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RESEARCH ON THE IMPACT OF INERT AND HYDRAULIC ADDITIVES ON SELF-COMPACTING CONCRETE UTILIZING BRICK AGGREGATE





ABSTRACT

	Self-compacting concrete (SSC) is a novel concrete capable of flowing under its own weight without the need for concrete vibration, capable of achieving full compaction and filling the formwork despite the presence of packed reinforcement. Ongoing research is focused on substituting different components of concrete to develop stronger and more cost-effective alternatives. This study explores the replacement of natural stones with brick aggregate, while also partially substituting ordinary Portland cement (OPC) with stone dust and low-grade recycled fines (LRF), which are byproducts from the steel manufacturing industry. The coarse aggregate utilized in this research was derived from high-quality, readily available GAS-burned brick. The fineness of the coarse aggregate was assessed using ASTM C136 (2019), a widely recognized testing method. The ASTM C127 (2015) standard testing procedure was employed to determine the absorption capacity of the coarse aggregate. A feasibility study was carried out to assess the production of self-compacting concrete (SCC) utilizing brick aggregate. The incorporation of marble dust consistently improves workability, particularly at the 10% level, which aids in the handling and placement of SCC while meeting EFNARC criteria for self-compacting characteristics. Low-grade recycled fines (LRF) contribute to an increase in flowability and workability to a moderate extent when used at 5% to 10%.  Marble dust proves to be a more effective option for enhancing the modulus of elasticity in SCC, as evidenced by the reduction in modulus of elasticity across all levels of LRF replacement.
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INTRODUCTION
Self-compacting concrete (SCC) is defined as concrete that can flow and fill formwork solely under its own weight, without the need for mechanical vibration or consolidation (Zaidi et al., 2022). This innovative approach to concrete construction has gained popularity due to its improved working conditions and the enhancement of concrete quality. For concrete to achieve greater strength and longevity, it is essential to minimize porosity, prevent honeycombing, and eliminate segregation. The production of high-quality concrete necessitates effective placement of fresh material, which relies on proper vibration and compaction techniques. The presence of densely packed reinforcement can complicate the placement of concrete. SCC effectively addresses these challenges by facilitating accurate placement, compaction, and vibration. The development of SCC began in Japan in 1980, and it was first implemented in Swedish transportation infrastructure during the mid-1990s. Self-compacting concrete (SCC) is composed of coarse and fine aggregates, cement, admixtures, water, and additional materials. The incorporation of powder, which includes fillers and other cementitious substances, can enhance the volumetric and deformable properties of the paste, thereby improving its stability and cohesion. Additionally, aggregates, which constitute over 60% of the concrete's volume, play a crucial role in determining both the mechanical and fresh properties of the concrete. It is essential to meticulously evaluate the shape, texture, maximum size, and grading of the aggregates prior to their use in SCC, as these characteristics are particularly sensitive to variations in SCC. Ongoing research is focused on substituting different components of concrete to develop stronger and more cost-effective alternatives. The depletion of natural stone resources is a growing concern due to societal infrastructure expansion. This study explores the replacement of natural stones with brick aggregate, while also partially substituting ordinary Portland cement (OPC) with stone dust and low-grade recycled fines (LRF), which are byproducts from the steel manufacturing industry.
___________________________________
PROBLEM STATEMENTS
The rapid growth of structural activities in Nepal is notable. This situation has led to a scarcity of natural stone and an urgent requirement to meet existing demand. In this context, crushed bricks are commonly employed as an alternative to natural stone aggregate. Brick aggregates are generally more cost-effective than stone aggregates in the local market. Ensuring the proper placement and compaction of concrete is essential for enhancing the expected mechanical properties. In our country, there is a lack of skilled labor, and the expenses associated with skilled workers are considerable. Even with experienced personnel and appropriate tools, achieving correct compaction and placement can sometimes be challenging. Self-Consolidating Concrete (SCC) presents a viable solution to mitigate this issue. SCC utilizing brick aggregate can serve as an effective construction material to tackle these challenges, and it is imperative to leverage these innovative materials to gain their advantages.
Additionally, waste generated from steel industries, known as Ladle Refining Furnace (LRF) slag, is utilized as an additive to decrease the excessive consumption of natural resources by the construction sector. Once regarded as waste, slag was typically disposed of in landfills adjacent to industrial sites. However, in many developed nations, including the United States, Japan, Germany, and France, slag is fully utilized. It replaces various products, such as concrete aggregates, asphalt, fertilizers, and roofing aggregates.
Moreover, the process of crushing and grinding rocks for construction and other industries produces a byproduct known as stone dust. This byproduct poses risks to the environment, human health, and air quality. Utilizing stone dust for alternative applications, such as in concrete or as a base material for roads, can help reduce waste in construction. Researchers have explored the use of various aggregates and waste materials, including dust or other waste products, as substitutes for cement to investigate the properties of Self-Consolidating Concrete (SCC).
METHODOLOGY
The selection of materials with fewer emissions and environmental sustainability is aided by quality control. The following methodology is included in this research program, step-by-step:
· Selection and gathering of the materials
· Material preparations
· Assessing the physical and chemical qualities
· Designing and balancing the materials for trial mixes
· Assessing the fresh properties of SCC
· Slump flow
· T50 slump flow time
· V- funnel test
· L- box test
· The cylindrical specimen's preparation (Ø 100 mm × 200 mm)
· Assessing the mechanical properties of strengthened SCC
· Compressive Strength (fʹc)
· Splitting Tensile Strength (fsp)
· Modulus of Elasticity (Ec).
· Analysis of the results and conclusions.
All testing procedures employed in this study program adhered to established standards and guidelines.
MATERIALS
The coarse aggregate utilized in this research was derived from high-quality, readily available GAS-burned brick. The components employed in the formulation of the concrete included potable water, easily obtainable coarse sand as the fine aggregate, Ordinary Portland Cement (OPC) as the binding agent, and a chemical additive that serves as a water-reducing agent. A laboratory analysis was conducted to assess the properties of each of these materials, all of which were locally sourced, to determine the parametric requirements for Self-Compacting Concrete (SCC). 
Gradation: The fineness of the coarse aggregate was assessed using ASTM C136 (2019), a widely recognized testing method. A mechanical sieve shaker was employed for a duration of fifteen minutes to classify the aggregate through a series of sieves, specifically sized at 16, 8, 4, 3/8 inch, ¾ inch, 50, 30, 16, 8, and 1.5 inches.
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Figure 1: Sieve analysis of coarse aggregate
Table 1: Gradation of Coarse Aggregate
	Sieve Size (mm)
	Individual Weight Retained (gm)
	Cumulative Weight Retained (gm)
	% Cumulative Weight Retained
	% Finer
	Fineness Modulus (FM)

