

  civileng-04-00056




civileng-04-00056







CivilEng 2023, 4(3), 1036-1051; doi:10.3390/civileng4030056




Article



Influence of Temperature on Shear Behavior of Lightweight Reinforced Concrete Beams Using Pozzolana Aggregate and Expanded Polystyrene Beads



Mu’tasim Abdel-Jaber 1,2,*,†, Nasim Shatarat 1, Hasan Katkhuda 3, Hebah Al-zu’bi 1, Rawand Al-Nsour 1, Rouzan Alhnifat 4 and Ahmad Al-Qaisia 5





1



Department of Civil Engineering, The University of Jordan, Amman 11942, Jordan






2



Hourani Center for Applied Scientific Research, Al-Ahliyya Amman University, Amman 19328, Jordan






3



Faculty of Engineering, Department of Civil Engineering, The Hashemite University, P.O. Box 330127, Zarqa 13133, Jordan






4



Department of Civil Engineering, Al-Balqa Applied University, Salt 19117, Jordan






5



Department of Mechanical Engineering, The University of Jordan, Amman 11942, Jordan









*



Correspondence: m.abduljaber@ju.edu.jo






†



On sabbatical leave from the Department of Civil Engineering, The University of Jordan, Amman 11942, Jordan.









Citation: Abdel-Jaber, M.; Shatarat, N.; Katkhuda, H.; Al-zu’bi, H.; Al-Nsour, R.; Alhnifat, R.; Al-Qaisia, A. Influence of Temperature on Shear Behavior of Lightweight Reinforced Concrete Beams Using Pozzolana Aggregate and Expanded Polystyrene Beads. CivilEng 2023, 4, 1036–1051. https://doi.org/10.3390/civileng4030056



Academic Editors: Angelo Luongo, Jong Wan Hu and Junwon Seo



Received: 13 July 2023 / Revised: 20 August 2023 / Accepted: 12 September 2023 / Published: 21 September 2023



Abstract

:

The innovation inherent to employing expanded polystyrene (EPS) beads lies in its transformative impact on traditional concrete practices. Through the incorporation of EPS beads in concrete mixtures, a novel approach emerges that significantly alters the material’s characteristics, and opens up new avenues for construction and design. Studying the shear behavior of RC beams made with EPS beads is essential for advancing knowledge, improving design practices, ensuring structural integrity, and promoting the effective and responsible use of innovative materials in construction. This research experimentally investigated the effect of using EPS beads and pozzolana aggregate (PA) on the shear behavior of the RC beams. A total of 27 simply supported rectangular beams were cast, using three novel distinct mix designs, and were subjected to two-point load testing until failure. These three mixes were categorized as follows: a control mix, a mix with only EPS, and a mix with EPS, along with an additive. The ultimate failure load was experimentally recorded for all specimens, and the influence of the temperature (300 °C and 600 °C) on the RC beams made with EPS was examined. The findings revealed a reduction in the concrete compressive strength and density in the beams containing EPS and EPS with superplasticizers of (21.7%, 24.9%) and (11.3%, 16.2%), respectively. Additionally, EPS played a significant role in diminishing the ultimate shear capacity of the beams, compared to the control beams, by about 19.4%. However, the addition of a superplasticizer along with the EPS helped to maintain the beam capacity, to some extent. Conversely, the beams exposed to a temperature of 300 °C exhibited an almost similar capacity to that of the control beams without heating. Nevertheless, at 600 °C, the beams displayed a noticeable decrease in the ultimate load capacity, compared to the unheated control beams.
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1. Introduction


Nowadays, no structural application action can be imagined without the use of concrete. Concrete is the most largely consumed construction material in nature [1,2]. Reinforced concrete (RC) is the most widely used material for structural applications. Its economy, versatility, and ability to be successfully molded into many shapes make it an extremely proper construction material [3]. Commonly, the three main characteristics of concrete are durability, workability, and strength. Workability is attributed to fresh concrete, while durability and strength are attributed to hardened concrete. The fresh characteristics of the concrete, and the mix design are the most important points that affect the mechanical properties and quality of hardened concrete. The performance of concrete depends on the mix design proportions, and the properties of the materials; accordingly, the early estimation of hardened concrete properties is very necessary [4,5]. Lightweight concretes are not a present-day attainment within concrete technology; rather, they have been known of for a long time, and are mostly the ancestors of today’s concrete. The Pantheon in Rome, Italy, can be considered one of the outstanding known examples that intensely identified the standardized utilization of different types of natural aggregate [6].



