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Evaluating the Effects of Two Modifiers on the
Mechanical Properties of Sulfur Concrete Using a Novel,
High-Capacity Lab-Scale Mixer for Sustainable
Construction
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ABSTRACT

Sulfur concrete represents a promising sustainable alternative to traditional Portland cement
due to its rapid setting time, superior chemical resistance, and recyclability. Nonetheless,
inherent brittleness and susceptibility to long-term deterioration limit broader applications,
necessitating effective modifiers to improve mechanical and durability performance. This
study investigates the influence of incorporating high density polyethylene (HDPE) and
linear low-density polyethylene (LLDPE) at dosages of 5, 10, 15, and 20 wt.% into sulfur
concrete containing 30 wt.% sulfur. Comprehensive evaluations included mechanical testing
(compressive, flexural, and tensile strength), non-destructive testing methods (ultrasonic
pulse velocity and rebound hammer), accelerated corrosion assessments via impressed
voltage technique, and microstructural analyses (SEM, FTIR, and XRD). Results revealed
optimum mechanical performance at 5 wt.% polymer content, with LLDPE modification
achieving maximum compressive, flexural, and tensile strengths of 25.24 MPa, 3.31 MPa,
and 1.75 MPa, respectively, compared to the control’s 20.6 MPa, 2.75 MPa, and 1.21 MPa.
Corrosion resistance significantly improved with polymer additions, notably at 20 wt.%
LLDPE exhibiting the lowest current intensity (~0.03 A). SEM analysis confirmed enhanced
matrix density with HDPE modification, whereas FTIR and XRD analyses indicated no
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chemical interactions, affirming physical blending. These findings highlight that carefully
selected polymer modifications significantly enhance the mechanical integrity and durability
of sulfur concrete for sustainable infrastructure applications.

Keywords: Sulfur concrete, lab-scale production, sulfur concrete mixer, polymer modifier,
compressive strength.

1. INTRODUCTION

Concrete remains the most widely used construction material globally, primarily owing to
its versatility, durability, and cost-effectiveness. However, the extensive use of traditional
Portland cement concrete (PCC) has severe environmental implications, particularly due to
high CO, emissions during cement manufacturing, accounting for approximately 7% of
global anthropogenic CO, emissions [1]. Consequently, developing sustainable alternative
materials with lower ecological impacts is imperative for the future of construction. Among
these alternatives, sulfur concrete (SC) has emerged as a promising candidate due to its
advantageous properties such as superior resistance to corrosive and acidic environments,
absence of hydration water dependency, and availability of sulfur as an abundant and
inexpensive byproduct from petroleum refining processes [2—5].

Research into sulfur concrete has expanded significantly, highlighting its potential for
specialized construction applications, including chemical-resistant structures, waste storage
facilities, and extraterrestrial construction scenarios such as lunar and Martian habitats [6—
8] Additionally, sulfur concrete’s rapid solidification and ability to achieve high early
strength without water usage provide significant logistical advantages in arid regions and
remote construction sites [9]. However, despite these notable advantages, sulfur concrete’s
widespread adoption has been hindered by critical limitations, particularly related to its
brittleness, long-term structural instability, and susceptibility to thermal degradation and
cracking over extended periods [8,10,11]

To address these limitations, various modification techniques have been explored. Modifiers
such as dicyclopentadiene (DCPD), cyclopentadiene, dipentene, olefin polysulfide additives,
bitumen, and melamine have shown promising results in enhancing the mechanical and
durability properties of sulfur concrete [6,12—14]. For instance, incorporating modifiers like
DCPD has demonstrated improvements in mechanical strength; however, the practical
application is complicated by the exothermic and unstable nature of sulfur-DCPD reactions
[7,15,16] . Recent research has shifted towards polymeric modifiers such as high-density
polyethylene (HDPE) and linear low-density polyethylene (LLDPE), owing to their potential
to significantly enhance the ductility and mechanical performance of sulfur concrete through
physical reinforcement mechanisms, without adverse chemical interactions [17-20].

Although considerable research attention has been devoted to modifying sulfur concrete, the
existing literature also highlights a critical gap related to the production methods used for
preparing laboratory-scale specimens. The inadequacy of current mixing equipment in terms
of capacity, temperature uniformity, and consistent material dispersion has led to issues
regarding the reproducibility and reliability of experimental outcomes. Existing laboratory
mixers generally produce insufficient specimen quantities and exhibit uneven temperature
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distribution, necessitating multiple mixing cycles and prolonged processing times, thereby
increasing research costs and complexity [10,14,21].