	75
	0
	0
	0
	100
	


6.83

	38
	0
	0
	0
	100
	

	19
	214.7
	21.47
	21.47
	78.53
	

	9.5
	531.1
	53.11
	74.58
	25.42
	

	4.75
	176.6
	17.66
	92.24
	7.76
	

	2.36
	62.3
	6.23
	98.47
	1.53
	

	1.18
	4.1
	0.41
	98.88
	1.12
	

	0.6
	0.8
	0.08
	98.96
	1.04
	

	0.3
	0.4
	0.04
	99.00
	1.00
	

	0.15
	0.6
	0.06
	99.06
	0.94
	

	Pan
	0.00
	
	
	
	

	Total
	1436.30
	
	682.66
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Figure 3: Particle-size distribution of coarse and fine aggregates compared with EFNARC grading envelope.
Figure 3 shows the particle size distribution (PSD) of both coarse and fine aggregates used in the SCC mix. The PSD was compared with the recommended grading envelopes by EFNARC (2002), which ensures optimal flowability and packing density for self-compacting concrete. The aggregate gradation used in this study falls within the recommended envelope, validating its suitability for SCC applications.
Tests for Coarse Aggregate: Particles exceeding 4.75 mm are classified as "coarse aggregates." The standard diameter range for these aggregates is between 4.75 mm and 19 mm. They serve to improve the material's strength, ensure even load distribution, and occupy space within the concrete without compromising its integrity.
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Figure 2: Preparation of coarse aggregate
Unit Weight: In various processes, it is essential to select the proportions for the concrete mixture based on the unit weight of the coarse aggregates. This method can also be utilized to determine the mass-to-volume relationship of the aggregates. This testing procedure adheres to the ASTM C 29 (2017) standard specification, which outlines the requirements for measuring the unit weight of coarse aggregates. Aggregate computation, 
                         Dry bulk density, M =  
                         Here, 
                                  G = Measure plus aggregate mass
                                  T = Mass of the measure
                                  V = Volume of the measure
[image: ]
Figure 4: Unit weight analysis of coarse aggregate.
Absorption Capacity: The ASTM C127 (2015) standard testing procedure was employed to determine the coarse aggregate's absorption capacity. Table 1 of Chapter IV summarizes the coarse aggregate's absorption capacities. The appendix includes the calculations related to this test. The absorption capacity is represented as.
Percentage of absorption capacity = 
                Here,
                       A = Oven dry test sample weight in the air
                       B = Saturated surface dry test sample weight in air
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Figure 5: Water absorption capacity analysis of coarse aggregate