Structural lightweight concretes commonly involve aggregates made from expanded fly ash, clays, expanded slags, and preprocessed shales, and those that come from natural porous volcanic sources [7,8]. Lightweight concrete (LWC) is formed via the replacement of the natural normal aggregates with lightweight aggregates (LWAs), to obtain a density ranging from 800 to 2000 kg/m3. The utilization of lightweight materials, particularly LWC, in modern structural construction, such as long-span bridges, high-rise buildings, shear walls, and sandwich panels, has attracted considerable interest. This interest arises from its great benefit as an excellent solution in terms of decreasing the dead load self-weight of the structure and, subsequently, lowering construction costs [9,10,11,12,13].



Pozzolana aggregate is a type of material composed of aluminous and siliceous materials. These materials react chemically with calcium hydroxide and water to form a cementitious composite material. Thus, when pozzolanic substances are included in concrete, the quality and durability of the concrete are further improved [14].



Expanded polystyrene (EPS) beads are an artificial material generated via steam processes or the chemical treatment of expanding polystyrene at high temperatures [15]. Particles of EPS are closed cells with spherical shapes with a density of (20–35) kg/m3 [11,16]. EPS can be used to reduce the dead loads of concrete elements [17]. EPS has proven its effectiveness in enhancing the durability and mechanical properties of concrete [11]. The main advantages of EPS are a uniformity in size and particle gradation; a round shape that reduces the internal friction; a lower absorption of water in the mix; a resistance to fire attack; sound insulation; and a reduced cost of construction compared to other artificial LWC and normal concrete [11,13,18,19].



LWC has been used by many researchers recently. Karaca and Durmuş [20] carried out an experimental procedure to explore and compare the performance of RC beams produced via ordinary aggregate and LWA. They found that the utilization of LWA in RC beams is more suitable than the ordinary aggregate. Gu et al. [21] established an experimental program to explore the effectiveness of using foam or lightweight ceramsite as a replacement for ordinary coarse aggregate in beams, to reach an LWC mix that meets engineering standards, and to investigate the mechanical characteristics of LWC and plain concrete under normal conditions. The results showed that the density of the foamed concrete beams was lower by 23.4% than plain concrete beams. Furthermore, the toughness and ductility of the foamed concrete were higher by 3% and 13% than those of the plain concrete, respectively. The ceramsite concrete beam showed a brittle failure behavior in comparison with the plain concrete. Grzeszczyk and Janus [22] tested LWC beams produced using EPS beads in a quantity replacement from 30% to 60% with the volume of the reactive powder concrete (RPC) mix. They found that the replacement of 60% of the RPC mix with EPS beads produced lower compressive and flexural strength than the replacement of 30%. Nawaz et al. [23] demonstrated that the LWC beams displayed a better bond behavior, a greater number of cracks, and a smaller crack width, compared to normal concrete beams, but the load-deflection curves were the same as those for normal concrete beams. Tang et al. [24] tested RC beam specimens to explore the efficiency of using LWC produced with sedimentary LWA on the shear behavior of beams. The results showed that brittle shear failure accrued in LWC beams, and that the brittleness increases as the compressive strength increases. Ismail et al. [25] studied the efficiency of using lightweight slag aggregates (SL) in the construction industry, and investigated the suitable options for using coarse or fine SL to achieve a better performance. The results showed that using lightweight fine or coarse SL satisfied the serviceability limit states of deflections and cracks, in addition to the sufficient structural capacity of the beams cast.