To bridge this identified gap, the present study introduces a novel, high-capacity,
temperature-controlled laboratory-scale mixer specifically designed to produce consistent,
high-quality sulfur concrete specimens in a single mixing operation. This research also
systematically evaluates the mechanical, microstructural, and durability properties of sulfur
concrete modified with HDPE and LLDPE at different concentrations (5, 10, 15, and 20 wt.-
%). By integrating comprehensive mechanical testing and microstructural characterization
methods, this study aims to identify the optimal modifier concentration that achieves the best
balance of mechanical performance, stability, and durability. Thus, the outcomes of this
research provide critical insights and practical solutions to overcome the existing limitations
in sulfur concrete production and modification, promoting its broader application as a
sustainable construction material.

2. MATERIALS AND METHODS
2.1. Materials

Fig.1 shows all the materials used in this study, which were carefully selected to maintain
high-quality standards and achieve optimal results in terms of mechanical properties and
durability of the modified sulfur concrete. The elemental sulfur used in this study , had a
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Fig. 1 - Materials used: elemental sulfur, heating oil, aggregates, LLDPE, and HDPE
polymers.
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purity level of 99%. Two types of polymer modifiers were utilized: high density
polyethylene (HDPE) with a density of 940 kg.m™, and linear low-density polyethylene
(LLDPE) with a density of 920 kg.m™. Both polymer modifiers were and were used as
received without additional processing. The heating medium employed was Diala S4 (ZX-
I), a medium-viscosity oil produced by Shell, specifically selected due to its high flash point
of 191 °C, which ensures safe and stable thermal conditions during the sulfur concrete
mixing process.

Aggregates for concrete preparation were sourced locally from a concrete batching plant in
Cyprus, consisting of natural fine and coarse aggregates. A detailed sieve analysis was
conducted following ASTM C33 standard [22] to determine particle size distribution and
ensure compatibility with sulfur concrete formulations, Fig.2. The fine aggregate primarily
consisted of particles smaller than 0.6 mm, contributing to the overall homogeneity of the
sulfur concrete by acting as fillers, while coarse aggregates met standard gradation limits to
enhance the mechanical properties. The fine and coarse aggregates also satisfied the physical
requirements of ASTM C33, with oven-dry specific gravity of about 2.6, water absorption
below 2%, and moisture content during batching kept below 1%.
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Fig.2 - Grading curves of (a) Coarse aggregate and (b) fine aggregate
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2.2. Design and Production of a Temperature-Controlled Laboratory Mixer

This study aimed to develop a reliable and efficient laboratory-scale mixing device
specifically designed for preparing sulfur concrete. The key objectives included ensuring
uniform heat distribution, precise temperature control, and sufficient mixing capacity to
produce homogeneous sulfur concrete specimens. The designed mixer comprises two
separate reservoirs: an outer reservoir containing heating oil to ensure uniform temperature
distribution, and an inner reservoir dedicated to mixing sulfur concrete materials (Fig.3).

The inner reservoir has a capacity of approximately 0.091 m?, which is sufficient for casting
ten prism specimens measuring 100 x 100 X 500 mm each. Uniform heat distribution is
achieved through an oil bath method, utilizing Diala S4 (ZX-I) oil, heated via two 3 kW
electrical elements. The dual heating elements offer several advantages, including the ability
to operate at half or full capacity to optimize energy use and provide redundancy in case of
element failure, thereby ensuring continuous operation. Additionally, the outer layer of the
mixer is insulated using glass wool to minimize heat losses and maintain thermal efficiency.
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The mixer is equipped with a heavy-duty mortar mixer integrated into an insulated
removable cover, providing adjustable mixing speeds ranging from 180 to 460 rpm. This
cover minimizes heat transfer and prevents energy wastage during operation. A dedicated
control unit is incorporated to precisely manage the heating process, maintaining a stable
temperature of up to 180 °C, and preventing thermal overshoot or runaway during extended
mixing durations of approximately four hours. These design features provide stable thermal
conditions and allow continuous mixing of relatively large batches, which is beneficial for
achieving reliable and reproducible sulfur concrete production at the laboratory scale.

ELEMENT

Fig.3 - Custom-built temperature-controlled mixer for sulfur concrete: external view,
mixing chamber, control panel, and heating system layout.

2.3. Mix Design of Modified Sulfur Concrete

An effective mix design is essential for achieving optimal properties in sulfur concrete. The
proportion of elemental sulfur significantly influences the mechanical and durability
characteristics of sulfur concrete. Based on existing literature and established best practices,
a sulfur content of approximately 30 wt.% of the total concrete mixture (by mass) was
selected due to its optimal balance between mechanical strength, durability, and ease of
workability [23,24]. Lower sulfur content typically results in inadequate binding, while
excessively high sulfur content can lead to brittleness and thermal instability.

Modifiers such as HDPE and LLDPE were introduced at concentrations of 5, 10, 15, and 20
wt.-% by mass of elemental sulfur, based on previously reported optimal ranges for polymer
modified sulfur concretes. Existing studies suggest that polymer additions ranging from
approximately 5 wt.% to 20 wt.%. significantly influence the mechanical and durability
properties of sulfur-based composites, enhancing ductility, toughness, and resistance to
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cracking [23,25]. The selection of this range enabled a comprehensive evaluation of
mechanical performance and the identification of the optimal modifier concentration.

