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Abstract

:

This study comprehensively evaluates the field applicability of hydraulic modified sulfur (HMS) as a concrete additive. We assessed the microstructural characteristics, mechanical properties, and durability performance of HMS at various replacement ratios in a laboratory setting. In addition, a field study was conducted by removing an existing conventional concrete pavement measuring (6000 × 12,000 × 70 mm, W × L × T) and overlaying it with HMS concrete. The experimental results revealed that HMS enhanced the mechanical and durability performance when used as a cement replacement at rates below 9%. These results satisfied the quality control standards and performance criteria specified in the Korean standard specification for cement-concrete pavements. The comparative analysis revealed that HMS concrete outperformed conventional concrete mixtures by 62.6% in sulfuric acid penetration depth, 14.8% in compressive strength retention after sulfuric acid immersion, and 53.1% in chloride-ion penetration resistance. Furthermore, no anomalies were detected during the 3-month follow-up period.
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1. Introduction


Rapid urbanization and population growth have significantly increased global industrial waste production [1,2,3]. Efforts primarily focus on addressing potential environmental issues through waste recycling, with one of the most efficient methods being its use as construction materials [4]. Waste materials can be utilized as aggregates, fibers in concrete, or mineral admixtures to partially replace cement as a binder. Typical examples include fly ash, silica fume, and rice husk ash, which are pozzolanic materials that chemically react with calcium hydroxide at ordinary temperatures in the presence of moisture to produce hydrates and densify the structure through their fine particle geometry. This reaction enhances both the mechanical properties and durability of the cement matrix [4,5]. Chalee et al. (2013) [6] studied the effect of the substitution of rice husk-bark ash on the compressive strength, chloride diffusion coefficient, chloride binding capacity, and steel corrosion of concrete exposed to a marine environment for 5 years. The results showed that it resulted in faster strength development and up to a 35% improvement in durability compared to conventional concrete. Kim and Yi (2017) [7] demonstrated that utilizing industrial by-products as materials for high-strength and high-durability nuclear power plant concrete structures was effective in controlling cracks.



Sulfur, a by-product of sulfide mineral beneficiation, smelting, and crude oil refining, is increasingly produced due to the global rise in crude oil refining and the advancement of desulfurization technologies [8,9]. Utilizing it as a construction material not only allows for relatively low-cost and energy-efficient construction but also offers economic and environmental benefits due to the recyclability of sulfur and the reduction of cement usage [10]. Functionally, sulfur’s unique properties, such as rapid strength development, high ultimate strength, low permeability, and high resistance to acids, have led to recent research into its use in mortars, concrete, and asphalt paving materials [8]. Recent studies have explored the use of modified sulfur as a binder in construction materials by reacting sulfur with various modifiers [11,12] over the limitation of pure sulfur that remains underutilized because of its brittleness, low water resistance, and high coefficient of thermal expansion (CTE). Research has indicated that substituting sulfur for cement as a binder results in superior mechanical and durability performance compared with conventional cement-based materials [8,9,10,11,13]. Gwon et al. (2020) [14] proposed sulfur composites incorporating a calcium sulfoaluminate (CSA) expansive agent, a binary cement consisting of Portland cement, and a superabsorbent polymer (SAP). Their analysis of water permeability and rapid self-healing effects demonstrated that incorporating SAP significantly improved CSA’s water permeability. Notably, healing rates with SAP ranged from 3% to 62%, demonstrating SAP’s effectiveness in enhancing the rapid self-healing of sulfur composites. Dugarte et al. (2018) [15] employed the k-factorial design method based on compressive strength results to design a modified sulfur concrete mixture, followed by performance evaluation. They observed that the modified sulfur concrete achieved 73% of its strength within one day of casting and exhibited good chemical resistance. Rasheed et al. (2021) [13] investigated the corrosion behavior of rebar embedded in a modified sulfur polymer-based mortar and demonstrated that it could protect rebar against chloride-induced corrosion for up to 52 weeks. With laboratory validation of sulfur concrete, attempts have been made to apply it in wet environments and long-life applications, such as sewage pipes and marine artificial reefs [16,17].



However, the application of modified sulfur requires melting at high temperatures (>140 °C), which generally limits its field application [8]. This process not only generates hot gases and degrades concrete performance but also causes economic losses due to the need for additional facilities [18]. To address the problem, hydraulic modified sulfur (HMS) can be used as a mineral admixture in concrete [19]. The modified sulfur is produced via polymerization between sulfur and the modifier—dicyclopentadiene (DCPD). The mixture is then melted and dripped using a sprayer, followed by cooling and stabilization. The resulting solid-phase modified sulfur is ground and coated with inorganic raw materials to obtain powdered HMS [20]. Powdered HMS melts at room temperature, allowing it to be used as a binder in combination with hydraulic cement and directly incorporated as an admixture at temperatures below 40 °C. Na (2014) [19] compared the mechanical properties and durability of concrete incorporating liquid and powdered HMS. The results showed that improved strength was achieved with 5–10% liquid HMS and 10–15% powdered HMS, with a sharp decrease in strength observed above 20% incorporation. Moreover, both liquid HMS and powdered HMS enhanced the concrete’s durability, with the latter demonstrating slightly better effectiveness. Lee et al. (2014) [21] developed sulfur concrete that can be prepared at room temperature using modified sulfur-coated aggregates. They found that the best mechanical performance and durability were achieved when 5% by weight of modified sulfur aggregates was incorporated into the cement. Jung (2018) [22] evaluated the air content, slump, compressive strength, drying shrinkage, abrasion resistance, and bond strength of HMS-incorporated concrete in a laboratory environment. The study showed that all properties, except air content, met the specification quality standards. However, they suggested that durability evaluation and environmental factors should be considered for a comprehensive review of actual field applicability. Zheng et al. (2023) [18] compared and analyzed the workability, strength, permeability, drying shrinkage, and frost resistance of mortar incorporating sulfur powder and mortar, incorporating modified sulfur powder under laboratory conditions at room temperature; the incorporation of sulfur powder fills the pores in the cement matrix, thereby preventing crack formation and enhances the durability of cementitious materials. Although basic tests have been conducted on the properties and potential field applications of HMS-incorporated concrete, no studies have yet discussed actual field applications. In particular, the utilization of new additives should be systematically verified and applied in real-life cases through various experimental items [23,24], but research is still lacking in this area.



