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A study was conducted to investigate the effect of steel slag powder on the compressive strength of concrete cubes at high temperatures using 150 specimens with dimensions of 100 mm × 100 mm × 100 mm. The specimens were fabricated by incorporating steel slag powder (SS) and zeolite powder (ZP), along with varying temperatures. A cubic compression test was performed, and the effect of different factors on the maximum stress was evaluated based on the test results. The results show that adding the correct proportion of steel slag powder under ZP00 conditions significantly improves the compressive strength of concrete, with an optimal replacement rate of 10% (SS10). The compressive strength of SS10-ZP20 exhibits the most significant increase under various operational conditions, with a 30.1% enhancement compared to SS00-ZP00. Moreover, an optimal quantity of zeolite powder can effectively improve the reactivity of steel slag powder. The compressive strength of concrete decreases to different extents under various operational conditions with rising temperatures. Concrete with steel slag powder has greater strength and a denser microstructure than that with SS00-ZP00. A fitting relationship was determined based on experimental data among steel slag replacement rate, mass loss rate, and concrete compressive strength.
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1 INTRODUCTION
The rapid economic and societal development leads to the continuous expansion of various high-rise residential buildings, bridges, and underground spaces. The complexity of building structures contributes to frequent fire incidents, significantly hindering the swift progress of the social economy (Ma et al., 2015). Considering concrete’s extensive usage as a composite material in contemporary buildings, its exposure to high-temperature environments in practical scenarios is unavoidable, negatively impacting the stability of concrete structures. Since modern buildings are composite structures tightly integrating concrete and steel bars, their capability to withstand high temperatures significantly impacts the efficiency and safety of fire rescue operations during fire incidents. Consequently, academic research on the mechanical properties of concrete post-high temperatures has progressively emerged as a prominent area requiring profound investigation. Currently, both domestic and international scholars have achieved notable advancements in investigating the impact of high-temperature environments on concrete’s mechanical properties. Commonly observed is a substantial decline in concrete strength following simulated fire, showcasing diverse deterioration patterns among different concrete types exposed to high temperatures (Xie et al., 2021; Xiao et al., 2009; Khoury, 2000; Serrano et al., 2016; Bao et al., 2023; Luhar et al., 2021).
Steel slag concrete is prepared by mixing steel slag powder and cement. The compressive strength, flexural strength and elastic modulus of steel slag concrete after high temperature are improved to a certain extent compared with those at room temperature. The research shows that steel slag and waste glass aggregate can significantly improve the fire resistance of concrete (Yu et al., 2016). Chen et al. (2015) conducted an in-depth examination of the mechanical characteristics of steel slag incorporated in concrete under high-temperature circumstances. They highlighted that at 800°C, the impact of steel slag on concrete performance equals that of slag. Netinger et al. (2011), Amin et al. (2022) extended their investigation into the impact of using steel slag as a substitute aggregate on concrete performance within the high-temperature span from 200°C to 800°C. The results indicate a decline in the residual compressive strength of steel slag concrete as temperature rises. However, within the temperature band of 200°C–800°C, the residual compressive strength remains superior to that of the steel slag-free control group, robustly demonstrating the advantageous impact of steel slag addition on enhancing concrete’s fire resistance.
Steel slag concrete is primarily applied in two methods: direct substitution of coarse aggregate with steel slag, and grinding steel slag into fine powder for partial or full cement replacement. For the latter approach, the complexity of steel slag composition, particle size fineness, low innate activity, curing conditions, and selection of alkali activator are pivotal constraints for its integration (Wang, 2008; Wang et al., 2020; Li, 2015; Dingqiang et al., 2023). Wang et al. (2013) discovered that enhancing fineness can effectively boost steel slag activity and enhance concrete’s compressive strength through investigating the impact of steel slag fineness on concrete performance. Shi and Yi (2011) employed a ball mill to refine steel slag and examined its hydration activity effects, discovering that grinding can notably enhance the activity index of steel slag. Furthermore, scholars from both domestic and international domains have elevated steel slag activity through strategic activator selection. Bilim and Atis (2012) researched the alkali activation of steel slag, highlighting the need to account for the activator’s impact on steel slag activity when substituting part of cement clinker, as its activity is notably higher in an alkaline setting. Zhang et al. (2023) utilized diverse testing approaches to emphasize that alkaline activators can accelerate the hydration rate of steel slag powder, boosting the compressive strength of composite cementitious materials; however, the effects differ based on activator types. Building on the previous studies, Liu and Guo (2018) showed that substituting steel slag powder for up to 10% of ultra-high-performance concrete (UHPC) components achieves satisfactory compressive strength levels. Ba et al. (2013) concentrated on investigating steel slag powder-modified cement-based steel slag aggregate concrete, establishing the recommended steel slag powder dosage range as 10%–20%. Additionally, achieving around 10% in micro-powder content (by mass fraction) enhances performance beyond that of the control concrete (Sun and Wang, 2006; Xiao et al., 2021); yet, with a higher steel slag powder content, a decrease in compressive strength becomes evident.