A mixture of 26 wt.-% coarse aggregate and 44 wt.-% fine aggregate , expressed as mass
fractions of the total sulfur concrete mixture (sulfur plus aggregates), was identified through
preliminary trials to produce a homogenous concrete without the need for compaction,
aligned with established practices in producing self-compacting concretes [26]. Table 1
presents the final mixture proportions for the control and modified sulfur concrete
specimens, ensuring that the total summation reaches 100 wt.-% for accurate representation
and reproducibility.

Table 1 - Mixture proportions of control and polymer-modified sulfur concretes.

specimen Name sulfur coarse sand HDPE LLDPE
Wt-%)  (wt.-%)  (Wt-%)  (Wt-%)  (wt.-%)

Control 30 26 44 0 0
5 HDPE 30 26 44 5 0
10 HDPE 30 26 44 10 0
15 HDPE 30 26 44 15 0
20 HDPE 30 26 44 20 0
5 LLDPE 30 26 44 0 5
10 LLDPE 30 26 44 0 10
15 LLDPE 30 26 44 0 15
20 LLDPE 30 26 44 0 20

Table 2 - Absolute mixture proportions

Specimen Sulfur Coarse Sand HDPE LLDPE  Unit weight
(kg/m?) aggregate (kg/m?®)  (kg/m?) (kg/m?) (kg/m?)
(kg/m)
Control 720 624 1056 0 0 2400
5 HDPE 720 624 1056 36 0 2436
10 HDPE 720 624 1056 72 0 2472
15 HDPE 720 624 1056 108 0 2508
20 HDPE 720 624 1056 144 0 2544
5 LLDPE 720 624 1056 0 36 2436
10 LLDPE 720 624 1056 0 72 2472
15 LLDPE 720 624 1056 0 108 2508
20 LLDPE 720 624 1056 0 144 2544
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In addition, Table 2 presents the absolute mixture proportions, normalized to 1 m*® of
concrete (kg/m?), together with the corresponding unit weight of each mixture, calculated
from the relative mass fractions reported in Table 1 and the unit weight of the control sulfur
concrete.

2.4. Sulfur Concrete Specimen Preparation

Sulfur concrete specimens were prepared using the laboratory-scale mixer designed in this
study, as described in Section 2.2. Initially, elemental sulfur was introduced into the mixing
reservoir once the temperature of the heating oil bath reached approximately 150 °C. Upon
melting, which was visually confirmed by the transition of sulfur color to light orange,
polymer modifiers (HDPE or LLDPE) were incrementally added to the molten sulfur every
10 minutes to ensure uniform dispersion within the sulfur matrix. This polymer-sulfur
mixture was continuously mixed for a total duration of four hours to achieve optimal
homogeneity.

Following the preparation of the homogeneous sulfur-polymer blend, preheated coarse and
fine aggregates (heated to 180 °C in a convection oven to minimize thermal shock and
enhance compatibility) were gradually incorporated into the mixture. The complete mixing
process, inclusive of aggregate addition, required approximately four and a half hours from
the point of sulfur melting.

The final concrete mixtures were then poured directly into unheated molds without
additional compaction or vibration, leveraging the self-compacting nature of the mixture.
Cylindrical (100 mm diameter x 200 mm height) and prism (100 x 100 x 500 mm) molds
were used to produce specimens suitable for various mechanical property evaluations (Fig.
4). The specimens were demolded after solidification and allowed to cure under laboratory
conditions for three days prior to testing. Fig.4 illustrates freshly cast sulfur concrete in a
cylindrical mold and hardened specimens in prism and cylindrical shapes, demonstrating the
final appearance and structural integrity of the prepared samples.

Fig.4 - Fresh and hardened sulfur concrete specimens in cylindrical and prism molds.
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2.5. Experimental Methods
2.5.1. Compressive, Tensile, and flexural strength tests

To comprehensively evaluate the mechanical properties of the modified sulfur concrete,
standardized tests for compressive, tensile, and flexural strength were conducted, following
international testing procedures. The compressive strength of sulfur concrete specimens was
assessed using cylindrical samples measuring 150 mm, tested according to BS EN 12390-3
[27]. This test provides crucial insights into the ability of sulfur concrete to withstand loads
commonly encountered in structural applications such as industrial flooring, sewer pipes,
and pavement structures.

The splitting tensile strength, an essential indicator of the resistance of sulfur concrete to
tensile stresses and cracking, was determined using cubic specimens in accordance with BS
EN 12390-6 [28]. Tensile strength assessment is vital for predicting the performance of
sulfur concrete in applications susceptible to tensile stresses, such as bridge decks,
pavements, and other load-bearing structures.