This study evaluates the fundamental properties and performance of concrete incorporating HMS at the laboratory level. In addition, we assess its field applicability by observing its performance as a concrete pavement material under real-world conditions in which durability is required. To achieve this, we conducted a comprehensive analysis of the microstructure, mechanical properties, and durability.




2. Materials and Methods


2.1. Hydraulic-Modified Sulfur Powder


2.1.1. Synthesis Mechanism


Figure 1 and Figure 2 illustrate the synthesis mechanism of HMS and the crystal structure and sulfur state as functions of temperature, respectively. As shown in Figure 2, the thermal characteristics of sulfur reveal changes in its crystal structure and state upon heat treatment. Sulfur is composed of many allotropes that exhibit different properties, with their concentration determining its melting point. The physical properties of solid sulfur are determined not only by these allotropes but also by its thermal history [8]. In reaction mechanism step 1, sulfur exists in a rhombic form at room temperature, transitions into a monoclinic structure above 96 °C, becomes mobile liquid sulfur at 119 °C, and finally transforms into liquid sulfur at 159 °C. At this temperature, the ring structure opens, generating free radicals in the linearized S8 structure. Reactants form spontaneously due to heat without the need for an initiator. Above 159 °C, sulfur undergoes a ring-opening reaction, leading to the formation of polysulfur via thermal reaction. When the temperature decreases, it reverts to the crown-shaped ring structure [19]. High temperatures trigger the generation of radicals via sulfur ring reactions, initiating typical radical polymerization. The polymerization process increases the molecular weight of sulfur via polymerization over a specific reaction duration, which subsequently increases the melt viscosity of sulfur. In this study, we employed a modifier to depolymerize HMS after monomer polymerization, resulting in a reduced molecular weight and a lower melting point, as shown in Figure 1. This depolymerization was confirmed by Raman spectroscopy, which revealed a transition from S8 to S4. In most radical polymerizations, an initiator is essential for generating the first radical and initiating a chain of addition reactions. The most common initiation reactions involve the thermal decomposition of initiator peroxides (-O-O-) or azo compounds (-N=N-) to generate the first radical, or the thermal decomposition of molecules containing weak bonds. When sulfur is heated, it produces polysulfur and sustains a radical reaction. Once initiated, the chain grows through repeated additions of monomeric molecules, simultaneously creating new radical sites. Due to the rapid proliferation of radicals, very long polymer chains can form in the early stages of the reaction.



In the second step of the reaction mechanism, the reactor viscosity increases as the S-polymer forms from sulfur radicals in a thermal reaction initiated by the application of heat to sulfur in step 1. In the reactor, radicals are generated from sulfur, and the propagation reaction proceeds through a mixture of S8, S4, and S-polymers. When compounds with double bonds (such as -ene and -diene) are introduced, an addition reaction occurs. When DCPD, which is a monomer with double bonds, is introduced into the reactor, which is in a melted state with viscosity, the propagation and branching reaction advance to the second step reaction. At high temperatures, cross-linking reactions result in solidification, whereas at low temperatures, DCPD and polysulfur do not undergo additive reactions. Instead, the unreacted polysulfur reverts to its original sulfur state. The phase transition of molten sulfur leads to the recrystallization of acicular sulfur and precipitation of unreacted sulfur. Notably, the precipitated sulfur remained unreacted even when the temperature was increased. The modified sulfur synthesized in the reactor undergoes phase separation and exists in two distinct phases.



In reaction mechanism step 3, the termination reaction occurs, where radicals interact with each other. In addition, depolymerization can also occur when radicals react with an amine compound used as a surfactant during the reaction.




2.1.2. Manufacturing Process


During the reaction between sulfur and DCPD, heat is generated, which raises the reactor temperature. Consequently, the melting temperature of HMS increases rapidly. If the reaction temperature rises above 140 °C, it becomes difficult to control the progress of the reaction. Therefore, the reaction temperature must be controlled to maintain the initial value. A small, constant amount of DCPD was continuously added to maintain the reactor temperature at 130 °C. Subsequently, sulfur was heated above 160 °C, leading to the formation of a polysulfur structure, and DCPD reacted with sulfur. Sudden drops in temperature can cause the crystal structure to convert to monosulfur. To prevent side reactions, it is crucial to control the reaction temperature and time to maintain the chain-ring phenomenon of sulfur. Furthermore, unreacted cyclopentadiene derivatives containing DCPD undergo a ring-opening reaction at low temperatures. During polymerization at 130 °C, the high reaction temperature led to the rapid generation of cyclopentadiene derivative radicals with high ion contents. Consequently, mutual pairing reactions occur with radical ions, yielding P-CPD compounds. The reaction rate of the P-CPD ions was rapidly exothermic, causing an uncontrollable temperature rise in the reactor. To ensure the successful synthesis of modified sulfur compounds, unreacted cyclopentadiene derivatives must be dried at 90 °C or higher, and the dried DCPD must be used. Unreacted pentadiene polymerizes with DCPD to form poly-DCPD, which interferes with polysulfur-DCPD polymerization. As the viscosity rapidly increases due to chain reaction with sulfur ions, the reactants become sticky or solidify due to crosslinking, resulting in the synthesis of insoluble compounds.



Table 1 briefly describes the HMS manufacturing process. For HMS production in this study, powdered sulfur was introduced into a 500 mL three-neck glass reactor immersed in a constant-temperature bath regulated by a proportional integral-derivative (PID) temperature control system. The reactor temperature was maintained at 130 °C after melting the sulfur. During this process, the monomer was gradually added over approximately 30 min, with continuous stirring using the reactor impeller to control the rapid heat generation. The temperature was maintained at 130 °C for 60 min. The color of the reaction product transitioned from a transparent orange to a dark red over 30 min. Subsequently, pyridine was gradually added while closely monitoring the reaction. As the reaction progressed, the color intensified, and the viscosity began to develop. The three-neck stopper was opened to expel the unreacted pyridine. Finally, the reaction was terminated and allowed to cool to room temperature to produce solid-phase HMS. To assess the success of the polymerization, visual inspection was performed to assess the uniformity of the reaction, while Raman spectroscopy was used to monitor the extent of the reaction.





