples that reached room

temperature were heated to 150°C again
(third  temperature  loading). In all
temperature loadings, the temperature
increment was adjusted to be 5°C/min. DSC
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diagrams obtained from pure sulphur and MS
samples are given in Fig. 4.

In the first temperature loading applied to
pure sulphur, firstly S, and then Sg crystals
melted at 104.97°C and 120.68°C. When the
applied temperature reached 150°C, cooling
was started to room temperature as the
second temperature loading. During the
cooling process, S, crystallization was
observed at 56.41°C in liquid sulphur. It was
determined that the S, crystals formed in the
third temperature loading melted at
106.93°C. S, and then Sy crystals melted at
104.85°C and 120.32°C at the first
temperature loading at MS sample. Unlike
pure sulphur sample, it was observed that Sg
crystallization occurred at 31.71°C in MS
sample during cooling (second temperature
loading). In the third temperature loading, it
was determined that the Sg crystals melted at
117.46°C.

my 56.41°C
@)
20
15
10
|
—
04
: A ‘.."rlll |I’ -h\l' II'
* 104.97°C! |120.68°C 106.93°C
10, 40 60 g0 100 120 140 130 130 1}0 90 ™o 30 4 50 EO 1(?3 11014;(?‘?-
IR EA MR NN MM T S R
¥ 3L71°C
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&
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Oy ————
104.85°C 1120.32°C 117.46°C |
L wwm e g E R m %
()1().1,():;‘0r 40 0 5'0'03:31111-11
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Figure 4. DSC diagram of (a) pure sulphur
and (b) MS

SEM images obtained from pure sulphur and
MS samples are given in Fig. 5. Pure sulphur

was found to have a large and dense Sa
crystalline structure with  orthorhombic
sulphur morphology after crystallization.
Also  known as rhombic  sulphur,
orthorhombic sulphur is the structure where
sulphur is stable at room temperature and
under atmospheric pressure. With the
addition of 2.5% by weight of bitumen into
pure sulphur, crystal growth was limited by
bitumen and controlled. The conversion of
sulphur, which turned into a monoclinic
phase with a plate-like appearance, to the
orthorhombic phase was prevented.

It was determined that the dense and wide
orthorhombic crystal structure belonging to
pure sulphur remained stable in monoclinic
crystal form, and Sg-S, conversion did not
occur as a result of adding 2.5% bitumen in
pure sulphur. Modification of pure sulphur
appears to be successful with the addition of
bitumen.
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Figure 5. SEM images of (a) pure sulphur
and (b) MS

3.2.  Mechanical properties

In this study, compressive strength, flexural
strength and splitting tensile strength tests
were carried out to determine the mechanical
properties of SPC and PCC. A total of 35
SPC and 21 PCC 100x200 mm cylindrical
samples were prepared to determine the
compressive and splitting tensile strength.
The prepared SPC and PCC cylinder samples
are shown in Fig. 6. A total of 15 SPC and 9
PCC 75x75x254 mm prism samples were
prepared to determine bending strengths.

Figure 6. (a) SPC and (b) PCC cylinder

Experiments of mechanical properties were
performed at the 7, 28 and 360 days of
concretes. While strength tests of 1-hour and
24-hour were carried out in SPC, since the
PCC could not be removed from the mould,
strength tests could not be performed. The
SPC sample obtained after 1 hour is shown in
Fig. 7. Compressive, flexural and splitting
tensile strength tests were carried out in
accordance with ASTM C-39, ASTM C-293
and ASTM C-496 standards, respectively.

Figure 7. Cylinder SPC sample after one
hour

All results and averages obtained from
compressive, flexural and splitting tensile
strength tests are shown in Table 3.