Bulk Specific Gravity: This testing procedure adheres to the ASTM C 127 (2015) standard specification. Chapter IV provides a compilation of specific gravity values for coarse aggregates. Additionally, the appendix includes the calculations relevant to this test. The bulk specific gravity is determined as follows.                 Bulk specific gravity (SSD basis) = 
                 Here,
                         B = Weight of SSD test sample in air
                         C = Weight of saturated test sample in air
[image: ]         [image: ]
Figure 6: Bulk specific gravity analysis of coarse aggregate

Tests for Fine Aggregate: Fine aggregate is defined as any material that can pass through a No. 4 sieve. River sand, a specific type of fine aggregate, is found in river streams and along riverbanks, and it is created through the erosion caused by water currents.
[image: ]
Figure 6: Preparation of fine aggregate
Fineness Modulus: The ASTM C136 specification requires that the fineness modulus (FM) of river sand be maintained within the range of 2.3 to 3.2. This range is essential for effectively filling the voids between coarse aggregates, thereby facilitating the workability of high-strength concrete. To evaluate the fineness of the sand, standard sieve sizes including No. 4, No. 8, No. 16, as well as Nos. 30, 50, and 100 were employed. Furthermore, the calculation for fine aggregate is presented below.
     FM = 
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Figure 7: Sieve analysis of fine aggregate
Table 2: Fineness Modulus of Fine Aggregate
	Sieve Size (mm)
	Individual Weight Retained (gm)
	Cumulative Weight Retained (gm)
	% Cumulative Weight
Retained
	% Finer
	Fineness Modulus
(FM)

	4.75
	9
	9
	1.02
	98.984
	

2.912

	2.36
	38.9
	47.9
	5.40
	94.594
	

	1.18
	132.8
	180.7
	20.39
	79.605
	

	0.6
	477.7
	658.4
	74.31
	25.688
	

	0.3
	140
	798.4
	90.11
	9.887
	

	0.15
	87.6
	886
	100.00
	0.85
	

	Pan
	0
	
	
	
	

	Total
	886
	
	291.23
	
	



Tests for Cement: The duration for which cement remains workable when incorporated into a concrete mixture is referred to as its setting time. The assessment of normal consistency and setting times was conducted utilizing the Vicat apparatus, following the testing protocols established by the ASTM specifications C187 (ASTM C187, 2016) and C191 (ASTM C191, 2019), respectively.
                   [image: ]            [image: ]
Figure 8: Setting time of OPC
Water: Contaminants present in water can negatively impact the setting time, strength, and durability of concrete. To achieve optimal results, it is essential to use clean water that is devoid of harmful concentrations of oils, alkalis, salts, organic substances, or other impurities in the concrete mixing process. In this research, potable tap water was employed in the concrete mixture. According to established regulations and standards, the typical water-cement ratio ranges from 0.4 to 0.45. For this study, a water-cement ratio of 0.45 by weight has been adopted, while ensuring that all other materials are maintained in a saturated surface dry (SSD) condition.