Due to the rapid global industrialization and increased fire safety consciousness, there is a growing demand for improved mechanical properties and high-temperature resistance in concrete structures. Currently, while there is accumulated research on the fundamental mechanical properties (e.g., compressive strength, tensile strength) of steel slag aggregate concrete at room temperature and the impact of steel slag powder as a cement substitute, studies on the high-temperature mechanical properties of steel slag powder concrete remain scarce. Considering that steel slag powder concrete represents a novel construction material offering environmental advantages and outstanding characteristics, exploring its mechanical attributes and operational mechanisms in high-temperature settings becomes crucial.
In previous studies, the use of steel slag powder instead of cement will lead to agglomeration, low activity and insufficient hydration, and the mechanical properties of concrete do not meet the engineering standards. Therefore, this study aims to use the porous structure of zeolite powder to reduce agglomeration, and at the same time, it can release active substances to react with steel slag powder in an alkaline environment to generate more C-S-H gels. On this basis, the synergistic degradation mechanism of zeolite powder modified steel slag under high temperature coupling was revealed by advanced characterization methods such as scanning electron microscopy and X-ray diffraction, and the internal rules of C-S-H gel reconstruction, hydration product stability and interfacial transition zone evolution in modified steel slag concrete under high temperature were clarified. Building upon existing research, this paper delves deeper into the mechanical properties of steel slag powder concrete post-exposure to high temperatures. Its objective is to comprehensively unveil the behavioral patterns and influencing mechanisms in high-temperature settings, offering a scientific foundation for its utilization in such conditions. This research holds significant value in guiding practical engineering endeavors.
2 TEST SCHEME
2.1 Test materials and mix proportion
Concrete consists of water, cement, fine aggregate, coarse aggregate, zeolite powder, and steel slag powder. Ordinary tap water is used as the test water during component pouring, and the chloride content can be disregarded. The cement grade utilized is 42.5-grade Portland cement, ensuring a 28-day compressive strength of no less than 42.5 MPa and are presented in Table 1; the fine aggregate consists of manufactured sand with a fineness modulus of 2.60. The coarse aggregate consists of continuous grading gravel ranging from 3 to 17mm; steel slag powder, derived from steel slag in Gongyi City, Shandong Province, serves as a substitute for cement. The primary chemical constituents of steel slag powder were analyzed using X-ray diffractometer (XRD) and are presented in Table 2, respectively. Zeolite powder exhibited outstanding adsorption capabilities and strong catalytic properties attributed to its notable specific surface area and microporous structure (Arvind and Annadurai, 2024). Triethanolamine was employed as a grinding aid during testing to refine the steel slag powder, followed by screening through a 200-mesh standard sieve to guarantee uniform particle size distribution in the test-grade steel slag powder. The steel slag powder exhibited a specific surface area of 491 m2/kg in the BET test. The formulation of the modified steel slag powder concrete adhered to the specifications outlined in the JGJ55-2011 ordinary concrete mix design. Details of the specimen’s mix design are provided in Table 3.
TABLE 1 | Main composition and content of portland cement.
[image: Table 1]TABLE 2 | Chemical composition of steel slag powder.
[image: Table 2]TABLE 3 | Mix ratio of steel slag and micro-powder concrete (kg/m3).
[image: Table 3]2.2 Raw material composition analysis
The qualitative and quantitative analysis of steel slag powder reveals a high concentration of CaO and Fe2O3, totaling over 40%. Iron oxide exhibits commendable catalytic and adsorption capabilities, effectively enhancing the generation of cementitious materials during the hydration reaction. Simultaneously, calcium oxide reacts with water to produce calcium hydroxide, facilitating the cementitious system’s curing process and significantly enhancing concrete strength and durability. The ethylene glycol-EDTA titration method was employed to ascertain the f-CaO content in the steel slag powder. The determined f-CaO content was 1.28%, meeting the specifications of the national standard (GB/T 20,491–2017) for Steel slag powder used in cement and concrete, signifying excellent volume stability and laying a theoretical foundation for utilizing steel slag powder in concrete design. Conversely, the qualitative and quantitative analysis of zeolite powder indicates that it primarily comprises SiO2 and Al2O3, with SiO2 constituting a significant 76% of the mass.