2.2. Materials


The fineness and density of the ordinary Portland cement (OPC) used in this study were 3400 cm2/g and 3.15 g/cm3, respectively, while those of HMS were 6400 cm2/g and 1.9 g/cm3, respectively. This information was provided by the manufacturer. Table 2 lists the chemical compositions of the OPC and HMS. The fine aggregates included natural aggregates, crushed sand, and stone powder, with a maximum coarse aggregate size of 19 mm. The density and water absorption of natural fine aggregates measured according to KS F 2504 [25] were 2.55 g/cm3 and 1.41%, respectively, and those of coarse aggregates measured according to KS F 2503 [26] were 2.68 g/cm3 and 1.09%, respectively. The fineness modulus values of the fine aggregates and the coarse aggregates measured according to KS F 2502 [27] were 3.03 and 6.60, respectively. Table 3 lists the sieve analysis results of the fine and coarse aggregates.




2.3. Basic Laboratory Tests


2.3.1. Microstructure Analysis


A zeta potential meter flow zeta cell (ELSZ; Photal Otsuka Electronics Co., Ltd., Osaka, Japan) was used to measure the zeta potential, current, and conductivity. To clearly observe the effect of HMS substitution on zeta potential, specimens were prepared by substituting cement with 0%, 20%, 50%, 80%, and 100% HMS. For each specimen, we measured the zeta potential (mV), current (mA), and conductivity (mS/cm).



In addition, HMS was incorporated at 0%, 2%, and 4% of the cement to evaluate the hydration kinetics via isothermal calorimetry. HMS was also added at 5% and 25% to the cement paste, and the scanning electron microscopy (SEM) images (SEM HV: 20.00 kV, curr: 1.4 nA, det: ETD, SEM MAG: 5 kx) of these specimens were analyzed to investigate the effect of HMS incorporation on the material’s microstructure.




2.3.2. Mechanical Performance


Table 4 presents the mix design for analyzing the compressive and flexural strengths of the HMS-incorporated composites. The replacement ratios of HMS were 0%, 3%, 5%, 7%, 9%, and 12% by cement weight, considering that the effective replacement ratio for improving mechanical properties and durability was found to be around 10% in previous studies [19,22]. The water–cement ratio was set to 0.5 to ensure sufficient workability and minimize the effect of compaction on the specimens. Specimen IDs were labeled as ‘OPC’ for the mix without HMS and ‘HMS’ for the mix with HMS. The number following the ‘-’ denotes the percentage of HMS replacement by cement weight.



The specimens for compressive and flexural strength measurements were rectangular, measuring 40 × 40 × 160 mm. The specimens were steam-cured at a constant temperature and humidity chamber for 10 h. The temperature schedule was as follows: 1 h at 25 °C, 1 h at 45 °C, 6 h at 65 °C, 1 h at 45 °C, and 1 h at 25 °C. Subsequently, air curing was performed. Compressive and flexural strengths were determined according to KS F 4042 [28] at 1, 7, and 56 days. To ensure the reliability of the experimental results, three specimens were tested in each case, and the average value was used for analysis.




2.3.3. Durability Performance


Table 5 and Table 6 show the mixture proportions for assessing the chemical resistance and chloride-ion penetration resistance with HMS incorporation. The replacement ratios of HMS were 0%, 3%, 5%, 7%, 9%, and 12% by cement weight. The specimen IDs followed the same description as outlined in Section 2.3.2.



The specimens for the chemical resistance test were 50 × 50 × 50 mm cubes. For each case, 15 specimens were prepared using the same process described in Section 2.3.2. After 7 days, immersion in a 5% sulfuric acid solution began, and changes were monitored by weighing the specimens weekly for 9 weeks according to ASTM C267 [29]. Compressive strength was measured before immersion and after 2, 4, and 6 weeks of immersion according to KS F 2405 [30], using three specimens for each case. In addition, we measured penetration depth using 1% phenolphthalein as an indicator, according to KS F 2596 [31].



The specimens for the chloride-ion penetration resistance test were cylindrical, measuring Φ100 × 50 mm, and were prepared using the same process as described above. Chloride-ion penetration resistance was evaluated for specimens aged 78 days according to KS F 2711 [32], and chloride penetration depth was measured according to KS F 2737 [33].






3. Field Study


3.1. Overview of Field Study


Figure 3 and Table 7 present the site drawings and construction details of the HMS concrete pavement, respectively. On 11 July 2018, HMS concrete was installed on a runway in Chungju, Chungcheongbuk-do, Republic of Korea. The installation was performed on an old concrete pavement with a width of 6000 mm, an extension of 12,000 mm, and a placing thickness of 70 mm. According to the TxDOT research report and the Korean standard specifications for concrete pavements, the maximum size of coarse aggregates should not exceed one-third of the pavement thickness [34,35]. Considering the Korea Expressway Corporation’s research report titled “Study on design and long-term performance evaluation of bonded concrete overlay”, which recommends an overlay thickness of approximately 75 mm based on sensitivity analysis, fatigue behavior analysis, and serviceability evaluation [36], a safety factor of 20% was applied to an overlay pavement thickness of 57 mm. This adjustment, which accounted for a maximum coarse aggregate size of 19 mm, resulted in an approximate thickness of 70 mm. Figure 4 shows a preliminary field study conducted on the Gwangju–Daegu expressway in 2017. During this study, surface cracks were investigated, and core samples were collected to analyze several key factors, including bond strength, abrasion resistance, crack resistance, and crack depth. The results confirmed that a cutting thickness of 70 mm was economical and reasonable, effectively preventing premature damage and ensuring secure bond strength.




3.2. Pavement Application


Table 8 lists the field mixture of the HMS concrete pavement. Figure 5 illustrates the procedure for placing the HMS concrete pavement on the runway. In the area shown in Figure 3, the existing conventional concrete pavement was cut to a thickness of 70 mm, debris were removed, surface treatment was performed, and HMS concrete was poured.