Superplasticizer: High-range water reducers, commonly referred to as superplasticizers (SP), serve as additives that enhance the strength of concrete. These plasticizers are chemical agents that enable the formulation of concrete with approximately 15% less water. The incorporation of supplementary cementitious materials is recognized for the numerous advancements in concrete composites it facilitates, as well as for its economic benefits (Hiroshi Uchikawa, 1995). When compared to concrete composed solely of cement, the inclusion of these mineral admixtures can improve the fluidity of the concrete and diminish the requirement for superplasticizers to achieve a similar slump flow (Yun-Xing Shi, 2004).
[image: A blue container with a label

Description automatically generated]
Figure 9: Superplasticizer Con-Lub SP

PREPARATION OF SPECIMEN
A feasibility study was carried out to assess the production of self-compacting concrete (SCC) utilizing brick aggregate. This involved the preparation of trial mixes for concrete casting, incorporating crushed brick as the coarse aggregate, along with fine aggregate, cement, water, and a high-range water-reducing agent. The subsequent sections will detail the production of all concrete mixtures and outline the various stages involved in the casting of the test specimens. 

Batching of Materials: Every component utilized in the formulation of concrete was meticulously and accurately measured. It is essential to maintain uniformity in the ratios and aggregate grading of future batches. This study employed gravimetric batching to quantify the materials.

Mixing of Concrete: T The purpose of the mixing process is to achieve a uniform mixture of all components of the concrete and to ensure that the cement paste coats each aggregate particle. In this study, a tilting mixer was employed for concrete mixing. The mixer operated at a speed of 15 to 20 revolutions per minute. Initially, only the aggregates were mixed for a duration of 30 seconds. Following this, cementitious materials were introduced, and the mixture was stirred for an additional minute after the water was added and mixed for five minutes with 75% of the total mixing water. Subsequently, the mixture was agitated for another fifteen minutes while incorporating the high-range water-reducing agent (HRWRA) and the remaining water. The mixing continued until the bubbles on the surface began to dissipate, with a total mixing time of approximately 22 to 25 minutes.

Testing of Fresh Properties: To ascertain the fresh properties of self-compacting concrete (SCC), various tests were conducted, including the slump flow method, T50 time, V-funnel, V-funnel at T5 minutes, L-box, and J-ring. These assessments were employed to evaluate the flowability, passing ability, filling capacity, and segregation resistance of the freshly mixed concrete shortly after its preparation. Additionally, unit weight tests were performed on the fresh concrete in the laboratory.

Placing of Fresh Concrete: The uniformity, density, and functionality of concrete are greatly influenced by the methods employed during its placement in the designated area. To evaluate the mechanical properties, including compressive strength, tensile strength, and elastic modulus, a cylindrical mold measuring Ø100 mm by 200 mm was filled with concrete.

Removal of Mold: After a casting period of 48 hours, the hardened cylindrical concrete specimens were extracted from the mold. Following this, a permanent marker pen was utilized to level the surfaces of the specimens, ensuring distinct separation. Considerable caution was exercised during the removal of the mold to prevent any adverse effects on the specimens.

Curing of Concrete: The physical characteristics of concrete are primarily influenced by the extent of cement hydration and the microstructure formed because of this hydration. The hydration of cement commences upon the introduction of water, which underscores the necessity for concrete to undergo curing. In this investigation, the method of curing concrete through immersion in water was employed. Test specimens were submerged in standard water within a curing tank for a duration of 28 days.

Testing of Hardened Concrete: T The modulus of elasticity, splitting tensile strength, and compressive strength of the cylindrical concrete specimens were assessed through testing procedures. The findings of this study are presented through the analysis of these test results.


TEST SETUP
Compressive Strength: Concrete cylinders measuring 100 mm in diameter and 200 mm in height were produced utilizing experimental self-compacting concrete (SCC) mixes combined with brick material. A compressive strength test was performed using the Universal Testing Machine (UTM), following the guidelines set forth in ASTM C39 (2002). The compression force was applied incrementally until the specimens failed, at which point the maximum load that each specimen could withstand was recorded. The compressive strength was calculated based on the cross-sectional area of the cylinders and the ultimate load, with the results averaged across three specimens. The compressive strength testing results are illustrated in Figure 10.

