

  Analysis of Mechanical Properties of Self Compacted Concrete by Partial Replacement of Cement with Industrial Wastes under Elevated Temperature




Analysis of Mechanical Properties of Self Compacted Concrete by Partial Replacement of Cement with Industrial Wastes under Elevated Temperature







Applied Sciences 2018, 8(3), 364; doi:10.3390/app8030364




Article



Analysis of Mechanical Properties of Self Compacted Concrete by Partial Replacement of Cement with Industrial Wastes under Elevated Temperature



Junaid Mansoor 1, Syyed Adnan Raheel Shah 1,2,*, Mudasser Muneer Khan 3, Abdullah Naveed Sadiq 1, Muhammad Kashif Anwar 1, Muhammad Usman Siddiq 1 and Hassam Ahmad 1





1



Department of Civil Engineering, Pakistan Institute of Engineering and Technology, Multan 66000, Pakistan






2



Instituut Voor Mobiliteit, Hasselt University, Wetenschapspark 5 Bus 6, 3590 Diepenbeek, Belgium






3



Department of Civil Engineering, University College of Engineering & Technology, Bahauddin Zakariya University, Multan 66000, Pakistan









*



Correspondence: syyed.adnanraheelshah@uhasselt.be or shahjee.8@gmail.com; Tel.: +92-300-791-4248







Received: 29 January 2018 / Accepted: 24 February 2018 / Published: 7 March 2018



Abstract:



Self-Compacting Concrete (SCC) differs from the normal concrete as it has the basic capacity to consolidate under its own weight. The increased awareness regarding environmental disturbances and its hazardous effects caused by blasting and crushing procedures of stone, it becomes a delicate and obvious issue for construction industry to develop an alternative remedy as material which can reduce the environmental hazards and enable high-performance strength to the concrete, which would make it durable and efficient for work. A growing trend is being established all over the world to use industrial byproducts and domestic wastes as a useful raw material in construction, as it provides an eco-friendly edge to the construction process and especially for concrete. This study aims to enlighten the use and comparative analysis for the performance of concrete with added industrial byproducts such as Ground Granulated Blast Furnace Slag (GGBFS), Silica fumes (SF) and Marble Powder (MP) in the preparation of SCC. This paper deals with the prediction of mechanical properties (i.e., compressive, tensile and flexural Strength) of self-compacting concrete by considering four major factors such as type of additive, percentage additive replaced, curing days and temperature using Artificial Neural Networks (ANNs).
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1. Introduction


After the production of self-compacting concrete in the 1980s, it has become a very widely used type of concrete, which is highly able to penetrate the closely spaced steel bars without any compaction procedures. SCC differs from normal concrete as it is at a higher end in workability and the issues of segregation and bleeding are encountered in these types of concrete [1]. Nowadays, it is widely used in many developing countries for versatile applications, high rise skyscrapers, urban infrastructure and structural configurations. Use of SCC develops substantial advantages for the productivity of the construction work. The growing trend of utilizing waste materials and industrial byproducts in the production of useful entities is being practiced all over the world. Using materials that are nearly useless for any advantageous purpose to effectively increase the strength of concrete is an efficient way to counter the hazardous effects of such materials. By using different percentages of materials as replacement for cement in concrete mix of grade M20 (Mix ratio 1:1.5:3) and a suitable water-cement (w/c) ratio 0.40, there is a broad analysis of performance of such high strength concrete with respect to the different adding ratios by testing the mechanical properties of concrete such as its compressive strength, split tensile strength and flexural strength [2]. Fresh properties for the SCC have also been monitored and examined, including the V-Funnel test, J-Ring test and Slump test. All these were carried out for the detail examination of fresh concrete behavior. Tests for hardened concrete were carried out using samples of different ratios of materials as a replacement in hardened cylinder and cube form. Many samples were casted for the comprehensive testing process. The samples with replacement ratios of 5%, 10%, 15%, 20% and 25% are tested thoroughly to analyze the hardened properties of mixes. By the utilization of these industrial byproducts and waste materials, an elevated level of pollution treatment can be achieved by the construction industry all over the world. This induction of materials in concrete tends to provide efficient and high strength ranging concrete mixes and is eco-friendly, too [3]. Previously much discussion was had on replacement of cement with Fly Ash and Marble Powder [4,5,6,7,8,9], but Ground Granulated Blast Furnace Slag (GGBFS) [4] was limited in use. Therefore, this research has contributed the comparison of Fly Ash and Marble powder with GGBFS not only at room temperature but also at elevated temperature. Furthermore, most previous studies only major focused on compressive strength [4,5,6,8,10,11,12,13]. However, in this research tensile and flexural strength has also been studied. Self-compacted concrete (SCC) is one of the famous types of concrete but addition of industrial waste additives to partially replace the cement and treating concrete at elevated temperature in SCC has been proposed for the first time in this study. Performance of concrete in normal environment and elevated temperature gives a comparative analysis. The property of concrete to sustain in elevated temperature environments provides an opportunity to test its behavior during fire in structures. Employment of such wastes and their beneficial effects for structures are observed in this study.



Although Artificial Neural Network (ANN) is famous in predicting Compressive strength of self-compacting concrete (SCC) [14,15,16,17], in this study, new variables have been tested, which are basically related to change of additives, curing conditions, change of type of additive and percentage of additives. Taking advantage of prediction with multiple inputs and multiple outputs, compression, tensile and flexural Strength have been predicted through ANN.