3.3. Field Testing


Figure 6 shows a flowchart of the field experiment and evaluation procedure for the construction site. The flowchart includes the basic physical properties, environmental impacts, and post-evaluation.





4. Results and Discussion


4.1. Basic Laboratory Tests


4.1.1. Microstructure Analysis


Figure 7 shows the results of the zeta potential test. By measuring the zeta potential of the ionic particles in water, we determined the size of the ions generated during the cement hydration reaction and the hydrophilic concentration at the HMS interface. Both the cement and HMS exhibited a negative charge. After replacing the HMS and passing it through the flow cell, the cement became negatively charged due to the hydration reaction. Initially, the negative charge increased rapidly, but once a gel formed on the cement surface, it stabilized at a consistent level. Meanwhile, the HMS particles moved and collided with the cement particles, causing friction and gradually generating positive charges. These positive charges reacted with the negative charges in the gel within the cement grains, leading to stabilization and an agglomeration effect. As shown in Figure 7a, the addition of the HMS increased the zeta potential by more than +7 mV, indicating a shift toward a more positive charge with the replacement of the HMS. Figure 7b shows the current measured as a function of the amount of HMS added. The cement exhibited a negative charge of −1.14 mA. Despite the typical positive charge associated with the HMS additive, which was bound to an organic polymer, in the case of HMS, some pyridine and S reacted, and S-N– exhibited an anion. Consequently, the HMS polymer exhibited a negative charge of −0.39 mA despite exhibiting a positive current. Figure 7c shows the measured conductivity as a function of the amount of HMS added. Negative charges occurred on the cement particles, and as hydration progressed, the static charge decreased, leading to the agglomeration of hydrates. The polysulfur-DCPD polymer contributed to lowering the zeta potential, resulting in electrostatic repulsion of HMS, while the side chain S-N– acted as a dispersant, effectively dispersing the cement particles. Consequently, ions diffused, and the migration speed decreased with increasing HMS content. Figure 7d shows the zeta potential measurements of the upper and lower plates of the flow cell based on the amount of HMS added. In the upper mobile phase, the HMS polymer adsorbed onto the cement, effectively separating the cement particles through electrostatic repulsion, resulting in distinct particles with zeta potential surface charges. The adsorption zeta potential of the mixture decreased, eventually resulting in the same negative charge on the cement particles. Notably, the positive charge values were high when the amount of HMS polymer added was low and decreased linearly as the amount of HMS polymer increased.



Figure 8 shows the normalized heat flow and heat liberation. In the case of cement paste, an extremely early exothermic peak emerged due to the activity of C3A. Subsequently, S1 (the induction period), exhibited minimal changes in the heat flow. During S2 (the acceleration period), C3S dissolved, leading to the formation and precipitation of major hydrates via the hydration of silicates, which increased the generation of heat liberation. In S3 (the deceleration period), C3A—whose reaction was initially suppressed by the formation of ettringite—rehydrated, resulting in another peak [37,38]. The heat liberation of the cement paste was initially 42.2 cal/g after 24 h. When 2% HMS was substituted, the heat liberation decreased by 1.4%, with a 1.5% change observed after 72 h. A 4% HMS replacement resulted in a 5.4% reduction in heat liberation after 72 h. After 168 h, 2% HMS replacement exhibited a 1.4% decrease in heat liberation, while a 4% replacement resulted in a 10.8% reduction in heat liberation. This suggests that for low ratios of HMS replacement, the decrease in heat of hydration is compensated to some extent by the dilution effect [39,40]. However, above a certain replacement ratio, the heat of hydration was significantly reduced due to the adsorption of HMS on the C3S surface, which prevented further hydration and/or hinders the growth of the gel into crystals, consistent with the findings described in Zheng et al. (2023) [18].



Figure 9 shows the SEM morphology of the cement paste with added HMS. The cement paste reacted with water to form a gel that solidifies over time. The crystal structure of CaCO3 was affected by the ionic substances dissolved in the aqueous solution during solidification, causing variations in crystal growth depending on these ionic components [41]. As shown in the XRD results in Figures S1 and S2 of the Supplementary Materials, the two anhydrous polymorphs of CaCO3, calcite and aragonite, were mixed. The calcite major peak of the cement paste with a 25% HMS replacement ratio was somewhat reduced compared to that with a 5% HMS replacement ratio, which is believed to be due to the ionic reaction of HMS. As the anion content increased, a higher concentration of anions surrounded the cement particles, necessitating cationic materials for flocculation. The cationic content caused portlandite (Ca(OH2)) to develop into a rod-shaped structure, which reacted with atmospheric CO2 to be converted into CaCO3. This hexagonal rhombohedral calcite filled the voids in cement paste, thereby enhancing its strength [42]. At a 25% HMS replacement ratio, the rod-shaped structure aggregated into large rhombohedral shapes, and the crystal structure of CaCO3 grew. It is posited that the ionic particles of HMS promoted the growth and formation of CaCO3 within the gelled cement during hydration. This process enhanced the compressive and flexural strengths and increases the modulus of elasticity by functioning as a nano-fiber composite. CaCO3 functioned as a nanocomposite material, suppressing micro-cracks in concrete and compensating for issues by reacting with CO2, O2, and H2O in the air, thus reducing the rate of weathering and mitigating the depth of carbonation. The growth of the CaCO3 crystal structures is expected to enhance the mechanical properties of the resulting material. This enhancement occurs through several mechanisms: the reduction of the cement’s void ratio, mitigation of micro-cracks, and decreased coefficient of volume expansion in mass cement. In addition, it also improves toughness and reduces the stress concentration by acting as crystalline CaCO3 reinforcing fibers, depending on the particle size, thereby enhancing the overall mechanical characteristics of the material.