[image: ]    [image: ]
Figure 10: Testing of compressive strength
          Calculation for compressive strength,  = 
	Here, P = Crushing load
                     Ac = Contact area of the cylinder

Splitting Tensile Strength
The splitting tensile test was carried out in compliance with ASTM C496 (2004). Concrete cylinders measuring 100 mm in diameter and 200 mm in height were subjected to the splitting tensile test utilizing universal testing apparatus after the designated curing period. For each replacement, three specimens were tested in duplicate, and the average values of the splitting tensile strength were recorded for each specimen. The results of the splitting tensile strength testing for self-consolidating concrete (SCC) are illustrated in Fig. 11.
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Figure 11: Testing of splitting tensile strength
Splitting tensile strength,  = 
                   Here, P = Maximum applied load
                             l = Length of cylinder
                            D = Diameter of cylinder

Modulus of Elasticity: The stress-strain relationship of concrete exhibits a non-linear behavior. According to ASTM C 469-02 (2002), compressive strength is essential for determining Ec. This standard specifies that the modulus of elasticity is typically calculated within a working stress range of 0 to 40% of the concrete's ultimate strength. In the present study, cylindrical specimens composed of brick aggregate underwent a 28-day evaluation of their modulus of elasticity. A compressometer was utilized to assess the specimens, as illustrated in Fig. 12. For this assessment, three molds were tested for each type of mortar, and the molds yielding the highest values were chosen for each sample.

[image: ]
Figure 12: Testing of modulus of elasticity

RESULTS AND DISCUSSIONS
Compressive Strength of SCC: In this research, the newly mixed SCC mortar was poured into molds and allowed to set at ambient temperature for a duration of 24 hours. The mortar was extracted from the molds and subjected to curing at room temperature (20 °C) until the time of evaluation. The compressive strength of the hardened concrete was measured at intervals of 14, 28, and 56 days. The minimum compressive strength required for concrete used in earthquake-resistant structures is 20 MPa; however, this requirement may be relaxed to 17 MPa for buildings that are up to four stories tall.

Table 3: Compressive Strength of Normal vs Partial Replacement of Cement in SCC in MPa.
	[bookmark: _Hlk176081186]Concrete with
	14 Days
	28 Days
	56 Days

	Normal SCC without    LRF & Marble dust
	20.55
	28.03
	31.62

	5% LRF
	24.57
	28.77
	24.79

	10% LRF
	23.72
	29.75
	25.56

	15% LRF
	24.23
	28.56
	30.67

	5% Marble dust
	39.59
	40.86
	31.51

	10% Marble dust
	35.14
	40.11
	34.33

	15% Marble dust
	35.79
	44.37
	30.51


The compressive strength of each mortar combination was determined by averaging the results from four specimens. Measurements of compressive strength were taken at 14, 28, and 56 days. Additionally, Figure 13 provides a graphical illustration of the compressive strength outcomes for the mortar samples. The percentage of LRF slag replacement demonstrates superior compressive strength during both the 14-day and 28-day testing periods when compared to the control mix. Conversely, the compressive strength of the control mortar shows an increase in the figure. While strength improved from 14 to 28 days, a decline in strength was observed for nearly all tests at 56 days, with a few exceptions in the sample tests.
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[bookmark: _Hlk176044306]Figure 13: Compressive strength at different ages for marble dust

Table 4: Percentage of Change in Compressive Strength for Marble Dust
	[bookmark: _Hlk176078825]Percentage of Change in Compressive Strength (%)

	Concrete with
	14 Days
	28 Days
	56 Days

	Normal SCC with 0% Marble Dust
	-
	-
	-

	5% Marble Dust
	92.7
	45.8
	-0.4

	10% Marble Dust
	71.0
	43.1
	8.6

	15% Marble Dust
	74.2
	58.3
	-3.5



The graphical data presented in Figure 13 clearly indicates that the strength of self-compacting concrete (SCC) incorporating marble dust improved over the 14 to 28-day period across all tested scenarios, including normal concrete and cement replacement ratios of 5%, 10%, and 15%. Specifically, at the 14-day mark, the strength achieved was 92.8% and 74.2% for the 5% and 15% marble dust replacements, respectively. Subsequently, at 28 days, these strengths increased by an additional 45.8% and 58.3%, respectively. However, a notable decline in strength was observed by day 56, with reductions ranging from 3.5% to 0.4%. In contrast, the 10% marble dust replacement demonstrated a strength increase of approximately 71% at 14 days, followed by an additional 43.1% gain at 28 days. While other replacement ratios exhibited strength loss at 56 days, the 10% marble dust scenario showed an 8.6% strength gain. The graphical representation of this data is also available in Table 4. Therefore, it can be concluded that the use of 10% marble dust, as opposed to 5% and 15% replacement ratios, yields slightly better compressive strength results in SCC without the inclusion of normal concrete.
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Figure 14: Compressive strength at different ages for LRF