Fig.5 - Experimental setup for evaluating mechanical properties: tensile, compressive, and
flexural strength testing
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Flexural strength was measured using prism specimens (100 X 100 x 500 mm), subjected to
third-point loading in accordance with ASTM C78 standard [29] ). Flexural strength testing
is particularly significant for sulfur concrete applications involving bending loads, such as
pavement slabs and structural beams. Fig.5 illustrates the standardized test setups employed
for evaluating compressive, tensile, and flexural strengths, demonstrating the configurations
and apparatus used in each respective mechanical test.

2.5.2. Ultrasonic Pulse Velocity and Schmidt Hammer Tests

Non-destructive testing (NDT) methods were employed to evaluate the in-situ quality and
compressive strength of concrete specimens. Initially, rebound values were recorded using
a SilverSchmidt hammer (N-Type, standard energy of 2.207 Nm) according to EN 12504-2
[30] and ASTM C805 standards [31]. Prior to testing, the concrete surface was smoothed
with a grinding stone, and at least nine impacts were performed per sample. The test was
conducted perpendicular to the surface, with impact points spaced a minimum of 25 mm
apart. Median values were calculated to assess uniformity and serve as input for strength
estimation.

Subsequently, Ultrasonic Pulse Velocity (UPV) testing was conducted using the Pundit Lab+
system to determine pulse velocity and transmission time (ps) through direct transmission
across the specimen [32]. The testing parameters were set with an excitation voltage of 500
V and a receiver gain of 200x(signal amplification factor), ensuring optimal signal clarity.
Each sample was tested using standard 54 kHz transducers, and transmission times were
averaged for accuracy. Fig.6 illustrates the experimental setup for Schmidt hammer and UPV
testing.

Fig. 6 - Setup for UPV and Schmidt hammer tests on sulfur concrete specimens.



Evaluating the Effects of Two Modifiers on the Mechanical Properties of Sulfur Concrete...

For strength estimation, the SONREB method [32] was employed, which integrates rebound
values, R (from the SilverSchmidt), and UPV results, v. The Pundit Lab+ was configured
with a pre-defined conversion curve based on the function [33]

(v,R)=a-v"- R° €))

where a=8.31x 10", b =2.81, and c = 0.86 ; v is the ultrasonic pulse velocity (m/s), R
is the rebound number (dimensionless), and f(v, R) is the estimated compressive strength
(MPa).

This enabled computation of compressive strength directly from measured rebound and
pulse velocity data. As illustrated in Fig. 7, the predefined SONREB conversion curve used
in the Pundit Lab+ system visualizes the correlation between the rebound number, pulse
velocity, and the estimated compressive strength.
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Fig.7 - Conversion curve for compressive strength estimation using the SONREB method
in Pundit Lab+.

2.5.3. Microstructural Analysis

Microscope Examination: The surface morphology of modified sulfur concrete specimens
was initially examined using an optical stereomicroscope (Euromex), providing preliminary
visual insights into the microstructure at low magnifications. This microscopic technique
enables the direct observation and measurement of surface features, such as aggregate
distribution, voids, and potential defects, within the specimen matrix. Digital imaging
software facilitated precise dimensional measurements of specific structural elements,
contributing to a detailed morphological characterization of the concrete specimens. For
stereomicroscope observations, small fragments were cut from the mid-depth of the prisms

10
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after mechanical testing. The exposed surfaces were gently ground and cleaned to remove
loose particles and obtain a flat surface suitable for low-magnification imaging.

Scanning Electron Microscopy (SEM): Scanning Electron Microscopy (SEM) analyses were
performed using a JEOL JSM-6610LV microscope to study the detailed microstructural
features of sulfur concrete at high magnifications. Specimen surfaces were prepared through
careful fracture to reveal internal structures. SEM analysis operates by scanning the surface
with a focused electron beam, generating secondary electrons that produce high-resolution
images. Microstructural features, including matrix homogeneity, aggregate-binder
interfaces, polymer dispersion, and pore structure, were systematically evaluated, providing
valuable insights into the effects of polymer modifiers on the microstructure of sulfur
concrete. For this test, representative pieces were taken from the fractured surfaces, oven-
dried at 40-50 °C, mounted on aluminium stubs with carbon tape, and sputter-coated with a
thin gold layer to ensure sufficient electrical conductivity during imaging.