Concrete mixes that incorporate lightweight additives, such as expanded polystyrene beads, exhibit a distinct susceptibility to the elevated temperatures that can arise during a fire. Recognizing this heightened vulnerability, it becomes imperative to subject these concrete compositions to rigorous testing procedures. The objective behind these tests is to comprehensively assess and comprehend how these lightweight concrete materials react and perform under the influence of high temperatures. By conducting these examinations, we aim to glean insights into the structural behavior, integrity, and thermal response of these specialized concretes when exposed to fire conditions. Such investigations are crucial to formulating effective fire-resistant strategies and engineering solutions that enhance the safety and performance of structures constructed using lightweight concrete, incorporating expanded polystyrene beads. Sullivan and Labani [26] conducted a flexural test on LWC RC beams subjected to temperatures ranging from 20 to 600 °C, to explore and compare the behavior of LWC beams at different temperatures, by measuring the variation in their characteristics. The results showed a reduction by 65% in the strength of the LWC beams at a temperature of 90 °C. There was less of a reduction in strength at the other temperatures and, at 400 °C, the strength recovered, and was higher than that of the concrete at ambient temperature. The highest reduction in strength accrued above 500 °C. Additionally, the authors found that, at all test temperatures, the LWC beams lost weight, and the highest loss accrued in the range of 100–200 °C.



The aforementioned findings present a strong motivation to further explore the shear behavior of LWC RC beams made with a partial replacement of pozzolana aggregate and sand via EPS. As there was no work conducted in the previous studies using EPS in RC beams, this work helps to add new knowledge to the current literature in some areas, such as the behavior of EPS in LWC RC.



This study is carried out to evaluate the shear behavior of LWC beams developed with different volumes of EPS. The 27 tested beams are detailed in three groups. Each group is composed of three beams, classified as follows. The first group consists of three lightweight RC beams. One control beam was designed via the full replacement of the coarse mineral aggregate with coarse pozzolana aggregate (CPA). The second beam was made via CPA, with the partial replacement of EPS by about 12.5% CPA, and 25% fine aggregate (FA). While the third beam was made via CPA and the partial replacement of EPS by about 12.5% CPA and 25% FA, in addition to 250 mL of admixtures (superplasticizer). The second and third groups were similar to the first group; further, they were exposed to high temperatures at 300 °C and 600 °C for the second and third groups, respectively. By addressing both shear behavior and heat performance, while incorporating two distinct materials, expanded polystyrene beads and pozzolana aggregate, in combination with the concrete mix, the study bridges a gap in the existing research, and offers a comprehensive exploration of the multifaceted effects that expanded polystyrene beads and pozzolana aggregate can enact on the behavior and performance of RC beams. This holistic approach has the potential to contribute valuable insights in the fields of structural engineering and material science.




2. Methodology


2.1. Material Properties


2.1.1. Cement


The type of cement used in this research study was ordinary Portland cement (OPC) type I. The chemical composition of OPC type I is provided in Table 1, as provided by the manufacturer.




2.1.2. Aggregate


In this experimental test, the normal coarse aggregate in the mix design was replaced with CPA, to investigate the effect of using LWA on the shear behavior of the RC structures. Different gradations of the CPA were used between 4.75 mm and 25 mm, as shown in Figure 1. The density, specific gravity, and water absorption for the aggregate were identified based on the ASTM C 127 [27] test requirement. Table 2 provides the properties of the CPA.




2.1.3. Expanded Polystyrene (EPS) Beads


As shown in Figure 2, the color and shape of the EPS used in this study comprised white medium circles of about 4.5 mm in diameter. Table 3 shows the physical and mechanical properties of the EPS, as provided by the manufacturer.




2.1.4. Superplasticizers


Master Glenium 51 was used in this study. It is a type of superplasticizer that comes from the Polycarboxylic family. The main objective of adding this to the mix design is to enhance the efficiency of the cement dispersions. Table 4 provides the Master Glenium 51 properties, as provided by the supplier.




2.1.5. Mix Proportion


Three different mix designs were prepared in this experimental study. The parameters that were different between the mixes were the proportion of EPS and superplasticizers in each batch. The optimum proportions of the EPS were 12.5% of the coarse aggregate (CA), and 25% of the fine aggregate (FA) as a partial replacement by volume, in addition to 250 mL of superplasticizer. These percentages were chosen based on several trials. The details of the mix proportions for each batch are provided in Table 5.