Table 3. Mechanical properties of SPC and PCC

Compressive strength

Flexural strength

Splitting tensile strength

Sample age (MPa) (MPa) (MPa)
SPC PCC SPC PCC SPC PCC
39.71 - 4.69 2.17 -
1 day1 hr. 4231 41.01— 436 4.42 - " 590 2.18 - -
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40.93 - 4.22 - 2.16 -
41.10 - - - - -
43.32 - 4.88 - 2.28 -
43.07 - 4.27 - 2.34 -
24 hr. 4163 43.08—— " 279 4.65 - " 539 2.33 - -
44.28 - - - - -
48.32 46.91 491 4.55 2.49 3.37
49.20 42.68 5.01 4.49 2.33 3.25
7 days 49.34 49.3344.73 44'524.98 4.97 4,65 4.56 547 2.43 3.01 3.21
50.46 43.77 - - - -
53.44 54.59 5.34 5.87 2.58 3.71
49.73 _ 55.33 _ 508 _ 6.01 _ 2.63 3.45
28days  gay5 92295355 946157513 577586 555259 55, 356
52.84 55.14 - - - -
50.52 66.36 5.58 7.14 2.06 3.93
49.86 65.22 5.69 7.86 1.83 3.80
360 days 47 11 50'2265.66 66.414.23 5.17 6.05 7.08 505 1.98 3.63 3.79
53.40 68.41 - - - -
The average compressive, flexural, splitting 8
tensile strength and age relationship graph S T ———
obtained from SPC and PCC samples is %6 |
given in Fig. 8-10, respectively. 5 | , _________________
80 Z 4
= =31
Qe =y 7
260 { §2 — . spc
=3 T <1
g e e PCC
2 : 0 T T T
o 40 0 90 180 270 360
g Age (day)
;’_,120 | Figure 9. Average flexural strength-age
5 | — - SPC relationship
2
------- PCC
0 T T T 4.0
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relationship 525 {r — —._
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Figure 10. Average splitting tensile strength-
age relationship
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The 28-day average compressive, flexural
and splitting tensile strength values were
found to be 52.19, 5.13 and 2.59 MPa in
SPC, respectively; while these values were
found as 54.61, 5.86 and 3.56 MPa,
respectively, in PCC. The strength values of
SPC at the end of 1-hour were determined as
78%, 86% and 84% for the compressive,
flexural and splitting tensile strengths of the
28-day strength values, respectively. The
compressive strength test results made by
McBee et al. (1983) showed that the SPC
reached approximately 70% of the ultimate
strength after 1 hour. It has been observed
that the 1-hour compressive strength ratio
obtained from this experimental study is
compatible with the existing studies in the
literature. It was determined that the
compressive strength value of SPC at the end
of 1-day is 82% of the 28-day compressive
strength value. This rate found to be 80%
(Vroom, 1981), 75-85% (McBee et al., 1983)
and 76% (Mohamed & El Gamal, 2007) in
the existing studies from the literature, and
this is in line with the results of the
experimental research. Strengths at the 7-day
of concretes compared with the 28-day
strengths were reached 82% in PCC and 94%
in SPC for compressive strength, 78% in
PCC and 97% in SPC for flexural strength,
90% in PCC and 94% in SPC for splitting
tensile strength. It can be seen from the
graphs that the strength values of SPC that
reach after 1-hour, the PCC can reach after
approximately 7-day.

The changes of the strength values of SPC at
the end of 360-day according to the 28-day
strength values were found to be 14%
decrease, 1% increase and 31% decrease,
respectively, for compressive, flexural and
splitting tensile strengths. The strength
values of PCC at the end of 360 days were
increased compared to the 28-day strength

values. The increasing rates were found to be
18%, 17% and 6% for compressive, bending
and splitting strengths, respectively. It was
seen that there was an increase in the long-
term strength changes of PCCs, unlike SPCs.

4. Conclusions

The results obtained from the experimental
study conducted to determine the long-term
mechanical properties of SPC and compare
with PCC are summarized below.

The strength values of SPC at the end of 1-
hour reached 78%, 86% and 84% of the 28-
day strength values for compression, bending
and splitting tensile strength, respectively.

The 1-hour strength value of SPC was
determined to be close to the 7-day strength
values of PCC.

It is seen that the use of SPC is more suitable
than PCC in specific engineering applications
that require early strength and mould
removal.

While the long-term strength values of PCC
are increasing, it has been determined that
SPC has the long-term strength losses of up
to 31%.

It is seen that it is essential to make design
considering the strength losses that may
occur in the long-term in SPC applications.
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