Fourier-Transform Infrared Spectroscopy (FTIR): FTIR spectroscopy was conducted to
identify chemical bonds and evaluate potential interactions between sulfur and polymer
modifiers. FTIR spectra were obtained using an attenuated total reflectance (ATR) mode,
scanning samples over a wavenumber range of 400-1600 cm™. The FTIR technique
identifies molecular vibrations by measuring the absorption of infrared radiation by chemical
bonds within the material. The characteristic absorption peaks detected provided critical
information regarding the stability and chemical compatibility of sulfur and polymers,
verifying whether any chemical reaction or significant molecular-level interaction occurred
during mixing and curing. FTIR samples were prepared by scraping a thin layer of material
from the sulfur matrix; the resulting powder was gently pressed onto the ATR crystal to
achieve good contact before recording the spectra.

X-Ray Diffraction (XRD): X-Ray Diffraction (XRD) analyses were carried out using a
diffractometer operating with Cu-Ko radiation at a wavelength A = 1.5406 A to investigate
the crystalline phase composition of sulfur concrete specimens. Powdered samples extracted
from crushed sulfur concrete were scanned within a 26 range of 10°-70° at a scanning rate
of 2°/min. The recorded diffraction patterns were interpreted according to Bragg’s law:

nA=2d sin 6 @)

Where n is an integer representing the order of diffraction, A is the X-ray wavelength, is
the distance between atomic lattice planes, and 6 is the diffraction angle. The analysis
provided crucial information about the phase composition and crystallinity, enabling the
assessment of potential changes in crystal structure resulting from polymer modification in
sulfur concrete.

For XRD analysis, selected fragments were crushed in an agate mortar and sieved to obtain
a fine powder (particle size below about 75 um), which was then placed in the sample holder
and levelled to provide a smooth, uniform surface for diffraction measurements.

Fig.8 presents the equipment used for microstructural analysis, including optical
microscopy, SEM, FTIR, and XRD techniques.

11
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Fig.8 - Equipment used for microstructural analysis: (a): SEM (JEOL JSM-6610LV), (b):
XRD (Rigaku), (c): optical microscope, and (d): FTIR spectrometer

12
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2.5.4. Corrosion Test

The corrosion resistance of the concrete specimens was evaluated through an Accelerated
Corrosion Test by Impressed Voltage (ACTIV), simulating aggressive chloride
environment. A 12V DC voltage was continuously applied while partially immersing the
specimens in a 5% NaCl solution. Copper served as the cathode and embedded steel rebars
acted as the anode. The electrochemical reactions followed Faraday's laws, where iron
oxidizes at the anode (Fe — Fe?' + 2¢7) and reduction occurs at the cathode (2H* + 2¢™ —
H.). The total reaction is represented by: Fe + 2H* — Fe?" + Ha. The corrosion rate (CR) was
quantified using Faraday’s Second Law:

QM
m=__ (3)
z.F

where m is the mass loss (g), @Q is the electric charge (C), M is the molar mass of iron
(55.845 g/mol), z is the number of electrons exchanged (2), and F is Faraday’s constant
(96485 C/mol). To express this as a corrosion rate (mm/year), the ASTM G1-03
[34]formula was used:

KW
CR=___ 4)
AD.T

where K = 8.76 x 104 W is the mass loss (g), 4 is the exposed area of steel (cm?), D is the
steel density (7.85 g/cm?), and T is the test duration (hours). Crack initiation and progression
were monitored visually, and current intensity was recorded daily, enabling comparative
evaluation of corrosion behavior across concrete types.

Fig.9 - Setup of accelerated corrosion test using partially immersed specimens and DC
power supply.

13
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Fig.9 displays the experimental setup and equipment used for the accelerated corrosion test,
illustrating the electrical connections and partially immersed reinforced specimens.

3. RESULTS AND DISCUSSION
3.1. Mechanical Properties

The influence of polymer modifier type and dosage on the mechanical performance of sulfur
concrete is illustrated in the three comparative bar charts covering compressive, flexural, and
tensile strengths, Fig.10. Overall, the results demonstrate that mechanical properties initially
improve with modifier addition up to 5%, followed by a gradual decline as the dosage
increases to 20%. For compressive strength, the control mix achieved 20.6 MPa, while the
addition of 5% HDPE and LLDPE increased the strength to 23.4 MPa and 25.2 MPa,
respectively.

Effect of polymer content on compressive strengtt Effect of polymer content on flexural strength
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Fig. 10 - Effect of HDPE and LLDPE content (5—-20 wt.%) on compressive, flexural, and
tensile strengths of sulfur concrete.

The mechanical trends observed in this study-an increase of about 14-22% in compressive
strength at 5 wt.% HDPE/LLDPE followed by a reduction at higher dosages-are consistent
with previous research on sulfur-based composites. Dugarte et al. reported that an
additive/sulfur ratio of 0.05-0.10 increased the compressive strength of modified sulfur
concrete by roughly 20-30% compared with the reference mix, whereas higher additive
contents led to pronounced strength losses [4]. Similar optimum ranges have been noted in

14
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sulfur-modified binders and sulfur-composite systems, where small amounts of technical
sulfur or fiber reinforcement improved strength, but further additions caused matrix
heterogeneity and strength degradation [35]. Overall, the present results fall within the lower
part of the compressive-strength range reported for modified sulfur concretes, but they
follow the same characteristic pattern of “optimum modifier content” identified in the
literature.