2.3 Specimen design
To ensure consistent stirring between steel slag powder and zeolite powder, facilitating the activating impact of zeolite powder on steel slag powder, a blend of steel slag powder, cement, and zeolite powder is premixed in a set ratio to create a foundational mix, then stirred and poured into the specimen. The precise pouring procedure for steel slag powder concrete adheres rigorously to the specifics outlined for pouring samples: initially, river sand and graded crushed stone undergo 2 min of vibrational dry mixing, followed by adding the mixture in a stirred state with an additional 3-min mixing duration to ensure thorough and consistent dispersion of steel slag powder in the concrete, preventing clumping before water inclusion. This step prevents the clustering of steel slag powder and concludes with the addition of water for further stirring.
2.4 High temperature test
Utilizing fire temperatures (25°C, 200°C, 400°C, 600°C, 800°C) as varying parameters, 10 groups were established, each comprising 15 specimens, resulting in a total of 150 cubic specimens sized at 100 mm × 100 mm × 100 mm for compression testing. All samples were cured at 25°C ± 3°C with a relative humidity of ≥90% for a duration of 28 days (Dingqiang et al., 2023). To prevent specimen cracking caused by significant temperature differentials between its interior and exterior, impacting subsequent compressive strength and mechanism analysis, specific methods are employed to address this issue (Chia et al., 2024).
The whole process is divided into three stages, namely:
(1) Pretreatment stage: To ensure the consistency and accuracy of the experiment, the specimens are first subjected to pretreatment. The specimens to be processed are placed in a blast-type drying oven at a set temperature of 60°C for 8 h to remove excess moisture. After drying, they are naturally cooled to room temperature and properly preserved for subsequent processing.
(2) Heat treatment stage: The heat treatment stage aims to replicate how thermal conditions affect specimen performance across various temperatures. Put the pretreated test blocks into the high-temperature furnace individually, adjust the heating rate to 10 °C/min, and precisely regulate it to reach the predetermined target temperatures (200°C, 400°C, 600°C, 800°C). Once the furnace stabilizes at the target temperature, maintain it for 3 h to ensure uniform specimen temperature distribution and complete reaction.
(3) Cooling Stage: Following the completion of heat treatment, to prevent thermal stress cracks resulting from rapid temperature changes in the specimen that could impact subsequent compressive strength testing and mechanism analysis, adopt natural cooling. Switch off the high-temperature furnace power supply and let the specimen cool gradually to room temperature within the furnace. Ensure the furnace door is shut during this process to prevent external cold air from directly affecting the specimen’s surface and causing cracking.
2.5 Cube compressive strength test
For the standard cube compressive strength test, consult the ‘Standard for Test Method of Concrete Physical and Mechanical Properties’ (GB/T 50,081–2019). Employ the RMT301 high-precision mechanical testing system as the loading apparatus. The test system is equipped with a highly sensitive sensor that accurately collects and records stress and strain data in real-time throughout the test, guaranteeing precise and reliable test results. Following the compression test of the concrete test block, spray phenolphthalein test liquid onto the fractured surface. Wait for 30 s, then examine the color of the failed surface and the alteration in the width of the marginal white boundary line of the specimen to analyze temperature effects on the concrete.
2.6 Composition analysis of steel slag micro-powder concrete
The microstructure alterations in modified steel slag powder concrete following exposure to high temperatures were examined using a scanning electron microscope (SEM) to observe changes in pore size, distribution, and morphology. Following that, X-ray diffraction analysis (XRD) was employed to analyze the composition, with a scanning range of 5°–90°, elucidating the impact of high temperatures on material composition changes.