Table 5: Percentage of Change in Compressive Strength for LRF
	Percentage of Change in Compressive Strength (%)

	Concrete with
	14 Days
	28 Days
	56 Days

	Normal SCC with 0% LRF
	-
	-
	-

	5% LRF
	19.6
	2.7
	-21.6

	10% LRF
	15.8
	6.2
	-19.2

	15% LRF
	17.8
	1.9
	-4



The results of utilizing LRF in SCC concrete, with normal concrete and cement replacement ratios of 5%, 10%, and 15%, exhibit variations as depicted in the graphical data presented in Figure 14 Specifically, the strength achieved at the 5%, 10%, and 15% LRF replacement ratios does not match the performance observed with standard SCC. Conversely, there is a notable increase in strength at 14 to 28 days for the 5% and 10% LRF ratios. According to Table 6, a significant decline in strength is reported at 56 days. Consequently, it is evident from Table 4 and Figure 14 that the 15% LRF combination shows a slight improvement over regular concrete. In this context, while regular concrete demonstrates superior compressive strength, the 15% LRF option can be employed to achieve comparable strength levels.

Splitting Tensile Strength of SCC: The splitting tensile strength (fsp) is generally greater than the direct tensile strength but less than the flexural strength. It is commonly expressed as a function of the square root of the compressive strength (fʹc). In the design of structural concrete components, the splitting tensile strength serves to evaluate the shear resistance provided by the material and to determine the duration required for reinforcement to develop effectively.

Table 6: Splitting Strength of Normal vs Partial Replacement of Cement in SCC
	Splitting Tensile Strength of SCC (MPa)

	Concrete with
	14 Days
	28 Days
	56 Days

	Normal SCC without    LRF & Marble dust
	2.27
	2.69
	2.96

	5% LRF
	2.23
	2.57
	2.30

	10% LRF
	2.09
	2.71
	2.37

	15% LRF
	1.98
	2.55
	3.13

	5% Marble dust
	3.11
	2.54
	2.45

	10% Marble dust
	2.93
	2.93
	1.85

	15% Marble dust
	2.86
	3.03
	3.16



An analysis of standard SCC concrete at 14 and 28 days reveals that it possesses a greater tensile strength compared to the alternative LRF and marble dust mortars. Nevertheless, at the 56-day mark, concrete incorporating 15% LRF slag and marble dust demonstrates superior strength compared to conventional SCC concrete. Additionally, Figures 15 and 16 illustrate the splitting strength outcomes for the mortar samples. When evaluating the replacement ratios of LRF slag and marble dust against the control mix throughout the 14-day, 28-day, and 56-day testing intervals, a reduction in tensile strength is observed.
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Figure 15: Splitting Tensile Strength at different ages for marble dust

Table 7: Percentage of Change in Splitting Tensile Strength for Marble Dust
	Percentage of Change in Compressive Strength (%)

	Concrete with
	14 Days
	28 Days
	56 Days

	Normal SCC with 0% Marble Dust
	-
	-
	-

	5% Marble Dust
	37.19
	-5.40
	-17.16

	10% Marble Dust
	29.07
	8.98
	-37.4

	15% Marble Dust
	26.11
	12.96
	6.6



As illustrated in Figure 16 and Table 7, standard self-compacting concrete (SCC) exhibits a significant enhancement in splitting tensile strength over time. However, the strength improvements observed with the incorporation of 5%, 10%, and 15% marble dust are minimal. Specifically, the strength gains for the 5% and 10% mixtures during the initial 14 days were recorded at 17.16% and 37.4% by the 56-day mark, respectively. While the 15% marble dust mixture does demonstrate a marginal increase in strength, it remains insignificant when compared to standard SCC. In this context, both the 15% mixture and plain concrete yielded anticipated outcomes.[image: A graph of different age and age
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Figure 16: Splitting Tensile Strength at different ages for LRF

Table 8: Percentage of Change in Splitting Tensile Strength for LRF
	Percentage of Change in Splitting Tensile Strength (%)