2. Materials and Methods


2.1. Major Ingredients


2.1.1. Silica Fume


Silica fume is the term normally used for the micro silica or the condensed silica byproduct produced as a result of the production of Silicon and Ferrosilicon alloys from highly pure form quartz and coal in an electric submerged-arc. The advantage of utilization of Silica fume in concrete gives special characteristics to concrete such as the reduced permeability property, improved corrosion protection for steel bars, increased resistance against the sulfate and chemicals attacks, improved and efficient mechanical strengths and performances and elevated levels of split tensile and flexural strengths [18]. The replacement of cement with different percentages of Silica Fumes, i.e., 5%, 10%, 15%, 20% and 25%, enables analyzing and interpreting clear results of the performances incurred by this valuable replacement. SF reacts with concrete in two different ways: by modifying hydration reaction in concrete and by its very well known “Micro-filler effect”. Upon adding water to the Portland cement in the concrete, hydration process starts; thus, the two primary products are formed [19]. The first resultant product is “Calcium silicate gel”. It is a “glue” of adhesive nature to bind aggregates together in concrete mix. The other product is “Calcium hydroxide”, which comprises up to 25% volume of products formed because of hydration. Calcium hydroxide at higher levels is not useful for the concrete and induces the harmful alkali-aggregate reactions and efflorescence. The second major and efficient process through which the SF improvises concrete is the known “Micro-filler effect” [20]. Average particle size for the dense SF is about 0.1 micrometers, while the ordinary Portland cement has average particle size of about nearly 15 micrometers. The extremity in fineness of SF allows filling in the microscopic voids and gaps between the particles of cement [21]. Micro-filter effect greatly improves and reduces permeability and improves the important “Paste-to-Aggregate bond” in the SF concrete as compared to the conventional ordinary concrete used in common practice. There is no major visible difference in the moisture absorption percentage for both SF and ordinary concrete. The shade of the Silica Fumes depends mainly upon the carbon content in it and pigment inducing variables present in composition contents.




2.1.2. Ground Granulated Blast Furnace Slag (GGBFS)


Ground Granulated Blast-Furnace Slag is a non-metallic powder that consists of some Silicates Aluminates of Calcium and other useful bases [22]. Molten slag is cooled by quenching in water which enables the formation of glassy sand-like material. The basic chemical composition for GGBFS is same as that of cement clinkers. Performance of the slag mainly depends upon the basic chemical composition and fineness. In a similar manner, the Slag is replaced by 5%, 10%, 15%, 20% and 25%. Performance of SCC with the GGBFS is analyzed by testing the basic fresh properties of concrete; in addition, its useful mechanical behavior and durability will be affected by incorporating GGBFS as beneficial replacement of the Portland cement. The effects caused by the replacement of slag depend solely upon the percentage of slag used and the fineness of material. There are different manners by which the replacement of slag with Portland cement affects the basic properties of SCC. Slag affects the important most property of concrete which is workability, by the tests performed and analysis of results it is concluded that higher performance extent is achieved using relatively higher contents of slag (GGBFS) [23]. The degree of fineness of slag does not increase workability for the concrete [24]. The replacement of GGBFS does not significantly affect the bleeding issues for concrete. The risk factor and important issue of the “Autogenously Increasing Temperature” for SCC and major associated “Thermal stresses” and “Cracking” are also considered upon addition of slag elements in SCC [11,25,26]. Setting period for GGBFS concrete mainly depends on the reactivity of the slag used and its employed percentage present in the mix. The use of slag, however, causes a lower gain of initial strength at seven days, while significantly higher strengths at 28 days of sample cured in water. In summers or warm weather sites, the final strength attained can be higher as compared to the ordinary Portland cement [27]. The replacement of the GGBFS in SCC increases its broad resistance against the chloride-ion attack, mainly at some later period of concrete life [28]. This helps to improve chloride binding in concrete. This turns out to be highly beneficial for the key protection of the important element of structures which is the prevention of steel from internal corrosion and deterioration. The resistance against the freeze and thaw cycle for concrete structures in cold climatic areas is not affected by using the GGBFS in a mix of SCC [29]. The following cycle is a direct function related to the evident air-void spacing factor for the concrete, which is mainly obtained by using the additional elements in concrete properly such as the air-entraining admixtures. Sulfate attack resistant concrete with GGBFS entails the replacement of more than 25% by mass of cement used. The replacement of slag in proper fine percentages more than about 20% can be utilized to tackle the expansion due to the alkali-silica reactions in concrete with GGBFS. Carbonation extent in the GGBFS concrete may rise even more than simple concrete if it is not properly treated and cured for the full required period [30]. Durability and the extent of resistance to damage and permeability effects in marine saline environments are far more increased and concrete because of its key useful chloride ion attack resistant nature [31].




2.1.3. Marble Powder (MP)


The addition of Marble Powder as a partial replacement for Portland cement is highly beneficial on large-scale works due to versatile advantages of Marble dust powder. The marble powder obtained by the processing of marble serves as a waste material. In this paper, the usage of marble powder produced during the shaping, grinding and processing of large marble blocks is investigated in the considered concrete mix as an effective acting material. The concrete mix prepared contains varying amounts of Marble Powder: 5%, 10%, 15%, 20% and 25% of the replacement for the total cement used. The prepared samples are observed and cured for 7, 14, 21 and 28 days and tested in the hardened form of cubes and cylinders. During the tests, the hardened properties such as compressive strength, split tensile strength and flexural strength are mainly analyzed. It is observed that the main influence made by the fine to coarse aggregate ratio and also the cement to total coarse aggregate ratio makes a considerably higher effect in improvising strength percentage for the properties of all samples [32]. Phenomenal elevation for compressive strength at seven days for 25% replacement of marble powder with ordinary Portland cement in the cylinder was observed and it shows improved strength properties as compared to the ordinary concrete. Important effects caused by the use of marble powder as a replacement for the fine aggregates in a mortar and the concrete by the partial reduction of cement quantities have been observed for the relative compressive, tensile and flexural strength of the prepared mix [33]. Partially replacing the cement with the waste marble powder and testing it shows that, with increased ratios of MP, greater elevated strengths are achieved. The direct exposure of waste materials to the open environment causes fatal environmental issues leading to increasing the drastic effects of damage for the environment [34]. Basic properties of major additives have been elaborated in Table 1.



Table 1. Properties of major additives.