3 TEST RESULTS AND ANALYSIS
3.1 Test phenomenon after high temperature
Figure 1 illustrates the color changes in steel slag powder concrete (SS10-ZP20) following various high-temperature treatments. The concrete test block appears predominantly grayish-black at room temperature. As the temperature rises gradually to T = 200°C, the surface color of the concrete test block lightens, transitioning to a pale yellow hue. At T = 400°C, the surface color of the concrete test block darkened from light yellow to yellowish-gray. Subsequently, at T = 600°C, the color deepened to off-white with hints of gray and visible micro-cracks (Luo et al., 2020). After exposure to high temperatures at T = 800°C, the surface color turned grayish-white, showcasing numerous surface micro-cracks, detachment, and exposure of coarse aggregates (Peng et al., 2022). Here, T-fire temperature refers to the temperature (°C) endured by the concrete specimen inside the high-temperature furnace.
[image: Figure 1]FIGURE 1 | Concrete undergoes superficial changes after being exposed to heat.
Figure 2 illustrates the color variation of phenolphthalein on the surface of failed steel slag micro-powder concrete (SS10-ZP20) specimens under varying temperatures. Clearly observable is the lightening of phenolphthalein’s color applied to the failed surface of the test block as temperature rises, with white coloration at the edges, signifying complete decomposition of the alkaline hydration product, slaked lime. This occurs due to the higher external temperature experienced by the test specimen during the heating process. The internal temperature is lower, leading to a staggered temperature distribution within the concrete test piece, resulting in less decomposition of the internal alkaline hydration product.
[image: Figure 2]FIGURE 2 | The concrete specimen’s failure surface is sprayed with phenolphthalein changes.
[image: Figure 3]FIGURE 3 | The typical failure mode of steel slag micro-powder concrete after high temperature.
Figure 3 is the compressive failure morphology of steel slag micro-powder concrete exhibits distinct variations following exposure to different high temperatures. The specimen demonstrates a characteristic progressive failure under ambient temperature conditions. Initially, the surface remains undamaged upon application of initial stress, followed by gradual longitudinal crack propagation culminating in penetration failure. Nevertheless, as the fire temperature rises, the failure mode undergoes significant changes: at 200°C, the original microcracks on the specimen surface rapidly propagate under axial pressure, eventually penetrating the entire specimen to create macroscopic cracks. At 400°C, the cracking and shedding of certain concrete test blocks intensify notably due to axial pressure. At 600°C, there is noticeable uneven expansion in the central region. At 800°C, visible cracks appear on the specimen’s surface along with the shedding of concrete material from the blocks. Throughout the loading process, there is an exacerbation of block shedding on the specimen’s surface, accompanied by aggregate shedding. Following the release of pressure, the test block’s aggregate disperses, leading to a near-complete loss of interface bonding strength.
In the high temperature test, the surface deterioration of the specimen shows significant temperature characteristics. When the temperature reaches 400 °C, the surface of the specimen still maintains structural integrity, and no obvious peeling phenomenon is observed, which indicates that the thermal stability of the material can be maintained at this temperature. However, when the temperature rises to 600 °C and 800 °C, the material system begins to undergo essential changes: the surface layer of the specimen appears to be partially fragmented and peeled off, and the aggregate wrapped in mortar is also exposed, suggesting that the interface transition zone between the cement matrix and the aggregate at this time also causes stress concentration due to the difference in thermal expansion coefficient.
3.2 The mass loss rate of specimen after high temperature
Formula 1 is used to calculate the mass loss rate of steel slag powder concrete in a high-temperature environment, with the specific value illustrated in Figure 4. The mass loss rate of the specimens rises progressively with temperature elevation, primarily due to two factors: firstly, the physical evaporation of free water in concrete specimens directly reduces mass; secondly, chemical alterations at the hydration product level, for instance, ettringite decomposition and weakly bound water loss, also influence mass depletion. Concrete containing steel slag powder exhibits a reduced mass loss rate compared to concrete without it, as the inclusion of steel slag powder notably enhances the concrete’s microstructure, resulting in higher density and lower porosity. This compact structure not only limits the evaporation pathways of free water but also minimizes the mass loss directly resulting from water evaporation (He and Na, 2023). Additionally, steel slag powder and zeolite powder will continue to undergo hydration reactions in high-temperature environments, leading to water consumption and the formation of new hydration products, consequently reducing the rate of mass loss (Chia et al., 2024).
[image: Figure 4]FIGURE 4 | Mass loss curve of steel slag micro-powder concrete at different temperatures.
At 400°C, the concrete experiences a notably higher mass loss rate compared to that at 200°C, primarily due to the dehydration and detachment of tightly bound water within the cement hydration products. While steel slag powder can partially absorb or react with water molecules and produce a small quantity of new hydration products, its overall reaction efficiency is constrained. Hence, concrete containing steel slag powder exhibits only a marginal reduction in mass loss rate under high temperature conditions compared to standard concrete without steel slag powder (SS00-ZP00) (Manzoor et al., 2024).