	Concrete with
	14 Days
	28 Days
	56 Days

	Normal SCC with 0% LRF
	-
	-
	-

	5% LRF
	-1.5
	-18.77
	-22

	10% LRF
	-7.98
	1.01
	-20

	15% LRF
	-12.53
	-5.07
	6



The incorporation of 5%, 10%, or 15% LRF slag into the mixture results in a reduction of the splitting tensile strength of self-compacting concrete (SCC) at various ages when compared to standard SCC. Specifically, there is a decrease of approximately 1.5% after 14 days, 4.32% after 28 days, and 22% after 56 days when evaluating the tensile strength with the addition of 5% LRF. In the case of a 15% LRF addition, the strength diminishes by 12.53% after 14 days but experiences a 6% increase after 56 days relative to the control mix. The variations in percentage increases and decreases across different ages and LRF percentages are illustrated in Table 7 and Figure 17.
Modulus of Elasticity of SCC: The modulus of elasticity is commonly expressed as a function of the square root of compressive strength. Several codes have established a few empirical relations to determine the concrete's modulus of elasticity. The unit weight, aggregate type and content, additive type, and compressive strength of concrete all affect its modulus of elasticity. The results of the elastic modulus tests are listed in Table 8, and Figure 17 shows representative graphs of the hardened concrete stress-strain diagram.

Table 9: Changes in the modulus of elasticity for various SCC mixes
	Percent Replacement (%)
	Modulus of Elasticity, Ec (GPa)

	Normal SCC without Replacement
	21.51

	5% LRF
	14.12

	10% LRF
	17.14

	15% LRF
	14.46

	5% Marble Dust
	13.61

	10% Marble Dust
	15.19

	15% Marble Dust
	25.91


[image: A graph of stress and strain graph]
Figure 17: Stress–Strain curve for LRF

Table 8 indicates that the modulus of elasticity for standard concrete reached a maximum of 21.51 GPa and a minimum of 14.12 GPa for mixed concrete incorporating 5% LRF. It was observed that the static elastic modulus values for SCC mixes with 5% LRF were the lowest. In comparison, the modulus of elasticity for standard SCC was greater than that of LRF by 10%, 15%, and 5%. The stress-strain curve for both conventional SCC and SCC with partial replacement by LRF is illustrated in Figure 17.
According to Table 8 and Figure 18, the minimum modulus of elasticity for concrete mixed with 5% marble dust is recorded at 13.61 GPa, whereas the maximum modulus of elasticity for concrete containing 15% marble dust reaches 25.91 GPa. In comparison, standard concrete has a modulus of elasticity of 21.51 GPa, and concrete with a 10% marble dust mixture shows a modulus of 15.19 GPa.
[image: ]
Figure 18: Stress–Strain curve for marble dust

This data suggests that conventional concrete offers more advantages than concrete with 5% or 10% marble dust. However, the concrete incorporating 15% marble dust demonstrates enhanced performance, indicating its potential for producing higher-quality concrete.


CONCLUSION
The primary objective of the experiment was to assess the impact of self-compacting concrete, which predominantly replaces cement with marble dust and LRF, on the mechanical and fresh properties of the material. From the analysis and test outcomes, several conclusions can be derived.
Fresh Properties of SCC  
· Marble dust is utilized to replace 5%, 10%, and 15% of the cement in SCC, enhancing flowability, with the 10% substitution demonstrating optimal performance in accordance with EFNARC flow spread standards.  

· The incorporation of marble dust consistently improves workability, particularly at the 10% level, which aids in the handling and placement of SCC while meeting EFNARC criteria for self-compacting characteristics. 
 
· LRF contributes to an increase in flowability and workability to a moderate extent when used at 5% to 10%; however, at a 15% level, these advantages start to decline, necessitating careful adjustments to the mix to adhere to EFNARC standards. 


· Both marble dust and LRF achieve a satisfactory level of possibility; nonetheless, at 10% and higher, marble dust enhances flow through reinforcement, thereby fulfilling EFNARC requirements.  
· Across all replacement percentages, marble dust effectively maintains segregation resistance; however, a higher LRF content (15%) elevates the risk of segregation, underscoring the importance of an optimal mix design.
  