As shown in Table 5, Mix 1 is the control mix. The main component of this mix is CPA without EPS or additives. Mix 2 consists of CPA, in addition to the 12.5% CA and 25% FA partial replacement of EPS. Finally, Mix 3 has the same components as Mix 2, in addition to 250 mL of superplasticizer.




2.1.6. Steel Reinforcement


The reinforced bars used in the experimental program were deformed steel bars with a 420 and 280 MPa average yield strength for both the longitudinal and transverse bars, respectively.





2.2. Test Specimens


2.2.1. Geometrical and Reinforcement Details


To examine the effect of using the LWA with EPS on the shear behavior of the RC beams, twenty-seven simply supported rectangular RC beams were produced, and designed to fail in shear. Figure 3 illustrates the geometrical and reinforcement details of the RC beams.




2.2.2. Test Matrix


Twenty-seven simply supported rectangular RC beams were classified into three main test groups based on their concrete mix design and exposure to fire attack. Group A consists of three specimens, each specimen designed with a different concrete mix design. The first specimen LS is the control beam, and was designed based on the Mix 1 design details, while the second specimen LS-P, which contains a partial replacement of EPS by volume, was designed based on the Mix 2 design proportions. Finally, the third specimen LS-P*, which contains EPS and superplasticizer, was designed based on the Mix 3 design details. Both Group B and Group C consist of three specimens, similarly to Group A. The main difference is that the specimens were exposed to high temperatures of 300 °C and 600 °C for Group B and Group C, respectively. Table 6 illustrates the test matrix.



The notations in the naming for the specimens are as follows: L for the LWA; S for the shear reinforcement; P for the EPS; * for the additive; and 300–600 for the temperature.




2.2.3. Test Setup


The tested beams were subjected to a four-point bending test, up to failure. Figure 4 shows the test machine (ADR-Auto) with a maximum load capacity of 2000 kN. The load was applied at a constant rate, and the displacement was recorded for each 1 kN. Three strain gauges were fixed at the bottom of the specimen: one at the mid-span, and the others a quarter length from both the left and right sides.





2.3. Beams Installation


2.3.1. Casting and Curing


In this study, twenty-seven beam specimens and twenty-seven standard cubes were cast, to investigate several properties. The cube dimensions were 150 × 150 × 150 mm, and the beam dimensions were 150 × 150 × 1150 mm. Three different concrete mixes were prepared, using a mechanical tilting drum mixer. The concrete was poured in three layers, with each layer compacted with 35 strokes, according to ASTM C192. A trowel was used to level the final surface, and the beams and cube samples were left in the mold for one day, and then moved to water tanks with a temperature ranging from 23 to 25 °C, to start the curing for 28 days. Figure 5 shows the casting process.




2.3.2. Heat Application


The beams underwent heating within the furnace depicted in Figure 6. The furnace’s distinct dimensions are 2 m × 2.5 m × 0.8 m. A heating control panel was affixed to the furnace, to regulate the temperature and duration. In total, eighteen beam specimens were exposed to a heat treatment lasting 2 h. Among these, nine beams experienced a temperature of 300 °C, while the remaining nine beams were exposed to 600 °C. The objective was to analyze how heat impacts the shear characteristics of control beams, beams consisting solely of EPS beads, and beams crafted using both EPS beads and an additive.






3. Results and Discussion


3.1. Concrete Compressive Strength


A total of twenty-seven concrete cubes were tested, to determine the concrete compressive strength for each mix design. Table 7 shows the results of the average cubic and cylindrical compressive strength for the concrete tested cubes.