Between 400°C and 800°C, the mass loss rate of concrete continues to rise. At this point, the mass loss primarily results from the decomposition of chemical components in the mortar and fine aggregate, leading to irreversible physical damage to the concrete specimens. The decomposition of numerous hydration products leads to a substantial increase in pore structure and internal cracks within the concrete. Meanwhile, thermal stress variation causes an escalation in inter-aggregate cracking, collectively exacerbating the internal structural degradation of the concrete. Additionally, the temperature widens the gaps between incompletely reacted steel slag powder particles, enhancing the level of porosity and expanding the material’s overall volume, resulting in thermal expansion (Kodur and Sultan, 2003).
[image: image]
In the formula: I is the mass loss rate (%), m is the mass of the specimen at room temperature (kg), m1 is the mass of the specimen after high temperature (kg).
3.3 Strength loss curve of concrete after high temperature
In the design of concrete load-bearing structures, it is necessary to consider the performance and strength loss of concrete in high-temperature environments. Therefore, the strength loss of concrete is an important index to measure the stability of concrete in a fire environment. The relationship between fire temperature and residual strength of concrete is shown in the figure.
Figure 5 illustrates the correlation between the strength reduction rate of steel slag micro-powder concrete test blocks and temperature. Negative values indicate higher strength of steel slag micro-powder concrete test blocks at elevated temperatures compared to normal conditions, while positive values signify strength decrease. From Figure 5, it is evident that the strength loss rate of steel slag powder concrete specimens occurs at 400°C. This is because concrete strength is primarily influenced by the quantity of hydration products and the density of the specimens. Below 400°C, the strength loss rate of concrete specimens following exposure to high temperatures remains relatively low across various steel slag replacement rates. This phenomenon occurs because, within this temperature range, the rise in temperature causes the free water in the concrete specimen to vaporize due to volume expansion, creating a steam pathway for its release and relieving the internal steam pressure. Consequently, the porosity inside the specimen increases at this temperature, leading to a decrease in concrete strength. Nevertheless, since the structure between the mortar and the aggregate inside the specimen remains intact, the impact on the concrete’s overall strength is not significant.
[image: Figure 5]FIGURE 5 | Strength loss curve of concrete test block at different temperatures: (a) SS(/)-ZP00; (b) SS(/)-ZP20; (c) SS(/)-ZP40.
The strength loss rate increases significantly when the temperature exceeds 400°C, attributed to the decomposition of hydration products within the specimen and the thermal stress difference between the aggregate and the cement matrix (He and Na, 2024; He et al., 2023). With rising temperature, the deterioration effect on concrete intensifies, and the ongoing decomposition of hydration products further accelerates the strength loss rate of concrete specimens. At 800°C, the compressive strength of the specimen decreases significantly, with numerous cracks forming on the surface. Consequently, the overall interface bonding force of the specimen is greatly diminished, resulting in the formation of numerous cracks between the internal aggregates. Furthermore, treatment of the SS30-ZP20 and SS30-ZP40 specimen groups at 200°C resulted in an increase in the residual compressive strength of concrete (Malik et al., 2021). The primary cause of this phenomenon is that in a high-temperature setting, the cementitious material partially participating in the hydration reaction within the specimen reacts with steam to generate limited hydration products, filling the pores and consequently enhancing the residual compressive strength of the steel slag micropowder concrete specimen.
3.4 Stress-strain curve of steel slag powder concrete after high temperature
The stress-strain curve is commonly utilized to depict the material, component, or structure’s resistance to deformation and failure when subjected to a load. The compressive test, an essential method, assesses the capacity of concrete and other components to withstand external pressure. It closely simulates the real stress conditions of engineering components while considering operational convenience. This study transforms the load-deformation data using Equation 2 obtained during testing, calculates the average from three datasets, and plots the average stress-strain curve of the steel slag powder concrete specimen under stress conditions.
[image: image]
In the formula: N is the axial force of the specimen (KN), A is the total cross-sectional area of the specimen (mm2), and f is the size conversion coefficient (0.95).