	
Property

	
Materials




	
SF

	
GGBFS

	
MP






	
Color

	
Light Blue

	
Dull Grey

	
White




	
Consistency

	
106.0%

	
35.88%

	
32%




	
Specific Gravity

	
2.14

	
2.78

	
3.15








Note: SF: Silica Fume; GGBFS: Ground Granulated Blast Furnace Slag; MP: Marble Powder.









2.1.4. Superplasticizer


Self-compacting concrete (SCC) is a modified form of concrete with “Superplasticizer” as an essential part of the mix. Superplasticizers are used for producing a flowing concrete in scenarios where placing of concrete is normally inaccessible or in castings where very rapid placement is required [35]. Another key use of plasticizer in concrete is the production of High Strength Concrete with normal workability but a low water–cement ratio. For the production of high strength concrete, when admixtures are added as an integral part of the mix in the form replacement, they absorb water, thus reducing the water content and ultimately hinder the workability and amount of water required for hydration process. These superplasticizers are the sulfonated melamine formaldehyde condensates or sulfonated naphthalene formaldehyde condensates [36]. The plasticizer used in work is the “Super Plasticizer by Ultra Chemicals” and it is the “Sulfonated Naphthalene Formaldehyde condensate” preferred in work because of its prominent dispersing action on cement. The sulfonic acid in it tends to disperse the cement particles by being adsorbed on them and inducing a negative charge on them making them mutually repulsive in nature [37]. This leads to elevating the workability of concrete at given w/c ratio. The main disadvantage of such superplasticizer is the production cost elevates because such plasticizers with high molecular mass are expensive to manufacture [38].





2.2. Concrete Preparation and Testing


2.2.1. Development of Concrete


Self-Compacting concrete is a useful mix prepared by induction of super plasticizer in normal conventional concrete. Similar to many innovative products, SCC was developed out of social necessity. The fine aggregate size is the reason SCC has a lower viscosity as compared to conventional concrete without the demand of increased hydration. An efficient mix design is prepared for the SCC. Different ratios are chosen to test and develop the most efficient and beneficial mix. Self-compacting concrete uses about 2–3% superplasticizer as an admixture to gain high levels of workability. At lower w/c ratios by adding plasticizer, we can achieve a good slump for concrete. It is prepared similar to ordinary concrete, just the addition of plasticizer after water is added to mix develops the qualities of good workability and easy placement for SCC. The J ring, V funnel, fresh mix and Slump tests are performed. A normal mechanical mixer is employed to prepare the SCC. Due to high mobility nature, it is far more easy to handle and place as compared to conventional concrete [4,39]. Fresh concrete is prepared in mixer machine and, during the mixing process, the required replacement for the ordinary cement is done. SF, GGBFS and MP are added to the mixes and cubes of dimensions 150 mm by 150 mm by 150 mm are cast; prisms of size 100 mm by 100 mm by 500 mm; and cylinders with dimensions of 150 mm by 300 mm are cast. All samples were allowed to cure in curing tanks filled with fresh water. The curing process is done for 7, 14, 21 and 28 days. After curing, cube samples are dried in heat ovens at about 300–450 °C for 20 min. Heated cube samples and other sun-dried samples of cylinders and prisms are tested in a Compression Test Machine available in the lab of the institute. The strength tests were carried out carefully on best-attained samples from the stock of casted samples for different percentage replacements. The mixing proportion is shown in Table 2.


Table 2. Quantities for mixing and development of concrete.


	Mix ID
	Cement kg/m3
	Silica Fume kg/m3
	GGBFS (Slag) kg/m3
	Marble Powder kg/m3
	Coarse Aggregate kg/m3
	Fine Aggregate kg/m3
	Water kg/m3
	Super Plasticizer kg/m3





	CSSC
	300
	-
	-
	-
	900
	450
	120
	4.8



	SF5
	285
	15
	-
	-
	900
	450
	120
	4.8



	SF10
	270
	30
	-
	-
	900
	450
	120
	4.8



	SF15
	255
	45
	-
	-
	900
	450
	120
	4.8



	SF20
	240
	60
	-
	-
	900
	450
	120
	4.8



	SF25
	225
	75
	-
	-
	900
	450
	120
	4.8



	GGBFS5
	285
	-
	15
	-
	900
	450
	120
	4.8



	GGBFS10
	270
	-
	30
	-
	900
	450
	120
	4.8



	GGBFS15
	255
	-
	45
	-
	900
	450
	120
	4.8



	GGBFS20
	240
	-
	60
	-
	900
	450
	120
	4.8



	GGBFS25
	225
	-
	75
	-
	900
	450
	120
	4.8



	MP5
	285
	-
	-
	15
	900
	450
	120
	4.8



	MP10
	270
	-
	-
	30
	900
	450
	120
	4.8



	MP15
	255
	-
	-
	45
	900
	450
	120
	4.8



	MP20
	240
	-
	-
	60
	900
	450
	120
	4.8



	MP25
	225
	-
	-
	75
	900
	450
	120
	4.8










2.2.2. Properties of Fresh Concrete


Fresh properties of concrete are investigated by the fresh concrete tests of SCC which includes the V-funnel test, J-Ring test and Slump test [39]. Fresh Properties of mix are observed and results are as follows.



Slump Test: The standard apparatus for the slump test was used to carry out the examination of the flow if concrete and its workability. The SCC mixes showed efficient results of a slump for the workability. Slump values are used to visualize the performance of SCC during placement [40].



V-Funnel Test: Standard apparatus for the V-funnel test is employed to perform this test. The test was performed in lab and the time was recorded for the flow using a stopwatch. The v-funnel test enables us to analyze the flow pattern of concrete through the congested bars of steel reinforcement in the structure (Figure 1).


Figure 1. Standard J-Ring and V-Funnel test apparatuses.
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J-Ring Test: For the analysis of fresh properties of SCC, we performed the J-Ring test for the evaluation of flow ability of concrete with additional replaced percentages of materials [39]. Standard J-Ring apparatus available in the lab made according to BS specifications is used to perform the test. Distance span is carefully examined. This test enables us to overview the pattern of the concrete inside steel bars of reinforcement. The standard testing equipment is shown in Figure 1.