4.1.2. Mechanical Performance


Figure 10 shows the compressive strength at different ages based on the amount of HMS added. For 1-day compressive strength, the addition of 3%, 5%, 7%, 9%, and 12% HMS resulted in 88.7%, 99.4%, 80.9%, 90.5%, and 26.1%, respectively, compared to the OPC. The corresponding values at 7 days were 107.9%, 98.2%, 106.4%, 101.0%, and 41.7%, respectively. For 56-day compressive strength, the values were 107.0%, 98.1%, 116.3%, 91.7%, and 49.6%, respectively. These results indicate that the compressive strength of the HMS-incorporated specimens initially lagged behind that of the OPC. However, the contribution of HMS to the compressive strength enhancement increased over time. Notably, the increase in compressive strength was not proportional to the amount of HMS added. This discrepancy can be attributed to the excessive addition of HMS, which reduced the cement content and consequently impeded strength development, thus offsetting the strength enhancement effect provided by HMS. In particular, the compressive strength significantly decreased upon addition of 12% HMS. This reduction in strength due to excessive HMS concrete was likely caused by the creation of weak points within the cement matrix by HMS, a trend similar to the findings of [18].



Figure 11 shows the flexural strength at different ages as a function of the HMS addition. For the 1-day flexural strength, the flexural strengths with 3%, 5%, 7%, 9%, and 12% HMS addition were 87.2%, 185.7%, 127.8%, 72.9%, and 66.9%, respectively, compared to the reference OPC. For the 7-day flexural strength, the values were 185.7%, 172.0%, 42.0%, 122.4%, and 65.7%, respectively. For the 56-day flexural strength, the values were 133.3%, 100.0%, 134.8%, 80.9%, and 59.6%, respectively. These results indicate that the effect of HMS addition is more pronounced on the flexural strength than on the compressive strength. As demonstrated in [21], moderate levels of HMS effectively improve flexural strength; however, excessive levels reduce it. Similar to the compressive strength results, the flexural strength significantly decreased upon the addition of 12% HMS. Therefore, considering the results of both the compressive and flexural strength tests, the addition of 3–7% HMS was considered to be the optimal range for enhancing the mechanical performance.




4.1.3. Durability Performance


Figure 12 shows the percentage weight change over time in a sulfuric acid solution. A positive weight change indicates an increase in weight, while a negative weight change indicates a decrease in weight. Mass gain primarily results from cement hydration and swelling caused by water absorption [43]. As the amount of added modified sulfur increased, the weight gain period during immersion increased. In contrast to OPC, which began to lose mass after 7 days of immersion, HMS-12 maintained its pre-immersion mass level for up to 49 days. All specimens exhibited mass loss over time. After 63 days of immersion, the mass losses were 68.3%, 72.3%, 83.9%, 92.2%, 93.3%, and 97.1% for specimens containing 0%, 3%, 5%, 7%, 9%, and 12% HMS, respectively. The mass loss decreased as the HMS content increased. This trend indicates that incorporating HMS contributes to improved chemical resistance.



Figure 13 and Figure 14 show the sulfuric acid penetration depth and compressive strength as functions of immersion duration, respectively. As shown in Figure 13, the sulfuric acid penetration depth significantly decreased with the addition of HMS, although the effect was not proportional. At 14 days post-immersion, specimens with 3%, 5%, 7%, 9%, and 12% HMS exhibited penetration depths of 69%, 82%, 67%, 42%, and 70%, respectively, compared to the OPC. At 28 days post-immersion, the results were 74%, 118%, 75%, 90%, and 80%, while at 42 days post-immersion, the results were 80%, 127%, 72%, 95%, and 78%. The HMS effect became visible as early as day 14, although no specific trend was observed over longer periods. As shown in Figure 14, all specimens exhibited reduced compressive strength after immersion. The OPC exhibited the greatest loss at 2 weeks post-immersion, reaching 32.9% of the pre-immersion strength. In contrast, HMS-9 exhibited the least loss in compressive strength, retaining 63.6% of its original strength. At 4 weeks post-immersion, the compressive strength of OPC exhibited the greatest loss at 20.7%, while HMS-12 exhibited the least loss at 69.6%. Similarly, at 6 weeks post-immersion, the compressive strength of the OPC exhibited the greatest loss, declining by 16.0% compared to its pre-immersion value, while the HMS-12 exhibited the least loss at 48.4%. The decrease in compressive strength caused by immersion tended to decrease as the amount of HMS added increased. Considering these findings alongside the results of previous weight changes due to immersion, we conclude that the addition of HMS enhances chemical resistance.



Figure 15 and Figure 16 illustrate the passing charge and chloride-ion penetration depth, respectively, based on the electrical conduction tests conducted on the 78-day-old specimens for each case. As shown in Figure 15, the passing charges of specimens containing 3%, 5%, 7%, 9%, and 12% HMS compared with that of OPC were 70.1%, 91.2%, 127.5%, 163.6%, and 265.5%, respectively. The chloride penetration rate decreased with the addition of up to 5% HMS. However, when the HMS content exceeded 7%, the specimens exhibited increased susceptibility to chloride penetration. As shown in Figure 16, the depths of chloride-ion penetration for the specimens with 3%, 5%, 7%, 9%, and 12% HMS were 62.7%, 113.0%, 108.4%, 149.5%, and 197.8%, respectively, compared to the OPC. Notably, 3% HMS effectively prevented chloride penetration. However, no significant difference was observed between 5% and 7% HMS when compared to the OPC. Beyond 9%, penetration became more pronounced. Based on these experimental results, it was concluded that an HMS content of 3% to 5% is appropriate in terms of chloride penetration.





4.2. Field Testing


Table 9 presents the experimental results obtained from the field tests of the HMS concrete mixture. For field applicability, the air content was 4.0%, and the slump was 145 mm, in accordance with the standard for normal concrete specified in Korean construction guidelines [44]. To evaluate compressive strength, we fabricated a total of Φ100 × 200 mm cylindrical specimens on site. The specimens were then loaded at a constant rate of 0.6 ± 0.4 MPa per second. The compressive strengths of the 7-day-, 28-day-, and 98-day-aged specimens were 30.6, 42.0, and 63.7 MPa, respectively, all meeting the compressive strength requirement of 21 MPa [35] for traffic-opening. In addition, three 100 × 100 × 400 mm rectangular specimens were fabricated on site to evaluate the flexural strength and then loaded at a constant rate of 0.06 ± 0.04 MPa per second. The 28-day flexural strength of 6.0 MPa satisfied the 3.15 MPa traffic-opening criterion [35]. In addition, to evaluate the bond strength, a core with dimensions Φ75 × 80 mm (70 mm of HMS concrete and 10 mm of old conventional concrete for the bottom plate) was drilled, and the failure load was measured under a constant loading stress of 0.035 MPa per second to calculate the bond strength. A total of five tests were performed, and the measured bond strengths were 1.6, 1.6, 1.4, 1.5, and 1.5 MPa, respectively. The average bond strength was 1.5 MPa, which satisfied the traffic-opening criterion of 1.4 MPa [35]. Therefore, the mechanical performance of the HMS concrete was determined to align with the quality criteria for selecting cementitious materials for partial depth repair of road pavements.