However, beyond 10% dosage, a noticeable decline was observed, with HDPE dropping to
15.5 MPa and LLDPE to 16.1 MPa at 20% dosage. A similar trend was evident in flexural
strength: both modifiers enhanced the flexural capacity significantly at 5% (HDPE: 3.65
MPa, LLDPE: 3.31 MPa) compared to the control (2.75 MPa), but the values diminished
steadily at higher percentages, with 20% HDPE reaching only 2.19 MPa. In the case of
tensile strength, improvements peaked at 5% (HDPE: 1.65 MPa, LLDPE: 1.75 MPa) relative
to the control (1.21 MPa), before reducing at higher concentrations (HDPE: 1.00 MPa,
LLDPE: 1.07 MPa at 20%). This consistent pattern across all three mechanical tests indicates
that low concentrations of polymer modifiers effectively enhance the performance of sulfur
concrete, while excessive amounts adversely affect its structural integrity, likely due to poor
dispersion or polymer agglomeration within the matrix.

3.2. Ultrasonic Pulse Velocity and Schmidt Hammer Tests

The ultrasonic pulse velocity (UPV) and rebound values were evaluated for sulfur concrete
specimens modified with varying proportions (5-20%) of HDPE and LLDPE, as shown in
Table 2. The UPV results ranged from 3650 to 4400 m/s for LLDPE and 3650 to 4330 m/s
for HDPE. The highest UPV was recorded for LLDPE at 5% (4400 m/s), followed closely
by HDPE at 5% (4330 m/s). Similarly, rebound values were higher in LLDPE samples (up
to 29.15) than HDPE (maximum 28.1).

Using the SONREB equation, the estimated compressive strength revealed a declining trend
with increasing modifier content. For instance, in HDPE-modified samples, the strength
decreased from 22.05 MPa at 5% to 14.98 MPa at 20%. A similar reduction was observed
in LLDPE samples, albeit with generally higher strength, reaching a peak of 26.14 MPa at
5%.

This trend suggests that while low polymer content improves internal compactness and
mechanical performance, excessive modification may lead to a reduction in matrix
continuity and bonding, negatively impacting the strength. Thus, 5% LLDPE and HDPE
demonstrated optimal performance in terms of both NDT measurements and predicted
compressive strength. A comparison of HDPE- and LLDPE-modified specimens at equal
dosages shows that LLDPE generally yields slightly higher UPV, rebound values, and
estimated compressive strength than HDPE. This behavior can be attributed to differences
in polymer chain architecture and their interaction with the sulfur matrix. LLDPE, which
contains short-chain branching and has lower crystallinity than HDPE, exhibits greater
flexibility and can more effectively penetrate and fill microvoids at the sulfur—aggregate
interface at low dosages (5—10 wt.%). This improves stress-wave transmission and dynamic
stiffness, leading to higher UPV and rebound readings. HDPE, by contrast, is more
crystalline and stiffer, promoting the formation of dense but locally polymer-rich regions, as
also suggested by SEM observations, which may introduce additional acoustic impedance

15
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contrasts and slightly reduce the effective pulse velocity. At higher dosages (>15 wt.%), both
polymers tend to agglomerate and increase heterogeneity and porosity, explaining the
reduction in UPV and estimated strength for both HDPE- and LLDPE-modified mixes.
Nonetheless, the differences between the two modifiers remain modest compared with the
overall influence of polymer dosage.

Table 2 - Summary of UPV, rebound values, and estimated compressive strength for sulfur
concrete with different HDPE and LLDPE contents (5-20 wt.%).

Modifier UPV ~ Rebound Compressive Experimer}tal
D (%) Polymer ~ (m/s)  Value (R) S(t;igi;h Cogntrlz;egstslive
(MPa)
H-5-4 5 HDPE 4330 252 22.05 234
H-10-4 10 HDPE 4140 22.3 17.5 19.7
H-15-4 15 HDPE 4080 21.3 16.14 16.6
H-20-4 20 HDPE 3650 28.1 14.98 15.5
L-5-4 5 LLDPE 4400 29.15 26.14 25.2
L-10-4 10 LLDPE 4180 27.8 21.73 204
L-15-4 15 LLDPE 4070 28.6 20.66 18.0
L-20-4 20 LLDPE 3510 28.55 13.61 16.1

3.3. Microstructural Assessment

The stereomicroscopic image shows well-distributed aggregates within the modified sulfur
concrete matrix, as shown in Fig.11. Notable inclusions measured up to 3.44 mm and 3.32
mm, while a void and microcrack were observed at 0.94 mm and 0.26 mm, respectively.
These features suggest moderate porosity and potential microcracking, likely due to thermal
effects or incomplete bonding. Overall, the compact structure supports the UPV findings,
confirming improved internal density at lower polymer contents and aligning with observed
mechanical performance trends. Similar microstructural features have been reported in
sulfur-based concretes, where increased porosity and microcracking observed by
stereomicroscopy/SEM were correlated with lower UPV and compressive strength, while
denser matrices showed superior mechanical performance [3,4].