Table 3 explains the results from the tests performed on fresh concrete.



Table 3. Properties of fresh concrete.



	
Materials

	
Properties




	
Cement Replacement % Age

	
Slump Test

	
V-Funnel Test

	
J-Ring Test




	

	
Slump (mm)

	
Time (s)

	
Distance (mm)






	
SF 5%

	
684

	
10.0

	
32




	
SF 10%

	
700

	
9.7

	
34




	
SF 15%

	
710

	
9.5

	
35




	
SF 20%

	
702

	
9.6

	
33




	
SF 25%

	
690

	
9.9

	
31




	
GGBFS 5%

	
743

	
9.1

	
38




	
GGBFS 10%

	
759

	
9.0

	
41




	
GGBFS 15%

	
760

	
10.8

	
43




	
GGBFS 20%

	
751

	
11.0

	
39




	
GGBFS 25%

	
742

	
10.6

	
41




	
MP 5%

	
760

	
9.6

	
35




	
MP 10%

	
773

	
10.0

	
38




	
MP 15%

	
782

	
11.3

	
39




	
MP 20%

	
771

	
11.6

	
36




	
MP 25%

	
767

	
11.0

	
34








Note: SF, Silica Fume; GGBFS, Ground Granulated Blast Furnace Slag; MP, Marble Powder.









2.2.3. Properties of Hardened Concrete


The Mechanical properties are the basic and most important characteristics of concrete upon which the durability, performance and deterioration resistant nature of concrete depend [39]. The properties, such as compressive strength, split tensile strength and flexural strengths are responsible for the behavior of concrete under specific loading conditions. These properties are largely affected by the materials used, size of aggregates, their types and also the WC ratio for the mix [41]. Using SF, Slag and MP as a replacement of cement in the concrete mix render it to achieve an elevated level of durability and strength increment. Testing of handed concrete plays a vital impact in studying the behavior of developed concrete; usually there are three major tests involved in studying concrete behavior: (i) compression test; (ii) indirect tensile test; (iii) flexural strength test (Figure 2).


Figure 2. (a) Compression; (b) split tensile; and (c) flexural strength test mechanisms.
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Compression test is related to the testing of load bearing capacity of concrete. To evaluate the strength of concrete, two types of samples are developed: cube (6′′ × 6′′ × 6′′) and cylinder (6′′ × 12′′). The crushing strength or bearing capacity of concrete against crushing determines the load bearing of concrete. Moreover, Indirect Tension test, also known as Brazilian and Japanese test, is conducted to test the vertical impact of compressive load on cylinder subjected to load in horizontal shape to test its tensile strength. To reduce the higher impact of stress on surface of concrete, a plywood strip is placed at point of application. One of the weak points of concrete is its resistance against tension, which is why steel reinforcement is used to bear the tensile loading but it is necessary to know the tensile strength or modulus of rupture [39]. Flexural test is conducted on concrete specimen of beam. Actually, there should be some resistance by concrete before cracking starts and load is shifted to reinforcement. The assembly shown in Figure 2 is a three-point loading mechanism for which cracks can produce at any part of beam. By evaluating concrete performance by these three tests, one can easily evaluate the concrete strength and behavior under changing behavior.




2.2.4. Temperature Treatment


The phenomenon of fire resistance is studied by applying a stage-wise temperature treatment mechanism to concrete to evaluate its resistance to the elevated temperature. Most researchers have tested the behavior of concrete under elevated temperature and observed that there is an increase in strength of concrete in initial stages of temperature (up to 400 °C) and later it tends to decrease with the increase in temperature [27,29]. Presence of dampness in concrete leads to physical and compound changes in the microstructure of concrete and consequently impacts the variety of warm conductivity with temperature. Warm conductivity is typically estimated by methods for “enduring state” or “transient” test techniques. Transient strategies are preferred to measure the conductivity of wet cement over unfaltering state strategies. Researchers have tested Self Compacted Concrete to an elevated temperature within a range from 0 °C to 600 °C and a decrease in strength after 400 °C has been observed during the temperature treatment process.






3. Results and Discussion


3.1. Compressive Strength


Samples were tested for the determination of compressive strength. Three samples for each ratio (six ratios) and for each material (three materials) were developed and tested. Temperature variation was from room Temperature (27 °C) to 400 °C. Samples were also tested beyond that limit at 500 °C but they were unable to be tested for compressive strength because of spalling. Compressive strength can be observed at both room temperature and elevated temperature in Table 4. With the change of percentage, the behavior of marble powder (MP) was found best compared to its other two competitors (i.e., S.F and GGBFS).



Table 4. Test Results for hardened self-compacted concrete (compressive strength, MPa).



	

	
Material Replaced

	
Silica Fume (S.F)




	
Days

	
Temp (°C)

	
0%

	
5%

	
10%

	
15%

	
20%

	
25%




	
Compressive Strength (MPa)

	
7

	
27 (R.T.)

	
13.8

	
15.8

	
16.3

	
17.1

	
18.1

	
19.2




	
14

	
27 (R.T.)

	
14.2

	
16.3

	
17.1

	
18.4

	
19.7

	
21.3




	
28

	
27 (R.T.)

	
15.7

	
16.4

	
19.4

	
20.1

	
22.4

	
24.8




	
28

	
100 °C

	
16.9

	
17.7

	
19.6

	
21.8

	
26.7

	
27.1




	
28

	
200 °C

	
17.1

	
18.1

	
20.7

	
22.6

	
28.3

	
29.1




	
28

	
300 °C

	
17.9

	
19.2

	
22.3

	
23.8

	
28.9

	
29.6




	
28

	
400 °C

	
18.2

	
21.7

	
24.8

	
26.7

	
29.1

	
30.8




	
Material Replaced

	
Ground Granulated Blast Furnace Slag (GGBFS)




	
Days

	
Temp (°C)

	
0%

	
5%

	
10%

	
15%

	
20%

	
25%




	
7

	
27 (R.T.)