Figure 6 displays stress-strain curves of concrete at varying steel slag powder replacement rates. The figure illustrates the dual impact of steel slag content and temperature on the mechanical properties of concrete. Firstly, as the steel slag powder replacement rate rises, the concrete’s peak stress initially rises before declining. The peak stress peaks at a 10% replacement rate (SS10-ZP00), signifying that integrating the right amount of steel slag powder can boost the ultimate compressive strength of concrete specimens. Nonetheless, a high substitution rate reduces the cement matrix proportion, raises concrete’s internal pores, and lowers compactness, resulting in decreased peak stress. Conversely, the peak stress of steel slag micro-powder concrete declines to various extents with rising temperatures, and the curve’s downward slope notably decreases (Chen et al., 2017). Nevertheless, at a 30% steel slag replacement rate (SS30-ZP00), the strength rises post-temperature impact, primarily due to excessively high steel slag replacement rates causing inadequate activity of steel slag powder at room temperature. Conversely, in a high-temperature setting, the interaction of temperature and water vapor activates steel slag powder, enhancing hydration product formation, filling cracks and pores effectively, resulting in strength increment rather than decline (Zheng and Deng, 2024). As the temperature rises, concrete’s peak strain increases, while the specimen’s elastic modulus decreases.
[image: Figure 6]FIGURE 6 | Stress-strain curves of steel slag concrete samples subjected to different temperatures: (a) SS00-ZP00; (b) SS10-ZP00; (c) SS20-ZP00; (d) SS30-ZP00.
3.5 Peak stress of steel slag powder concrete after high temperature
As shown in the diagram, the data in the diagram represents the peak stress of concrete after exposure to different temperatures for specimens with varying content of steel slag powder and zeolite powder. Due to the discrete nature of concrete specimens, the data in the diagram reflects the average values of three specimens in each group.
Figure 7 illustrates a peak stress comparison diagram for different temperature-steel slag powder substitution rates and zeolite powder contents. It shows that, with a constant steel slag powder replacement rate, the peak stress of the specimen increases initially and then decreases as the zeolite powder content (ZP) rises. Particularly, the optimal strength is found at ZP20 regardless of the steel slag content variations. This superiority mainly stems from zeolite powder’s enhancement of cement hydration reactions, leading to the formation of products such as aluminum hydroxide gel. These products interact with the oxides in steel slag, aiding in hardening and strengthening the steel slag. Nevertheless, an excessive zeolite powder amount, reaching 40% of the steel slag powder’s mass fraction, increases the internal porosity of concrete, exacerbating shrinkage deformation, causing concrete cracking, and ultimately reducing peak strength. Furthermore, as the temperature continues to rise, the peak strength of each group typically decreases to different degrees. Interestingly, at 200°C, the specimen with a 30% steel slag powder substitution rate shows higher peak strength compared to 25°C. This phenomenon is linked to the increased reactivity of steel slag powder in high-temperature environments, triggering a secondary hydration reaction and consequently raising the peak stress of the specimen.
[image: Figure 7]FIGURE 7 | Control the peak stress after high temperature of specimens with different zeolite powder content under different steel slag micro powder content.
Figure 8 presents three peak stress comparison graphs depicting the influence of various steel slag micro-powder substitution rates in combination with a constant amount of zeolite powder at different temperatures. The graph illustrates an initial increase followed by a decrease in peak stress as the steel slag micro-powder substitution rate rises. Concrete with a 10% steel slag micro-powder substitution rate exhibits the highest peak stress across varying temperature conditions, with SS10-ZP20 achieving a peak stress enhancement of 30.1% over SS00-ZP00. This is attributed to the ability of steel slag micro-powder to fill concrete pores, thereby increasing the concrete density. Additionally, steel slag micro-powder can enhance hydration reactions, leading to increased production of hydration products and ultimately boosting the concrete’s compressive strength. When subjected to varying temperatures, concrete samples with a 10% steel slag micro-powder substitution rate exhibit higher residual compressive strength than the control group, with a decreasing trend as the substitution rate rises. This phenomenon occurs because a 10% steel slag micro-powder substitution rate can enhance cement hydration reactions in high-temperature settings, resulting in more hydration products, denser concrete, and increased compressive strength. Excessive addition of steel slag micro-powder replaces the cement effect, diminishes the concrete’s cement matrix content, and hinders the proper dispersion of cement and hydration particles, resulting in decreased residual compressive strength of concrete specimens.
[image: Figure 8]FIGURE 8 | Control the peak stress after high temperature of specimens with different steel slag powder content under the condition that the amount of zeolite powder is controlled.