Figs. 12 and 13 present the SEM micrographs of sulfur concrete specimens modified with
HDPE and LLDPE, respectively, at varying magnifications, highlighting the influence of
polymer type on microstructural development. The HDPE-modified specimens exhibit a
relatively dense matrix, with fewer visible voids and smoother fracture surfaces, particularly
at higher magnifications (x1000 and %2000). These features indicate effective polymer
dispersion and enhanced interfacial bonding between the polymer phase and the sulfur
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matrix. In contrast, the LLDPE-modified specimens exhibit a more heterogeneous
microstructure, characterized by increased porosity and poorly bonded regions, as indicated
by their irregular surfaces and visible voids. The observed differences in matrix homogeneity
and pore distribution align with the mechanical test results, further supporting the improved
performance of HDPE-modified mixtures over those containing LLDPE. These
microstructural observations confirm that polymer compatibility and dispersion play critical
roles in determining the mechanical integrity of modified sulfur concretes.

Fig. 11 - Stereomicroscopic view, inclusions, voids, microcracks, and aggregate
' distribution.

explicitly lal in Figs. 12 and 13. In each SEM image, the continuous sulfur matrix is
marked as M, unreacted/ recrystallized sulfur or polymer-rich domains as S/P, aggregate
particles as Ag, and pores or microcracks as V. These annotations highlight the denser, well-
bonded matrix with fewer V regions in the HDPE-modified mixes (Fig. 12), compared with
the more porous and heterogeneously bonded structure observed for LLDPE-modified mixes
(Fig. 13).

To investigate the chemical stability and potential interactions between sulfur and polymer
modifiers, FTIR spectroscopy was conducted prior to mechanical testing. Fig.14 presents
the FTIR spectra of sulfur, HDPE, LLDPE, and their respective sulfur-polymer composites
(S+HDPE and S+LLDPE). A characteristic absorption band near ~465 cm™, attributed to
the S-S stretching vibration in elemental sulfur (Ss), is evident in all sulfur-containing
spectra, confirming the preservation of sulfur’s molecular structure during blending. HDPE

In order to :[ﬁ the observed features, the main microstructural constituents have been
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Fig. 13 - LLDPE-modified sulfur concrete, SEM images at varying magnifications.
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exhibits distinct peaks at ~720 cm™ and ~1460 cm™, corresponding to methylene rocking
and bending vibrations, while the bands in the 1115-1250 cm™ range indicate C—H bond
bending. These characteristic peaks are retained in the sulfur-polymer composites, indicating
that the polymers remain chemically stable after blending. Crucially, no new peaks were
detected in the composite spectra, indicating the absence of chemical reactions or new bond
formation between sulfur and the polymers. These observations affirm the physical blending
nature of the sulfur-polymer system and are consistent with previous findings in the literature
written by Jena and Alhassan [25].

—S+HDPE
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~——LLDPE
| l —S5+LLDPE
3
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o
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@
£
p -
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% 3

1600 1400 1200 1000 800 600 400
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Fig. 14 - FTIR spectra of sulfur, polymers (HDPE and LLDPE), and their composites
(S+HDPE, S+LLDPE)

The X-ray diffraction (XRD) patterns of sulfur composites modified with 5 wt.% and 20
wt.% of HDPE and LLDPE are presented in Fig.15. All samples exhibited prominent
diffraction peaks in the range of 20 = 15°-35°, characteristic of crystalline orthorhombic
sulfur (0-Ss). The retention of these peaks across all modified composites suggests that the
addition of both HDPE and LLDPE does not alter the fundamental crystalline structure of
sulfur. However, minor variations in peak intensity and sharpness were observed,
particularly at 20 = 23.1° and 28.6°, which may indicate differences in the degree of
crystallinity influenced by the type and content of polymer. The samples containing 20 wt.%
of HDPE and LLDPE demonstrated slightly broader and less intense peaks compared to their
5 wt.% counterparts, implying a modest reduction in crystallinity due to the higher polymer
loading. These findings suggest that the polymers were physically dispersed within the sulfur
matrix without initiating chemical reactions that would disrupt the crystalline phase. Overall,
the XRD results confirm the phase stability of sulfur in the presence of HDPE and LLDPE,
supporting the formation of structurally integrated but chemically inert sulfur—polymer
composites.
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Fig.15 - XRD patterns of sulfur—polymer composites with 5% and 20% HDPE/LLDPE

showing preserved o-Ss crystalline peaks.