	
13.8

	
14.0

	
14.9

	
15.8

	
17.4

	
18.4




	
14

	
27 (R.T.)

	
14.2

	
18.3

	
17.9

	
18.1

	
19.0

	
20.3




	
28

	
27 (R.T.)

	
15.7

	
17.8

	
19.1

	
19.7

	
20.3

	
22.4




	
28

	
100 °C

	
16.9

	
18.1

	
20.0

	
20.6

	
21.7

	
24.6




	
28

	
200 °C

	
17.1

	
19.4

	
21.1

	
21.8

	
22.8

	
25.1




	
28

	
300 °C

	
17.9

	
20.1

	
22.4

	
23.7

	
24.1

	
26.7




	
28

	
400 °C

	
18.7

	
22.4

	
24.8

	
25.6

	
26.7

	
29.3




	
Material Replaced

	
Marble Powder (MP)




	
Days

	
Temp (°C)

	
0%

	
5%

	
10%

	
15%

	
20%

	
25%




	
7

	
27 (R.T.)

	
13.8

	
15.7

	
17.3

	
17.7

	
19.31

	
20.1




	
14

	
27 (R.T.)

	
14.2

	
16.4

	
19.3

	
20.6

	
22.87

	
26.5




	
28

	
27 (R.T.)

	
15.7

	
16.9

	
20.5

	
25.6

	
26.4

	
28.3




	
28

	
100 °C

	
16.9

	
17.2

	
23.4

	
26.3

	
28.1

	
29.1




	
28

	
200 °C

	
17.1

	
17.9

	
25.7

	
27.7

	
29.4

	
30.8




	
28

	
300 °C

	
17.9

	
18.6

	
26.1

	
29.1

	
30.2

	
30.8




	
28

	
400 °C

	
18.7

	
19.5

	
27.3

	
30.4

	
31.6

	
31.9










Furthermore, comparative analysis with previous studies shows that strength of concrete can be explored with all three additives depending on their availability and economics because there is very little difference in highest strength values (Figure 3).


Figure 3. Comparative compressive strength trend with respect to cement replacement of previous studies (Gesoglu [7], Sadek [9], Heba [8], Sakthi [42] and Bharath [5]).
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3.2. Indirect Tensile Strength


Tensile strength is one of the important features, as concrete is highly vulnerable to cracking. A standard test cylinder is placed horizontally between the loading plates of the compression machine and failure of the cylinder along vertical diameter is observed. Three samples for each ratio (six ratios) and for each material (three materials) were developed and tested. Temperature variation was from room Temperature (27 °C) to 400 °C. Samples were also tested beyond that limit at 500 °C but they were unable to be tested for tensile strength because of spalling.



With the change of percentage, the behavior of marble powder (MP) was found best compared to its other two competitors (i.e., S.F and GGBFS). Furthermore, comparative analysis shows that strength of concrete can be explored with all three additives depending on their availability and economics because there is very little difference in highest strength values, as shown in Table 5.



Table 5. Test results for hardened self-compacted concrete (tensile strength, MPa).



	

	
Material Replaced

	
Silica Fume (S.F)




	
Days

	
Temp (°C)

	
0%

	
5%

	
10%

	
15%

	
20%

	
25%




	
Tensile Strength (MPa)

	
7

	
27 °C (R.T.)

	
0.41

	
0.67

	
0.97

	
1.01

	
1.08

	
1.14




	
14

	
27 °C (R.T.)

	
0.71

	
1.01

	
1.06

	
1.19

	
1.28

	
1.61




	
28

	
27 °C (R.T.)

	
1.02

	
1.52

	
1.96

	
2.02

	
2.07

	
2.01




	
28

	
100 °C

	
0.81

	
0.98

	
1.08

	
1.21

	
1.67

	
1.93




	
28

	
200 °C

	
1.09

	
1.17

	
1.32

	
1.41

	
1.79

	
2.07




	
28

	
300 °C

	
1.16

	
1.24

	
1.51

	
1.57

	
2.06

	
2.49




	
28

	
400 °C

	
1.43

	
1.97

	
2.02

	
2.68

	
2.97

	
3.01




	
Material Replaced

	
Ground Granulated Blast Furnace Slag (GGBFS)




	
Days

	
Temp (°C)

	
0%

	
5%

	
10%

	
15%

	
20%

	
25%




	
7

	
27 °C (R.T.)

	
0.41

	
0.53

	
0.75

	
0.81

	
0.94

	
1.07




	
14

	
27 °C (R.T.)

	
0.71

	
0.98

	
1.13

	
1.17

	
1.43

	
1.61




	
28

	
27 °C (R.T.)

	
1.02

	
1.08

	
1.68

	
1.81

	
1.91

	
2.03




	
28

	
100 °C

	
0.81

	
1.84

	
2.07

	
2.10

	
2.29

	
2.37




	
28

	
200 °C

	
1.09

	
1.97

	
2.41

	
2.59

	
2.71

	
2.89




	
28

	
300 °C

	
1.16

	
2.09

	
2.54

	
2.78

	
2.81

	
2.90




	
28

	
400 °C

	
1.43

	
2.47

	
2.88

	
2.97

	
3.01

	
3.07




	
Material Replaced

	
Marble Powder (MP)




	
Days

	
Temp (°C)

	
0%

	
5%

	
10%

	
15%

	
20%

	
25%




	
7

	
27 °C (R.T.)

	
0.41

	
0.71

	
0.88

	
0.91

	
0.97

	
1.09




	
14

	
27 °C (R.T.)

	
0.71

	
0.99

	
1.16

	
1.21

	
1.62

	
1.76




	
28

	
27 °C (R.T.)