Figure 17 shows SEM images of cores obtained from the site. After 42 days of pouring, the cores were pretreated by breaking them into fine 10 mm fragments and selecting flattened pieces. We employed SEM (SNE-3200M, SEC, Suwon, Republic of Korea) to analyze and compare the microstructures of the HMS and existing pavement sections. Among the cement hydrates, C-S-H gel was present as honeycomb-like fiber masses, while portlandite existed as plate-like crystals approximately 40 μm in size [45,46]. C-S-H and portlandite account for about 75–85% of the volume of all solid phases [45]. In addition, ettringite and monosulfate were present, with crystals as small as a few micrometers, exhibiting needle-like and prismatic structures, respectively [46,47]. As shown in Figure 17a, the microstructure of the HMS concrete fragments closely resembled that of the old conventional concrete fragments shown in Figure 17b, which exhibited a monosulfate structure (prismatic) with few voids. However, the HMS concrete fragments exhibited fine surface bumps, indicating modified ettringite. This structure is believed to increase interparticle bonding, resulting in a denser solidified structure. For further insights into the chemical structure and formation process, future investigations using X-ray diffraction (XRD), X-ray fluorescence (XRF) and energy-dispersive X-ray spectrometer (EDS) analyses are necessary.





 





Table 9. Properties obtained from field experiments on on-site mixed concrete.
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	Age (d)
	Test Standards
	Acceptable Quality [35,44]
	Results





	Air content (%)
	-
	KS F 2421 [48]
	3.5–6.5
	4.0



	Slump (mm)
	-
	KS F 2402 [49]
	50–150
	145



	Compressive strength (MPa)
	7
	KS F 2405 [30]
	≥21
	30.6 ± 4.3



	Compressive strength (MPa)
	28
	KS F 2405 [30]
	≥21
	42.0 ± 1.9



	Compressive strength (MPa)
	98
	KS F 2405 [30]
	≥21
	63.7 ± 2.5



	Flexural strength (MPa)
	28
	KS F 2408 [50]
	≥3.15
	6.0 ± 0.3



	Bond strength (MPa)
	28
	KS F 2762 [51]
	≥1.4
	1.5 ± 0.1








Table 10 lists the test items and results obtained under laboratory conditions for the field HMS concrete mixture. In contrast to the field conditions results shown in Table 9, the 28-day compressive strength under laboratory conditions was 35.5% higher than the 28-day compressive strength of the field specimen due to the stable curing conditions of air curing at 20 ± 1 °C. Notably, the compressive strength reached 45.0 MPa at 3 days, satisfying the traffic-opening criteria of 21 MPa [35]. Similar to the compressive strength, the bond strength under laboratory conditions was also superior to that of the field specimens due to the improved environmental conditions. In particular, the penetration depth after sulfuric acid immersion, changes in the compressive strength after sulfuric acid immersion, and chloride-ion penetration resistance were measured for the OPC concrete to verify its performance through a relative comparison. After 4 weeks of immersion in a 5% sulfuric acid solution, the penetration depths of the OPC concrete were 3.12, 3.35, and 3.15 mm with an average of 3.21 mm, while the penetration depths of the HMS concrete were 1.21, 1.05, and 1.34 mm with an average of 1.20 mm, which was 62.6% less than that of the OPC concrete. For the change in compressive strength after 4 weeks of immersion, the 28-day compressive strength of the OPC concrete decreased by an average of 28.4%, while that of the HMS concrete decreased by only 13.6%. In terms of chloride-ion penetration resistance, the average values of the OPC concrete were 3161 and 2201 coulombs at 7 and 56 days of age, respectively. In contrast, the HMS concrete had average values of 1621 and 937 coulombs at 7 and 56 days of age, respectively, representing decreases of 48.7% and 57.4% compared to the OPC concrete. Notably, the chloride-ion penetration resistance evaluation indices classify as ‘High’ when it was above 4000 coulombs, ‘Moderate’ when it was 2000–4000, ‘Low’ when it was 1000–2000, and ‘Very low’ when it was 100–1000 [52]. The addition of HMS significantly improved chloride-ion penetration resistance.



Figure 18 shows the site monitoring results three months after construction. The site was visually inspected, and cores were taken to check the internal condition of the pavement. No surface efflorescence or delamination of the HMS concrete was observed, and only some micro-cracks were found near the existing concrete cuts and re-pavement areas. In addition, no signs of water leakage were observed in the cracks, nor any delamination or cracking of the re-pavement inside the core. As shown in Table 9 and Table 10, the compressive strength, flexural strength, and bond strength of the on-site mixed HMS concrete exceeded the quality standards required for concrete pavements, indicating that the HMS concrete was able to cope with the loads imposed during service. Furthermore, it is believed that the concrete adequately withstood the effects of environmental changes, including outdoor air and rain.




4.3. Further Field Application Test


Figure 19 shows additional testbeds constructed with HMS concrete pavements. Further field application testing and long-term tracking of the mechanical and durability performances will be conducted to further validate the reliability and performance of HMS concrete pavements for field applications.





5. Conclusions


This study explores the effects of partially replacing cement with HMS on the microstructure, mechanical performance, and durability of cementitious materials. Our objective was to explore HMS as an additive in concrete materials. For field construction, we specifically selected a concrete pavement with the highest potential for the use of HMS concrete. The material properties, environmental impact, and post-application performance were assessed to evaluate its field applicability. The results of this study can be summarized as follows:




	
Cement replacement with HMS altered the zeta potential and significantly reduced the heat liberation during hydration. In addition, SEM analysis confirmed that incorporating HMS positively affected material performance by promoting the agglomeration of rods into large rhombohedral shapes and enhancing the growth of the calcite crystal structure.