As shown in Table 7, the average cylindrical concrete compressive strength for Mix 1, without the addition of EPS and superplasticizer, was 27.74 MPa, while the concrete strength was 19.58 MPa when 12.5% CA and 25% FA were replaced by volume with EPS in Mix 2. Finally, the strength was 21.72 MPa for Mix 3 when EPS and superplasticizer were added into the mix together. It is noticeable that replacing 12.5% of CA and 25% of FA with EPS reduced the concrete strength relatively. Moreover, the superplasticizer played a major role in lowering the reduction in concrete strength. The reduction in compressive strength was 29.4% and 21.7% for Mix 2 and Mix 3, respectively. Figure 7 shows the tested cubes for all the concrete specimens. It can be concluded that the availability of EPS beads in the mix could hinder the mixing process, and affect the bonds between the cement and aggregate. Moreover, EPS beads replace some of the heavier aggregates when added to the concrete mixture, thus, in turn, decreasing the overall concrete compressive strength.




3.2. Concrete Density


Table 8 provides the concrete density for all the concrete mix designs.



Based on Table 8, the concrete density for the three mixes was 2230 kg/m3, 1977 kg/m3, and 1868 kg/m3 for Mix 1, Mix 2, and Mix 3, respectively. It can be noticed that the concrete density was reduced in Mix 2 and Mix 3, compared to Mix 1 (the control mix). We know that both Mix 2 and Mix 3 contain a percentage of EPS of about 12.5% CA and 25% FA, which indicates that EPS is considered a major component responsible for reducing the density of concrete. Moreover, the percentage reduction in was 11.34% for Mix2 and 16.23% for Mix3; therefore, adding a superplasticizer with EPS is more effective in reducing the concrete density.




3.3. Experimental Shear Behavior


Table 9 shows the experimental results including the initial crack load, ultimate failure load, concrete compressive strength, and maximum deflection for 27 beams. The test results are discussed in this section, in terms of the load–deflection curves, load-carrying capacity, and mode of failure.



Firstly, the results for Group A showed that the addition of EPS beads in the concrete mix of beams reduced the load-carrying capacity of the beams by 19.39% compared to the control beams, due to the poor connection between the EPS and cement, in addition to the concrete mix’s high compressibility and low elastic modulus [28]. To increase the adhesiveness between the EPS, on the other hand, the load-carrying capacity of the beam mix including the superplasticizer is almost the same as the control beams, which indicates the efficiency of using EPS beads with a superplasticizer in a concrete mix that gives the same behavior and load-carrying capacity as the control mix, where the superplasticizer increases the adhesiveness efficiency between polystyrene particles [28]. Figure 8 shows the load–deflection curve for specimens LS, LS-P, and LS-P*, respectively.



For Group B, beams that were poured with a mix containing EPS beads, and heated at 300 °C, showed a reduction in load-carrying capacity of 20.72%, compared to heated control beams subjected to the same heat-exposure level. Meanwhile, the load-carrying capacity for beams with a mix containing ESP and superplasticizer is almost the same as the control beams heated at the same temperature. This behavior occurs due to the process of hydration, which can result in the rapid synthesis of cementitious compounds, and an increase in concrete strength [29]. Figure 9 illustrates the load–deflection behavior for specimens heated at 300 °C, LS-300, LS-P-300, and LS-P*-300, respectively.



A reduction in load-carrying capacity of 17.96% was found for beams containing EPS in their mix and heated at 600 °C, compared to the heated control beams in the same group (Group C), whereas the load-carrying capacity of beams with a mix containing ESP and superplasticizer is almost the same as heated control beams exposed to the same heat temperature. At elevated temperatures, concrete undergoes thermal expansion, causing the material to expand. This expansion generates internal stresses within the concrete, which can lead to cracking, spalling, and even delamination in the concrete cover. These cracks and separations weaken the structural integrity of the beam, reducing its capacity to withstand loads. Moreover, the high temperature can cause the bond between the concrete matrix and the reinforcing steel to weaken or break. This loss of bond reduces the load transfer capability between the steel reinforcement and the concrete, compromising the beam’s overall strength. Figure 10 displays the load–deflection behavior for the specimens LS-600, LS-P-600, and LS-P*-600 in Group C. A reduction in the load-carrying capacity was found in the beams heated at 600 °C, compared to the unheated beams, which indicates that the damage to the mechanical properties of the beams occurred at a temperature of 600 °C.