Mechanical Properties of SCC
· When cement is partially replaced with 15% marble dust, there is a significant enhancement in compressive strength at both 14 and 28 days, achieving a peak strength of 44.37 MPa at 28 days.

· The incorporation of 15% marble dust also leads to improved splitting tensile strength at 28 and 56 days, with a maximum value of 3.16 MPa recorded at 56 days, which exceeds the performance of conventional SCC.


· The influence of LRF replacement on splitting tensile strength is inconsistent; the highest strength of 3.13 MPa was observed at 15% LRF by 56 days.

· The introduction of 15% marble dust elevates the modulus of elasticity to 25.91 GPa, representing a substantial increase in stiffness compared to the standard 21.51 GPa of SCC.

· Marble dust proves to be a more effective option for enhancing the modulus of elasticity in SCC, as evidenced by the reduction in modulus of elasticity across all levels of LRF replacement, which ranged from 14.12 to 14.84 GPa, indicating a decrease in stiffness relative to normal SCC.


LIMITATIONS AND FUTURE RECOMMENDATIONS
Brick aggregate, marble dust, and lime refining sludge (LRF) were effectively shown to have prospective applications in self-compacting concrete (SCC) in this study; nevertheless, there are a number of significant drawbacks and issues that should be addressed going forward:
1. Segregation Resistance Not Evaluated
A systematic quantitative evaluation of segregation resistance was not included in the study, despite the fact that the SCC mixtures attained acceptable flow parameters (slump flow diameter, T500 duration, and L-box ratio) and that no visual segregation was seen during fresh-state testing. The Column Segregation Test (ASTM C1610) is the ideal method for evaluating segregation resistance, which is a crucial characteristic of SCC according to EFNARC and ASTM recommendations. A constraint in the complete characterization of novel features is the lack of this evaluation. Future research should use ASTM C1610 or other techniques to quantitatively confirm the matrix's resistance to segregation and guarantee that the constituents are distributed uniformly.
2. Considerable Decline in 56-Day Strength at 15% Replacement of Marble Dust
The mix containing 15% marble dust showed a considerable decrease in compressive strength at 56 days, dropping more than 10 MPa below the 28-day strength. This odd strength decrease points to a potential inconsistency in the pozzolanic response or long-term hydration kinetics brought on by excessive replacement. To find out if there is a delayed strength gain or if the drop continues, additional testing is advised at 90 and 120 days. To balance the advantages of early withering with long-term mechanical performance, further investigations might additionally investigate the most suitable replacement limits for marble dust.


3. Absence of Microstructural Analysis
Energy Dispersive X-ray Spectroscopy (EDS), X-ray Diffraction (XRD), and Scanning Electron Microscopy (SEM) were not used in this study. Understanding the interface bonding between recycled materials and the cementitious matrix, as well as the formation of hydration products, is made easier with the use of such analyses. For instance, microcracking or inadequate interfacial transition zones (ITZs) may be detected by SEM imaging, which could account for the strength reduction at larger dosages of marble dust or LRF. To enhance the comprehension of material behavior at the microscopic level and supplement mechanical testing, future research should include microstructural characterization.
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APPENDIX
Appendix A: Calculations and Test Data
1. Compressive Strength Computations
· Formula used: f'c=
· Sample calculations for different SCC mixes

2. Splitting Tensile Strength Computations
· Formula used: fsp=
· Example calculations for 5%, 10%, and 15% marble dust and LRF substitutions.

3. Modulus of Elasticity Calculations
· Formula used: Based on ASTM C469-02
· Comparative analysis of normal SCC vs replacements.

Appendix B: Raw Data from Experimental Tests
1. Sieve Analysis Data for Coarse and Fine Aggregates
· Detailed tabulation of retained weights
· Gradation curves
2. Fresh Property Test Results
· Slump flow, V-Funnel, L-Box test values
3. Strength Test Results
· Compressive strength, tensile strength, and elasticity modulus values for different curing ages.

Appendix C: Figures and Graphs
1. Stress-strain curves for SCC with marble dust and LRF
2. Gradation charts for aggregate selection
3. Photographs documenting the experimental setup.

Appendix D: Standards and Guidelines Used
1. ASTM C136 (2019) – Sieve analysis
2. ASTM C39 (2002) – Compressive strength testing
3. EFNARC guidelines for SCC.
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