	
The incorporation of HMS increased the compressive and flexural strengths. However, the mechanical performance decreased rapidly at a replacement ratio of 12%. In terms of durability, HMS was positively correlated with chemical resistance, but the chloride penetration test revealed increased vulnerability as the replacement ratio exceeded 9%. Our results indicate that maintaining an HMS cement replacement ratio of up to 9% ensures stable performance.



	
A field study was conducted at a runway site in Chungju, Chungcheongbuk-do, Republic of Korea. The existing concrete pavement (6000 × 12,000 × 70 mm W × L × T) was removed, and HMS concrete was used for repaving. Under field conditions, the air content, slump, compressive strength, flexural strength, and bond strength met the quality criteria specified in Korean construction standards. After 3 months of monitoring, no significant abnormalities were observed.



	
After evaluating the mechanical and durability properties of the field HMS concrete mixture, it was determined that all the quality criteria and evaluation indicators met acceptable standards. The comparative analysis between OPC and HMS concrete regarding sulfuric acid immersion penetration depth, compressive strength changes after sulfuric acid immersion, and chloride-ion penetration resistance revealed that HMS concrete outperformed OPC.








Despite its limitations, which include the absence of chemical quantitative analysis of the microstructure using XRD, XRF, and EDS and field verification cases, this study contributes to the industrial application of HMS by comprehensively reviewing the basic properties analysis, implementing the findings in an actual field, evaluating the field applicability according to current construction standards, and monitoring the results over three months. The enhanced mechanical and durability properties of HMS identified in this study suggest that HMS could be increasingly applied to sites requiring high functionality, such as nuclear power plant structures or coastal/marine structures. In addition, the construction of additional testbeds will allow us to address the gaps identified in this study in a series of future studies. In particular, microstructural analysis of the performance improvement mechanisms and lifecycle analysis of long-term performance will provide industrial benefits and increase confidence in the utilization of HMS.
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Figure 1. HMS powder synthesis mechanism. 
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Figure 2. Sulfur’s crystal structure and crystalline state dependent on temperature. 
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Figure 3. Execution scheme drawing of the field study (unit: mm). 
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Figure 4. Preliminary field study (2017) on the Gwangju–Daegu expressway, Republic of Korea. (a) Coring operation at the site, (b) core sample, (c) crack depth, and (d) surface crack of the core sample. 
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Figure 5. (a) Removal of old concrete pavement, (b) cleaning, (c) surface treatment, (d) casting of HMS concrete pavement, (e) finishing, and (f) curing. 
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Figure 6. Flowchart of the HMS concrete pavement application field study. 
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Figure 7. Test results of the zeta potential analysis. (a) Zeta potential, (b) current, (c) conductivity, and (d) zeta potential at the upper surface and lower surface of the flow cell. 
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Figure 8. Test results of isothermal calorimetry. (a) Normalized heat flow and (b) heat liberation. 
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Figure 9. SEM morphology of the cement paste replaced by (a) 5% HMS and (b) 25% HMS. 
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Figure 10. Test results of compressive strength at various replacement ratio of HMS. 
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Figure 11. Test results of the flexural strength at various replacement ratio of HMS. 
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Figure 12. Mass change of each specimen after immersion. 
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Figure 13. Penetration depth of each specimen after immersion. 
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Figure 14. Deterioration of compressive strength for each specimen after immersion. 
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Figure 15. Charge passed of each specimen. 
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Figure 16. Chloride-ion penetration depth of each specimen. 






Figure 16. Chloride-ion penetration depth of each specimen.



[image: Buildings 14 02231 g016]







[image: Buildings 14 02231 g017] 





Figure 17. SEM morphology of the core samples of (a) HMS concrete and (b) old concrete. 
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Figure 18. Results of 3 months of field monitoring. (a) Visual inspection, (b) sample cores, (c) core drilling, and (d) pavement inside testing. 
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Figure 19. Further field study on the application of HMS concrete pavement. (a) Tancheon bridge, Republic of Korea. (b) Mandeok IC, Republic of Korea. 
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Table 1. HMS manufacturing process.






Table 1. HMS manufacturing process.





	Step
	Action





	1
	Introduce powdered sulfur into a 500-mL temperature-controlled reactor.



	2
	Melt the sulfur and maintain the temperature at 130 °C.



	3
	Gradually add the DCPD monomer over approximately 30 min while stirring with an impeller.



	4
	Maintain the temperature at 130 °C and allow the reaction to proceed for 60 min.



	5
	When the mixture turns dark red, slowly add pyridine.



	6
	As the color deepens and the mixture becomes viscous, evaporate any unreacted pyridine.



	7
	Cool to room temperature.










 





Table 2. Chemical compositions of OPC and HMS used in experiment (mass%).
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	Components
	OPC
	HMS





	CaO
	62.79
	0.094



	SiO2
	21.74
	3.11



	Al2O3
	5.00
	0.74



	Fe2O3
	3.17
	0.075



	MgO
	2.97
	0.091



	SO3
	1.67
	25.66



	K2O
	1.36
	0.032



	Na2O
	0.11
	0.041



	SrO
	-
	0.035



	P2O5
	-
	0.023



	TiO2
	-
	0.013



	LOI *
	1.19
	70.08







* Loss on ignition.













 





Table 3. Sieve analysis results of aggregates.
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Coarse Aggregates

	
Fine Aggregates




	
Sieve Size (mm)

	
Passing Percentage (%)

	
Max (%)

	
Min (%)

	
Sieve Size (mm)

	
Passing Percentage (%)

	
Max (%)

	
Min (%)






	
25

	
100

	
100

	
100

	
10

	
100

	
100

	
100




	
20

	
99

	
100

	
90

	
5

	
99

	
100

	
95




	
10

	
40

	
55

	
20

	
2.5

	
91

	
100

	
80




	
5

	
-

	
10

	
-

	
1.2

	
58

	
85

	
50




	
2.5

	
-

	
5

	
-

	
0.6

	
31

	
60

	
25




	
PAN

	
-

	
-

	
-

	
0.5

	
13

	
30

	
10




	

	

	

	

	
0.15

	
4

	
10

	
2




	

	

	

	

	
PAN

	
-

	
-

	
-











 





Table 4. Mix proportions of specimens in the mechanical performance experiments.