3.4. Failure Mechanisms


In this experimental test, the failure mode for all the beam specimens was a shear failure. The crack monitor for all specimens showed approximately the same behavior. The initial cracks were hair cracks, and started at the maximum moment region. Through an increase in the load, more shear–flexural cracks were noticed. When the applied load approached the ultimate capacity, the cracks became wider, and propagated up to the compression zone. When the beams reached their ultimate capacity, a brittle shear failure occurred. Figure 11 shows the mode of failure for all beams.




3.5. Effect of High Temperatures


Based on the experimental results, a reduction in the ultimate capacity occurred on the RC concrete beams that were exposed to elevated temperatures (600 °C), and a significant deterioration appeared in the beam structure. However, the EPS was evaporated in the concrete cover zone, due to the heat effect in both cases, at 300 °C and 600 °C, while it remains as it is without evaporation inside the RC beam. Figure 12 shows the difference between the availability of EPS at the concrete surface, and that inside the beam. Figure 13 displays the variation in the load-carrying capacity of the unheated, heated-at-300 °C, and heated-at-600 °C beam specimens.





4. Conclusions


An experimental investigation was carried out on reinforced concrete (RC) beams, to study the effect of using expanded polystyrene (EPS) beads and pozzolana aggregate (PA) on the shear behavior of the RC beams. A total of 27 simply supported rectangular beams were cast, using three different mix designs, and tested under a two-point load test, up to failure. The three mixes were classified into the control mix; a mix with EPS only; and a mix with EPS and additive. The ultimate failure load was experimentally recorded for all specimens, and the effect of high temperatures (300 and 600 °C) on the EPS RC beams was studied. The following conclusions were drawn:




	
The concrete compressive strength for the mix containing 12.5% of CA and 25% of FA with EPS was reduced by about 29.4%, and a slight reduction of 21.7% occurred for the mix produced with 12.5% CA and 25% FA with EPS, and 250 mL superplasticizer. When lightweight EPS beads are introduced into the concrete mix, they displace a portion of the heavier aggregates. This can contribute to a reduction in the compressive strength. Moreover, they can potentially hinder the uniform distribution of water and cement particles during the mixing process. This non-uniform distribution can lead to variations in curing and hydration, affecting the development of adequate strength-forming bonds within the concrete matrix.



	
The concrete density for the mix containing EPS was reduced by about 11.3% for the mix with EPS only, and 16.2% for the mix with EPS and superplasticizer, which indicates that EPS is considered a major component responsible for reducing the density of concrete. EPS beads are much lighter than conventional aggregates, which results in a lower density for the entire concrete mixture. This reduction in density leads to a corresponding decrease in the weight of the concrete elements, making them easier to handle, transport, and place.



	
The reduction in the load-carrying capacity of the beams poured using EPS beads was about 19.4%, compared to the control beams. When EPS beads are added to the mix, they displace a portion of the traditional heavier aggregates and cement paste. As a result, the effective concrete area available to resist applied loads is reduced. Moreover, the connection between the EPS and cement is poor, leading to a decrease in the load-carrying capacity. However, the beams with a mix containing EPS and a superplasticizer showed almost the same behavior as the control beams, which indicates the effectiveness of using EPS beads with a superplasticizer in a concrete mix. A superplasticizer is an admixture used to improve the workability and flowability of concrete. When used in conjunction with EPS beads, the superplasticizer enhances the dispersion of particles, allowing for a better incorporation of the lightweight beads within the concrete matrix. This improved workability can lead to a more uniform distribution and compaction in the mix.



	
It was observed that the beams subjected to heat at 300 °C showed almost the same behavior, compared to the unheated beams. When concrete is subjected to a temperature of 300 °C, in this case, the heat from external sources can accelerate the hydration process. This can lead to the rapid formation of cementitious compounds, and an increase in the strength of the concrete. In essence, the heat acts as an energy source that speeds up the chemical reactions within the concrete.



	
There was a significant reduction in the ultimate capacity of the beams that were exposed to 600 °C compared to the unheated beams, due to the destruction caused to the mechanical characteristics of the beam element.



	
At the same heat exposure level of 300 °C, a reduction of about 20.7% occurred in the ultimate load of the beams produced via EPS, only compared to the heated control beams, whereas the load-carrying capacity for beams with a mix containing ESP and superplasticizer showed almost the same behavior as the heated control beams.