	
1.02

	
1.12

	
1.19

	
1.76

	
1.83

	
1.92




	
28

	
100 °C

	
0.81

	
1.89

	
1.90

	
1.99

	
2.09

	
2.10




	
28

	
200 °C

	
1.09

	
2.00

	
2.06

	
2.13

	
2.27

	
2.37




	
28

	
300 °C

	
1.16

	
2.71

	
2.79

	
2.81

	
2.97

	
2.87




	
28

	
400 °C

	
1.43

	
2.90

	
2.97

	
3.01

	
3.04

	
3.09










Comparative analysis with the previous studies shows that trend remains almost same with the change of additive percentage (as shown in Figure 4). Most studies have shown up to 20% higher strength than control samples.


Figure 4. Comparative tensile strength trend with respect to cement replacement of previous studies (Gesoglu [7], Sadek [9] and Sakthi [42]).
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3.3. Flexural Strength


Flexural strength is one measure of the tensile strength of concrete. The resistance of a concrete beam against loading is measured to evaluate flexural strength. Three samples for each ratio (six ratios) and for each material (three materials) were developed and tested. These beams were subjected to three-point loading mechanism. Temperature variation was from room Temperature (27 °C) to 400 °C. Samples were also tested beyond that limit at 500 °C but they were unable to be tested for flexural strength because of spalling. Comparative flexural strength can be seen in Table 6 for comparative analysis.



Table 6. Test results for hardened self-compacted concrete (flexural strength, MPa).



	

	
Material Replaced

	
Silica Fume (S.F)




	
Days

	
Temp (°C)

	
0%

	
5%

	
10%

	
15%

	
20%

	
25%




	
Flexural Strength (MPa)

	
7

	
27 °C (R.T.)

	
0.4

	
1.8

	
2.0

	
2.1

	
2.3

	
2.6




	
14

	
27 °C (R.T.)

	
0.7

	
1.9

	
2.1

	
2.4

	
2.7

	
2.9




	
28

	
27 °C (R.T.)

	
1.1

	
2.3

	
2.7

	
2.9

	
3.0

	
3.1




	
28

	
100 °C

	
1.3

	
2.5

	
2.9

	
3.0

	
3.4

	
3.6




	
28

	
200 °C

	
1.4

	
2.8

	
3.1

	
3.3

	
3.7

	
3.9




	
28

	
300 °C

	
1.5

	
2.9

	
3.4

	
3.8

	
4.0

	
4.1




	
28

	
400 °C

	
1.8

	
3.1

	
3.6

	
4.1

	
4.3

	
4.5




	
Material Replaced

	
Ground Granulated Blast Furnace Slag (GGBFS)




	
Days

	
Temp (°C)

	
0%

	
5%

	
10%

	
15%

	
20%

	
25%




	
7

	
27 °C (R.T.)

	
0.4

	
0.5

	
0.7

	
0.9

	
1.1

	
1.3




	
14

	
27 °C (R.T.)

	
0.7

	
1.0

	
1.4

	
1.7

	
1.9

	
2.3




	
28

	
27 °C (R.T.)

	
1.1

	
1.6

	
1.8

	
2.1

	
2.4

	
2.6




	
28

	
100 °C

	
1.3

	
1.7

	
1.9

	
2.4

	
2.7

	
2.9




	
28

	
200 °C

	
1.4

	
1.8

	
2.0

	
2.7

	
2.9

	
3.0




	
28

	
300 °C

	
1.5

	
1.9

	
2.2

	
2.8

	
3.1

	
3.2




	
28

	
400 °C

	
1.8

	
2.1

	
2.6

	
3.0

	
3.6

	
3.8




	
Material Replaced

	
Marble Powder (MP)




	
Days

	
Temp (°C)

	
0%

	
5%

	
10%

	
15%

	
20%

	
25%




	
7

	
27 °C (R.T.)

	
0.4

	
1.4

	
1.6

	
1.9

	
2.1

	
2.3




	
14

	
27 °C (R.T.)

	
0.7

	
1.9

	
2.4

	
2.5

	
2.8

	
2.9




	
28

	
27 °C (R.T.)

	
1.1

	
2.0

	
2.7

	
2.9

	
3.0

	
3.1




	
28

	
100 °C

	
1.3

	
2.4

	
3.0

	
3.1

	
3.2

	
3.4




	
28

	
200 °C

	
1.4

	
2.7

	
3.4

	
3.6

	
3.7

	
3.9




	
28

	
300 °C

	
1.5

	
3.0

	
3.6

	
3.9

	
4.1

	
4.3




	
28

	
400 °C

	
1.8

	
3.3

	
3.9

	
4.0

	
4.3

	
4.6










Flexural strength in comparative analysis shows that trend in the previous research is an increasing one, which is similar to the current study (Figure 5).


Figure 5. Comparative flexural strength trend with respect to cement replacement of previous studies (Sadek [9] and Sakthi [42]).
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3.4. Strength Prediction and Relationship Analysis