Table 4. Mix proportions of specimens in the mechanical performance experiments.





	Specimen

ID
	Water

(kg/m3)
	Cement

(kg/m3)
	Limestone

(kg/m3)
	HMS

(kg/m3)
	Sand

(kg/m3)
	Crushed Sand

(kg/m3)
	Stone Dust

(kg/m3)
	Chemical Admixture

(kg/m3)





	OPC
	569
	1138
	284
	-
	1051
	3111
	3177
	8.5



	HMS-3
	569
	1137
	242
	43
	1051
	3111
	3177
	8.5



	HMS-5
	569
	1137
	213
	71
	1051
	3111
	3177
	8.5



	HMS-7
	569
	1137
	185
	99
	1051
	3111
	3177
	8.5



	HMS-9
	569
	1137
	156
	128
	1051
	3111
	3177
	8.5



	HMS-12
	569
	1137
	114
	171
	1051
	3111
	3177
	8.5










 





Table 5. Mix proportions of specimens in the experiments for chemical resistance.






Table 5. Mix proportions of specimens in the experiments for chemical resistance.





	Specimen

ID
	Water

(kg/m3)
	Cement

(kg/m3)
	Limestone

(kg/m3)
	HMS

(kg/m3)
	Sand

(kg/m3)
	Crushed Sand

(kg/m3)
	Stone Dust

(kg/m3)
	Chemical Admixture

(kg/m3)





	OPC
	347
	694
	174
	-
	641
	1899
	1939
	5.21



	HMS-3
	347
	694
	148
	26
	641
	1899
	1939
	5.21



	HMS-5
	347
	694
	130
	43
	641
	1899
	1939
	5.21



	HMS-7
	347
	694
	113
	61
	641
	1899
	1939
	5.21



	HMS-9
	347
	694
	95
	78
	641
	1899
	1939
	5.21



	HMS-12
	347
	694
	69
	104
	641
	1899
	1939
	5.21










 





Table 6. Mix proportions of specimens for chloride-ion penetration resistance experiments.






Table 6. Mix proportions of specimens for chloride-ion penetration resistance experiments.





	Specimen

ID
	Water

(kg/m3)
	Cement

(kg/m3)
	Limestone

(kg/m3)
	HMS

(kg/m3)
	Sand

(kg/m3)
	Crushed Sand

(kg/m3)
	Stone Dust

(kg/m3)
	Chemical Admixture

(kg/m3)





	OPC
	436
	873
	218
	-
	806
	2387
	2437
	6.55



	HMS-3
	436
	872
	185
	33
	806
	2387
	2437
	6.55



	HMS-5
	436
	872
	164
	55
	806
	2387
	2437
	6.55



	HMS-7
	436
	872
	142
	76
	806
	2387
	2437
	6.55



	HMS-9
	436
	872
	120
	98
	806
	2387
	2437
	6.55



	HMS-12
	436
	872
	87
	131
	806
	2387
	2437
	6.55










 





Table 7. Details of dimensions and quantity for the field study.






Table 7. Details of dimensions and quantity for the field study.





	Case
	Width (m)
	Length (m)
	Area (m2)
	Thickness (mm)
	Volume (m3)





	Test
	6.0
	12.0
	72.0
	70
	5.04










 





Table 8. Mix proportions of HMS concrete pavement for field application.






Table 8. Mix proportions of HMS concrete pavement for field application.





	Water (kg/m3)
	Cement (kg/m3)
	HMS (kg/m3)
	Sand (kg/m3)
	Gravel (kg/m3)
	SP 1 (% 2)
	AE 3 (% 4)





	152
	368
	32
	911
	849
	1.4
	1.0







1 Superplasticizer. 2 By weight of the binder. 3 Air entraining agent. 4 By weight of the superplasticizer.













 





Table 10. Properties obtained from laboratory experiments on on-site mixed concrete.






Table 10. Properties obtained from laboratory experiments on on-site mixed concrete.












	
	Age (d)
	Test Standards
	Acceptable Quality [35,44]
	Results





	Compressive strength (MPa)
	3
	KS F 2405 [30]
	≥21
	45.0 ± 0.4



	Compressive strength (MPa)
	28
	KS F 2405 [30]
	≥21
	56.9 ± 2.9



	Flexural strength (MPa)
	28
	KS F 2408 [50]
	≥3.15
	5.7 ± 0.2



	Bond strength (MPa])
	3
	KS F 2762 [51]
	≥1.4
	1.8 ± 0.1



	Static modulus of elasticity (MPa)
	28
	KS F 2438 [53]
	11,300–78,000
	58,376 ± 1.933



	Length change (%)
	14
	KS F 2424 [54]
	≤0.15
	0.0309 ± 0.0028



	Water absorption coefficient (kg/cm2)
	28
	KS F 2609 [55]
	≤0.18
	0.001161 ± 0.000120



	Chemical resistance (%)
	28
	ASTM C 267 [29]
	≥75
	84.1 ± 4.4



	Abrasion resistance (mm)
	28
	ASTM C 779—method B [56]
	≤2
	0.31 ± 0.07



	Resistance to freezing and thawing (%)
	28
	KS F 2456 [57]
	≥80
	98.1 ± 0.3



	Resistance to chloride-ion penetration (C)
	56
	KS F 2711 [32]
	≤1000
	937 ± 8



	Chloride content (kg/m3)
	28
	KS F 2715 [58]
	≤0.3
	0.020 ± 0.009



	Coefficient of thermal expansion (×10−6/°C)
	28
	AASHTO T 336 [59]
	4–20
	10.86



	Scaling resistance (m56/m28)
	56
	SS 13 72 44 [60]
	<2
	1.93 ± 0.06



	Crack resistance (–)
	56
	AASHTO PP 34 99 [61]
	No cracks occurred
	No cracks occurred
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