4 FITTING RELATIONSHIP OF RESIDUAL COMPRESSIVE STRENGTH OF STEEL SLAG CONCRETE AFTER HIGH TEMPERATURE
The peak stress of concrete specimens under different steel slag powder substitution rate (SS) in the test was selected for Gauss fitting (Formula 3), and the relationship curves between steel slag powder substitution rate and peak stress and temperature were obtained. The R2 is greater than 0.90, and the fitting effect is good. The specific results are shown in Figure 9.
[image: image]
[image: Figure 9]FIGURE 9 | Fitting the relationship between steel slag replacement rate and peak stress of concrete.
In the formula: [image: image] is the peak stress of concrete, [image: image] is the replacement rate of steel slag, [image: image], [image: image], [image: image] are the fitting parameters, and the specific parameters are shown in table five.
By analyzing Formula 3 and the peak stress fitting curve on the graph, it is evident that the peak strength of concrete containing steel slag powder initially rises and then declines as the substitution rate of steel slag powder increases. This is primarily because adding a small proportion of steel slag powder can greatly enhance the microstructure of concrete, improving its density and overall strength by filling the minute pores within the cement mixture. Nevertheless, at high substitution rates, the optimization effect becomes saturated, resulting in the inability to further enhance the internal microstructure. Conversely, the peak strength decreases due to the accumulation of unfavorable phases. Furthermore, with rising temperatures, although the secondary hydration reaction of steel slag may partially improve the mechanical properties of concrete, this enhancement does not sufficiently counterbalance the adverse impact of high temperature on the rapid degradation of the cement matrix and the overall deterioration of the specimen. Ultimately, the peak stress of concrete consistently decreases as the temperature rises.
Considering the challenge of determining the precise temperature encountered by a concrete structure during a real fire incident, a fitting model correlating mass loss rate with peak stress is developed using both mass loss rate and temperature variables (Formula 4) to better quantify the peak stress-temperature relationship. The aim is to indirectly demonstrate the significant impact of fire temperature on the mechanical properties of concrete materials. The fitting results are illustrated in Figure 10.
[image: image]
[image: Figure 10]FIGURE 10 | Fitting the relationship between mass loss rate and concrete stress intensity.
In the formula: [image: image] is the peak stress of concrete, [image: image] is the mass loss rate, [image: image] and [image: image] are the fitting parameters.
The curve fitted in the diagram indicates a continuous decrease in the peak stress of the specimen as the mass loss rate gradually increases. This is primarily because both the mass loss rate and peak stress are influenced by variations in the cement matrix content and porosity within the specimen. The rise in mass loss rate directly corresponds to escalated decomposition of cement hydration products in the specimen, along with increased liberation of free water and bound water, consequently resulting in a reduced residual peak stress of the specimen.
5 SEM AND XRD ANALYSIS
Figure 11a 25°C, X-ray diffraction spectra analysis at room temperature (25°C) reveals a similarity in phase composition between steel slag micro-powder concrete and the control group, with both containing components like calcium hydroxide and calcite. Nonetheless, the incorporation of steel slag micro-powder in concrete specimens leads to a notable increase in composition complexity compared to the control group, attributed to the presence of limited unstable active elements in the steel slag. SEM images reveal abundant needle-like and flaky calcium hydroxide crystals dispersed in the matrix of both control and steel slag groups, creating a closely packed layered structure. In the microstructure of the steel slag group, hydration products intricately interlace within the transition zone between aggregates and matrix, enhancing interface adhesion and creating a denser internal slurry structure in concrete specimens at room temperature, forming a strong bond between aggregate surfaces and the cement matrix. Substituting a portion of cement with steel slag micro-powder not only enhances calcium oxide and silica content but also accelerates the hydration reaction process. Abundant needle-like calcium hydroxide and interlocking C-S-H gel structures in the transition zone of the steel slag group interface lead to reduced porosity compared to the control group specimens, resulting in a high-density concrete structure overall (He et al., 2024).
[image: Figure 11]FIGURE 11 | The microstructure and XRD patterns of concrete with 0% and 10% steel slag powder substitution rate under different temperatures: (a) 25°C; (b) 200°C; (c) 400°C; (d) 600°C; (e) 800°C.