Inside a decade, analysts have investigated the capability of Artificial Neural Networks systems (ANNs), a nonlinear displaying approach, in anticipating the compressive quality of solids, because of its capacity to learn input–yield connection for any difficult issue in a productive way. An Artificial Neural Network (ANN) does not require particular condition frame [11]; rather, it just needs adequate input–yield information. It can likewise persistently retrain new information to adjust new information helpfully. ANNs have been explored to manage the issues including inadequate or lost data. The capacity of the manufactured neural system to be an all-inclusive estimator has been generally used to show issues in which the connection among needy and free factors is not unmistakably found. At the point when the quantity of segments increases, the connection between factors turns out to be generally complex. Furthermore, the utilization of a nonlinear displaying approach is required. Recently, ANNs have been connected to numerous structural building applications with some level of progress. ANNs have been connected to geotechnical issues such as the expectation of settlement of shallow establishments [43]. Scientists have additionally utilized ANN in auxiliary building [44]. A few scientists have recently proposed another technique of blend plan and forecast of solid quality utilizing neural organize. Additionally, a few works were accounted for on the utilization of neural organize based demonstrating approach in anticipating the solid quality [5,6,7,8,9,10,11,12,13,14]. A few endeavors have been made to portray the compressive quality properties utilizing conventional relapse investigation apparatuses and factual models [15,16,17]. In any case, the improvement of neural system models for anticipating the quality of SCC has not been completely explored. In this manner, it was required to create some reasonable technique to gauge the compressive quality of self-compacting concrete in view of its constituents at the season of the outline. Thus, the goal of the present examination was to inspect the capability of ANN for foreseeing the 28-day compressive quality of SCC blends, with information acquired from writing [11]. These models were additionally connected to forecast of quality at 7, 14, 21 and 28 days to the information acquired tentatively. The perplexing relationship between blend extents and building properties of SCC was produced in view of information acquired tentatively. It was observed that the neural system could successfully anticipate compressive quality, regardless of many-sided information and could be utilized as an instrument to help basic leadership, by enhancing the effectiveness of the procedure. Descriptive data used for ANN modeling purpose are shown in Table 7. Four Major factors were considered that have not previously been discussed for modeling purposes regarding SCC. As the target was to explore and predict the mechanical properties and impact of change of curing days, percentage replacement of cement, change in type of additive and elevation in temperature (from room temperature to 400 °C), this study is a new addition to the existing literature. Previously, only compressive strength was target predictor in research.


Table 7. Descriptive statistics of parameters for self compacted concrete.










	Title
	Description
	Mean
	Std Dev
	Min
	Max





	Temp (°C)
	Temperature at which concrete is treated
	154.42
	139.55
	27
	400



	Days
	Curing Days
	23
	8.15
	7
	28



	% Replacement
	% replacement of Cement
	0.12
	0.08
	0
	0.25



	Additive Type
	1-SF,2-GGBFS,3-MP
	
	
	1
	3



	Comp Strength
	Compressive Strength(Mpa)
	21.36
	4.84
	13.8
	31.9



	Tensile Strength
	Tensile Strength (Mpa)
	1.70
	0.74
	0.41
	3.09



	Flexural Strength
	Flexural Strength (Mpa)
	2.49
	1.01
	0.4
	4.6









The Artificial Neural System shown in Figure 6 displays analogies to the path varieties of neuron work in organic learning and memory. The major building pieces are units (“hubs”) practically identical to neurons, weighted associations that can be compared to neuro transmitters in organic frameworks. Hubs are straightforward data handling components. The number of hubs in ANNs and the association examples of the hubs can differ. The aggregate number of hubs in the information and yield layers concur with the quantity of information and yield factors in the information set. The perfect number of hubs in the concealed layer must be found through experimentation. It is realized that more neurons give the capacity to retain and lessen the thinking ability of the ANN. When in doubt, an ANN should contain the base number of neurons that are equipped for reproducing the preparation information. Every association between hubs conveys a weight speaking to some past learning process. By shifting these weights, the input–output connection can be simulated. The system must be prepared to imitate this input–yield connection, which is to discover the ideal weights.


Figure 6. Artificial Neural Networks (ANNs) structure for self-compacted concrete.
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3.4.1. Model Parameter


Preparation comprises: (i) computing yields from input information; (ii) looking at the deliberate and ascertained yields; and (iii) altering the weights for every node to diminish the distinction between the estimated and computed values. The exactness of the forecasts of a system was measured by the foundation of the root mean squared error (RMSE), between the actual and the predicted values, mean absolute error (MAE) and the various coefficients of determination (R2) [11].


[image: ]



(1)






[image: ]



(2)




where SSE is sum of squared errors of prediction and SSy is total variation. Mean absolute error is similar to root mean square except using absolute difference instead of squared difference. Usually, performance of a model is compared by coefficient of determination (R2). A classic fit would bring about a R2 of 1 and poor fit almost 0 [11]. The plan of a manufactured neural system requires the assurance of appropriate engineering. A back-propagation neural system based demonstration calculation requires setting up various learning parameters (e.g., learning rate, momentum, etc.), the ideal number of nodes in the hidden layer and the quantity of hidden layers to have a less unpredictable system with a moderately better prediction capacity. In most applications, choice of various hidden layers and the quantity of nodes in hidden layer is finished by utilizing a general guideline or attempting a few subjective structures and choosing one that gives the best execution [11]. Further, a reasonable estimation of parameters such as learning rate is likewise required for chosen hidden layers and nodes. The acknowledgment/dismissal of the model created are resolved by its capacity to anticipate the quality of SCC. Additionally, an effectively prepared model is portrayed by its capacity to foresee quality esteems for the information it was prepared on [11]. A five-folded (k-folded) cross validation is utilized to foresee the quality for the informational collection utilized. Cross-validation is a technique for showing the exactness of an arrangement. The informational index is separated into a few parts (a number characterized by the client), with each part used to test a model fitted to the rest [11]. The relationship coefficient, root mean square error (RMSE) and mean absolute error is utilized to judge the execution of the neural system approach in anticipating the quality. Measurable techniques are regularly utilized as part of the advancement of exact connections between different interfacing factors [11]. This is usually difficult, especially for nonlinear connections. Likewise, to find the measurable model, the essential parameters must be known. By correlation, the displaying procedure in back-propagation neural systems is more straightforward, as there is no need to determine a scientific connection between the input and output factors. Neural systems can be compelled for breaking down a framework containing various factors, to predict the unknown features or properties [11]. Table 8 shows the estimated parameters and prediction of the compressive, tensile and flexural strength of the concrete. Data have been divided into five folds (K-fold mechanism was employed) to get the best results by applying ANN to all parts of the dataset and an average is determined as the most suitable predicted value for both training and validation dataset.



Table 8. Model parameter estimates for training and validation data.