	
At the same heat exposure level of 600 °C, a reduction of about 18% occurred in the ultimate load of the beams produced via EPS, only in comparison to the heated control beams, whereas a slight load-carrying capacity for beams with a mix containing ESP and superplasticizer showed almost the same behavior as the heated control beams.
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Figure 1. Pozzolana aggregate. 






Figure 1. Pozzolana aggregate.



[image: Civileng 04 00056 g001]







[image: Civileng 04 00056 g002] 





Figure 2. Expanded polystyrene beads. 
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Figure 3. Geometrical and reinforcement details. 






Figure 3. Geometrical and reinforcement details.



[image: Civileng 04 00056 g003]







[image: Civileng 04 00056 g004] 





Figure 4. The test setup. 
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Figure 5. The casting process. 
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Figure 6. Heat furnace. 






Figure 6. Heat furnace.
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Figure 7. The tested cubes for all the concrete specimens. 
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Figure 8. The load–displacement curves of the LS, LS-P, and LS-P* samples. 
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Figure 9. The load–displacement curves of the LS-300, LS-P300, LS-P*300 samples. 
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Figure 10. The load–displacement curves of the LS-600, LSP-600, and LS-P*-600 samples. 
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Figure 11. The crack pattern of beam destruction. 
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Figure 12. The effect of high temperature on the EPS at the surface, and inside the RC beams. 
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Figure 13. The variation in the load-carrying capacity of the unheated, heated-at-300 °C, and heated-at-600 °C beam specimens. 
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Table 1. The chemical composition of the OPC.






Table 1. The chemical composition of the OPC.





	Constituent
	SiO2
	Al2O3
	Fe2O3
	CaO
	MgO
	SO3





	Percentage
	21
	5.5
	3.2
	62.5
	2
	1.9










 





Table 2. The properties of the Pozzolana aggregate.






Table 2. The properties of the Pozzolana aggregate.





	
Property

	
Density (kg/m3)

	
Apparent Specific Gravity (ASG)

	
Water Absorption (%)




	
1338

	
2.086

	
1.437%











 





Table 3. Physical and mechanical properties of the EPS.
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Physical Properties






	
Density

	
0.00310–3.50 g/cc




	
Water absorption

	
0.0300–9.00%




	
Viscosity

	
1.65–1.70 cP




	
Permeability

	
0.500–3.50




	
Mechanical Properties




	
Tensile strength, yield

	
47.1–51.0 MPa




	
Flexural yield strength

	
0.0750–3.00 MPa




	
Modulus of elasticity

	
0.00650–2.65 GPa




	
Adhesive bond strength

	
0.100–0.400 MPa











 





Table 4. Master Glenium 51 properties.
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Master Glenium 51 Properties






	
Appearance

	
Yellowish-brown liquid




	
Specific gravity @ 20 °C

	
1.10 ± 0.03 g/cm³




	
pH-value

	
6.0 ± 1




	
Alkali content (%)

	
≤5.0 (by mass)




	
Chloride content (%)

	
≤0.10 (by mass)




	
Water reduction

	
≥112% of reference mix











 





Table 5. Details of the mix proportions.
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Components

	
Concrete Mix




	
Mix 1

	
Mix 2

	
Mix 3






	
Cement/OPC (kg/m3)

	
440

	
440

	
440




	
Coarse pozzolana aggregate (kg/m3)

	
890

	
780

	
780




	
Fine aggregate (kg/m3)

	
812

	
610

	
610




	
Superplasticizer (L/m3)

	
-

	
-

	
4.25




	
Expanded polystyrene beads (replaced by volume)

	
-

	
12.5% of the CA and 25% of the FA




	
W/C eff

	
0.57

	
0.55

	
0.55











 





Table 6. Test matrix.
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Group ID