When the temperature reaches 200°C (Figure 11b), free water within the concrete begins to evaporate, leading to the release of some water from the concrete specimens and the formation of pore structures in its place. In contrast to cement hydration reactions, adding steel slag powder decreases the usage of free water in hydration processes, enabling a higher retention of free water within the specimens. This condition facilitates the secondary hydration of steel slag micro-powder and zeolite powder. The majority of free water undergoes a phase change into a gaseous state due to temperature effects, expanding in volume. The original uniformly dense matrix structure is disrupted under the pressure of steam. Moreover, gas accumulates within the specimens due to limited interactions between mortar and aggregate. If the internal pressure of the specimens reaches a critical threshold, it can lead to specimen explosion. Even if the pressure does not reach the critical point, the gas liquefying into water after the specimen exits the high-temperature environment can create voids within the specimens. Electron microscope images of specimens containing steel slag powder reveal a significant presence of steel slag micro-powder distributed within the pores of the C-S-H gel. These micro-aggregates act by filling the voids between cement particles, effectively reducing the quantity and size of capillary pores, thereby enhancing the density and strength of the concrete.
The decline in strength of concrete specimens at a high temperature of 400°C (Figure 11c) can be explained by two factors: firstly, the evaporation of free and bound water from the cementitious material leads to the formation of interconnected channels inside the specimens, creating a more porous structure; secondly, the thermal decomposition of the cement matrix weakens the concrete strength and reveals the steel slag powder within the pores, compromising the structural integrity. Furthermore, while the “high-temperature steam curing” conceals part of the degradation from cementitious material decomposition, boosting the residual compressive strength of concrete, the improvement is modest compared to the prominent “steam curing” impact observed in the steel slag powder samples.
At temperatures of 600°C and 800°C (Figure 11d), calcium hydroxide and other hydration products undergo almost complete decomposition, resulting in the specimens being mainly comprised of calcite and quartz. Relative to the state at 400°C, the cracks between the cement matrix and aggregates deepen and widen, causing a significant structural coarsening. Analysis of the images reveals that high temperatures significantly harm the chemical composition and microstructure of concrete, exacerbating deformation mismatches and internal stress accumulation arising from disparate thermal expansion coefficients between aggregates and the cement matrix, subsequently triggering a considerable rise in microcracks within the interface region. Furthermore, with increased temperature exposure, the disparity in thermal stress between aggregates and the matrix intensifies, leading to enhanced interface loosening and the fundamental breakdown of CH and C-S-H cementitious materials (Singh et al., 2023; Long et al., 2013), nearly nullifying the interface bond strength. Consequently, the concrete specimens exhibit pronounced looseness and experience a substantial decrease in residual compressive strength post-loading.
6 CONCLUSION
This study is based on the compressive strength test of 150 specimens of steel slag micro-powder concrete. By investigating the effects of different substitution rates and temperatures on the mechanical properties of concrete, the degradation law of the strength of steel slag micro-powder concrete at different temperatures was determined. Based on the experimental results, the following conclusions were drawn:
(1) Under the condition of maintaining ZP00, the compressive strength of concrete specimens with a slag micro-powder replacement rate of 10% (SS10) has been improved compared to the blank group concrete. However, as the replacement rate continues to increase, it shows a decreasing trend, indicating that adding an appropriate amount of slag micro-powder helps to improve the compressive strength.
(2) The compressive strength of concrete under the SS10-ZP20 condition is the highest among all conditions, resulting in a maximum strength increase of 30.1% when compared to the baseline condition of SS00-ZP00. However, keeping the steel slag content constant, a continuous increase in the proportion of zeolite powder will lead to a decrease in concrete compressive strength. At the same time, under the SS10-ZP20 condition, it has been proven that zeolite powder can effectively activate the activity of steel slag micro powder.
(3) After high temperature treatment, the compressive strength of concrete decreases under various working conditions with increasing temperature. Additionally, the damage to the compressive strength of concrete containing steel slag micro powder is lower, indicating that replacing some cement with steel slag micro powder helps to improve the fire resistance of concrete. Compared to SS00-ZP00, the residual compressive strength of concrete containing steel slag micro powder is higher, and it has a beneficial effect on filling the internal pores of concrete, making the microstructure of concrete more compact.
(4) By establishing a fitting relationship between the steel slag replacement rate, quality loss rate, and residual compressive strength of concrete, it can be described with Equations 3, 4. The results show that the R2 values are both greater than 0.90, indicating a strong fitting effect. It is possible to indirectly determine the variation pattern of residual compressive strength by analyzing the steel slag replacement rate and quality loss rate.
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