3.4. Corrosion Assessment

The corrosion behavior of the modified sulfur concrete mixes was evaluated using an
impressed voltage technique over a 14-day period, and the recorded current values are
illustrated in Fig.16. The unmodified sulfur concrete (Control) exhibited the highest current
intensity throughout the testing period, indicating greater electrochemical activity and,
consequently, a higher corrosion rate of the embedded steel. This behavior can be attributed
to the relatively higher permeability and lack of polymer-induced barrier effects in the

control mix.
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Fig.16 - Current—time response of sulfur concrete with different HDPE and LLDPE
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In contrast, all polymer-modified mixes demonstrated significantly improved corrosion
resistance. Notably, the mixes incorporating 20% HDPE and 20% LLDPE exhibited the
lowest current values, indicative of a more stable passive layer on the rebar surface and
effective inhibition of ionic migration through the concrete matrix. This enhanced resistance
is attributed to the hydrophobic nature and crack-bridging capacity of the polymers, which
likely reduced the ingress of chloride ions and moisture. The 5% HDPE and 5% LLDPE
mixes also performed better than the control group, but with moderately higher current levels
compared to their 20% counterparts, suggesting a dose-dependent effectiveness of polymer
modification. This enhanced resistance is attributed to the hydrophobic and electrically
insulating nature of the polymer phase and to its ability, after softening during hot mixing,
to form ductile films and ligaments that blunt and partially bridge microcracks, thereby
reducing crack width and the connectivity of transport paths for chloride ions and moisture.

4. CONCLUSION

This study investigated the mechanical properties, microstructural characteristics, and
corrosion resistance of sulfur concrete modified with HDPE and LLDPE. A novel
temperature-controlled laboratory mixer was employed to achieve homogeneous mixing
conditions. The key findings provide practical insights for optimizing polymer-modified
sulfur concrete for sustainable construction applications:

i.  Optimal mechanical performance at 5 wt.% polymer dosage: Incorporation of 5 wt.%
HDPE and LLDPE notably enhanced mechanical properties, with maximum
compressive strength increasing by 22.5% (from 20.6 MPa to 25.24 MPa). Flexural and
tensile strengths also peaked at 5 wt.% polymer content, reaching 3.65 MPa and 1.75
MPa respectively. Higher polymer dosages (15-20 wt.%) caused performance
degradation due to polymer agglomeration and reduced matrix integrity.

ii. Enhanced compactness verified by non-destructive testing:

The highest ultrasonic pulse velocity (4400 m/s) and rebound hammer value (29.15) were
obtained with 5 wt.% LLDPE, correlating well with the highest estimated compressive
strength (26.14 MPa). These non-destructive test outcomes confirm improved internal
density and optimal compactness at lower polymer content.

iii. Microstructural analyses validated physical reinforcement mechanisms: SEM analysis
revealed denser and more homogenous microstructure in HDPE modified specimens,
whereas LLDPE-modified samples exhibited greater porosity. FTIR confirmed the
absence of new chemical bonds, while XRD showed the retention of o-Ss crystalline
structures across all samples, with slight reductions in crystallinity at higher polymer
loadings, affirming a purely physical blending mechanism.

iv. Dose-dependent improvement in corrosion resistance:

Accelerated corrosion testing demonstrated significant improvements in corrosion
resistance with increasing polymer content, where 20 wt.% HDPE and LLDPE showed
the lowest current intensities (~0.03 A), indicating effective reduction in chloride
permeability and improved barrier performance. Even at the lowest dosage (5 wt.%),
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polymer modification outperformed the control group, underscoring the protective
benefits of polymer integration.

v. The optimized sulfur—polymer concretes, with compressive strengths of about 20-25
MPa and rapid setting, are suitable for industrial floors, precast blocks, drainage
elements, and pavement overlays in aggressive environments.

vi. Sulfur is an inexpensive by-product and the optimum polymer content is low (=5 wt.%),
so the extra material cost is modest and can be offset by faster construction and the
elimination of water curing.

These findings underscore the necessity of optimized polymer dosage in sulfur concrete to
balance mechanical performance, structural integrity, and corrosion resistance, offering
guidance for practical, durable, and sustainable infrastructure solutions. Although the present
investigation was carried out at laboratory scale, the findings provide a technical basis for
future professional applications of polymer-modified sulfur concrete. Follow-up studies will
focus on (i) scaling up the temperature-controlled mixer for semi-industrial production, (ii)
pilot implementation in precast elements and pavement blocks under realistic service
conditions, (iii) extended durability assessments (e.g., freeze—thaw, thermal and moisture
cycling, abrasion, and long-term corrosion performance), and (iv) development of mix-
design and quality-control guidelines to facilitate safe and reliable adoption in engineering
practice.
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