	
Specimen Designation

	
Mix Design






	
Group A

	
1

	
LS

	
Mix 1




	
2




	
3




	
1

	
LS-P

	
Mix 2




	
2




	
3




	
1

	
LS-P*

	
Mix 3




	
2




	
3




	
Group B

	
1

	
LS-300

	
Mix 1




	
2




	
3




	
1

	
LS-P-300

	
Mix 2




	
2




	
3




	
1

	
LS-P*300

	
Mix 3




	
2




	
3




	
Group C

	
1

	
LS-600

	
Mix 1




	
2




	
3




	
1

	
LS-P-600

	
Mix 2




	
2




	
3




	
1

	
LS-P*600

	
Mix 3




	
2




	
3








Mix 1 consists of LWA without EPS and additives, Mix 2 consists of LWA and EPS without additives, and Mix 3 consists of LWA with EPS and additives.













 





Table 7. Average concrete compressive strength.
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	Concrete Mix
	Tested Concrete Compressive Strength (MPa)—Cube
	Tested Concrete Compressive Strength (MPa)—Cylindrical *





	Mix1
	34.68
	27.74



	Mix2
	24.48
	19.58



	Mix3
	27.15
	21.72







* fc’ (cylinder) = 0.8 fc (cube).













 





Table 8. Densities of mixes.
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	Mix
	Concrete Density (kg/m3)
	Reduction in Density (%)





	Mix 1
	2230
	-



	Mix 2
	1977
	11.34%



	Mix 3
	1868
	16.23%










 





Table 9. The experimental results for the tested beam.






Table 9. The experimental results for the tested beam.





	
Group ID

	
Specimens

	
    Compressive   Strength    f  c u     ( MPa )    

	
Initial Crack Load (kN)

	
Ultimate Failure Load, Pu (kN)

	
Average Ultimate Failure Load, Pu (kN)

	
Maximum Deflection (mm)

	
Average Change % in Pu






	
Group A

	
LS 1

	
34.675

	
18

	
45

	
43.83

	
2.45

	
-




	
LS 2

	
32.525

	
17

	
42

	
2.72




	
LS 3

	
36.8

	
18

	
44.5

	
2.35




	
LS-P 1

	
24.475

	
19

	
36

	
35.33

	
3

	
−19.39




	
LS-P 2

	
27.2

	
19

	
32

	
2.55




	
LS-P 3

	
21.75

	
17

	
38

	
2.62




	
LS-P* 1

	
27.15

	
12

	
45.5

	
44.5

	
2.8

	
1.53




	
LS-P* 2

	
29.11

	
14

	
43

	
3.15




	
LS-P* 3

	
25.19

	
14

	
45

	
2.55




	
Group B

	
LS 300 1

	
32.3

	
20

	
45.04

	
45.85

	
4

	
-




	
LS 300 2

	
31.7

	
20

	
46.5

	
4.9




	
LS 300 3

	
32.9

	
20

	
46

	
3.72




	
LS-P 300 1

	
25.3

	
9

	
36.64

	
36.35

	
3.38

	
−20.72




	
LS-P 300 2

	
28.6

	
12

	
34.7

	
3.73




	
LS-P 300 3

	
22

	
9

	
37.7

	
3.5




	
LS-P* 300 1

	
25.6

	
20

	
46.63

	
44.14

	
6.4

	
−3.73




	
LS-P* 300 2

	
25.9

	
19

	
42.1

	
6.41




	
LS-P* 300 3

	
25.3

	
19

	
43.7

	
4.94




	
Group C

	
LS 600 1

	
23.44

	
15

	
31.04

	
31.18

	
7.4

	
-




	
LS 600 2

	
24.6

	
15

	
32

	
8.89




	
LS 600 3

	
22.28

	
15

	
30.5

	
6.65




	
LS-P 600 1

	
21.37

	
13

	
24.74

	
25.58

	
5.49

	
−17.96




	
LS-P 600 2

	
26

	
16

	
24

	
6.61




	
LS-P 600 3

	
16.74

	
12

	
28

	
4.94




	
LS-P* 600 1

	
23.7

	
13

	
30.14

	
30.73

	
7.9

	
−1.44




	
LS-P* 600 2

	
22.2

	
12

	
31.74

	
9.49




	
LS-P* 600 3

	
25.4

	
13

	
30.31

	
7.1
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