	
Measures

	
Training Value

	
Validation Value




	
Comp Strength (MPa)




	
R2

	
0.8964971

	
0.8840574




	
RMSE

	
1.5545618

	
1.6407749




	
SSE

	
244.0829

	
67.303554




	
Sum Freq

	
101

	
25




	
Tensile Strength (MPa)




	
R2

	
0.9014651

	
0.887033




	
RMSE

	
0.2396624

	
0.2209019




	
SSE

	
5.8012436

	
1.2199412




	
Sum Freq

	
101

	
25




	
Flexural Strength (MPa)




	
R2

	
0.9631447

	
0.9427365




	
RMSE

	
0.1993

	
0.2153234




	
SSE

	
4.0117714

	
1.1591039




	
Sum Freq

	
101

	
25










Data were distributed in testing and validation sets. Testing was done through K-validation mechanism (i.e., usually for validation, one third is selected for validation but in case of less number of sample sizes, 5 folded validation techniques better because it divides small subsets and then validate (Figure 7)).


Figure 7. Training and validation plots for: (a) compressive strength; (b) tensile strength; and (c) flexural strength.
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3.4.2. Prediction Profiler


One of the best features of ANN produced during the analysis is the prediction profiler (see Figure 8). A clear trend profile shows the impact of each variable on the compression, tensile and flexural strength. Replacement of additive (in %) shows up to 25% replacement produced higher strength while the type of additive shows Marble powder is the best among the three additives. The behavior of concrete from 27 °C to 400 °C is satisfactory, which shows that it can survive against fire up to that level. Curing conditions are also satisfactory, as it shows the highest strength at 28 days.


Figure 8. Prediction profiler for compression, tensile and flexural strength with respect to features.
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3.4.3. Interaction Profiles


Interaction profile of the variables helps in understanding the individual behavior of variables, especially to understand the behavior of variables within ranges. Figure 9 shows the change of behavior with minimum and maximum ranges of variables. These profiles show that additive type is having a large impact on strength of the concrete.


Figure 9. Interaction profile for ranges of: (a) compressive strength; (b) tensile strength; (c) flexural strength with four variables.
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3.4.4. Variable Importance


Sometimes priority setting is an important factor, which can be visualized by variable importance. Overall variable importance results in Table 9 show that replacement percentage and additive type are two major factors for strength prediction. However, in comparison to compressive and flexural strength, which have a similar pattern, tensile strength has an alternative relationship, with the additive type having bigger impact than percentage replacement.



Table 9. Variable importance and impact of all strength parameters.



	
Factors

	
Main Effect

	
Total Effect

	
Profile




	
Overall Variable Importance




	
% Replacement

	
0.215

	
0.472

	
 [image: Applsci 08 00364 i001]




	
Additive Type

	
0.417

	
0.417

	
 [image: Applsci 08 00364 i002]




	
Temp (°C)

	
0.212

	
0.214

	
 [image: Applsci 08 00364 i003]




	
Days

	
0.156

	
0.167

	
 [image: Applsci 08 00364 i004]




	
Comp Strength (MPa)-Variable Importance




	
% Replacement

	
0.257

	
0.546

	
 [image: Applsci 08 00364 i005]




	
Additive Type

	
0.402

	
0.402

	
 [image: Applsci 08 00364 i006]




	
Temp (°C)

	
0.189

	
0.189
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Days

	
0.152

	
0.152
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Tensile Strength (MPa)Variable Importance




	
Additive Type

	
0.393

	
0.393

	
 [image: Applsci 08 00364 i009]




	
% Replacement

	
0.137

	
0.337

	
 [image: Applsci 08 00364 i010]




	
Temp (°C)

	
0.322

	
0.322
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Days

	
0.147

	
0.181
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Flexural Strength (MPa)-Variable Importance




	
% Replacement

	
0.25

	
0.532

	
 [image: Applsci 08 00364 i013]




	
Additive Type

	
0.456

	
0.456
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Days

	
0.169

	
0.169

	
 [image: Applsci 08 00364 i015]




	
Temp (°C)

	
0.125

	
0.132
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4. Conclusions


It is an accepted fact that, normally, concrete structures tend to deteriorate rapidly due to adverse conditions such as challenging weather environments. Thus, it leads to costly repairs during their performance span and before their safety and durability limit ends. Thus, to resolve this crucial issue, construction industry employs all useful and highly effective methods and techniques for improving the quality and extending the lifespan of concrete. From all the results analyzed in this study about the performance of concrete with additives as a partial replacement, we find such mixes to be efficient and useable as a replacement of ordinary concrete in construction work. Series of partial replacement from 5% to 25% partial replacement of cement with three materials are studied at room temperature and elevated temperatures up to 500 °C. It is noted that SF induction in the concrete mix as a replacement effectively improved the base mechanical properties of the concrete. According to this research work, about 20% and 25% SF content serving as the replacement of ordinary cement were concluded to be the optimum quantity for the enhancement and elevation of the compressive and flexural strengths. The workability for fresh concrete (SF based) was at a fine level due to water/cement ratio (w/c = 0.40). The J-ring and V-funnel test results showed that penetration and flow ability for all mixes, especially for MP based mix, are at good levels. The results for the GGBFS based mix of SCC has relatively good compressive, split tensile and flexural strengths as compared to the MP and SF based SCC. It is found that the split tensile strength of sample cylinders increases with incorporation of the waste marble powder at about 25% replacement by the total weight of cement. Any more addition of MP leads to decrease in the Split Tensile strength for sample cylinders. Moreover, upon testing the heated samples of concrete and comparing the results with those of sun-dried samples, we found significant results showing an elevated level of strength gain by the heated ones. This was due to the increased hydration rate and swift gain of strength by the heated sample under heat. Using ANN, we can clearly visualize that Marble powder comes out to achieve successive results. ANN analysis of SF and GGBFS projects the image of predicted behavior by SCC incorporated with these materials as a replacement part to cement and their impact on three major performance indicators of concrete (i.e., compressive, tensile and flexural strength). Predictive strength of ANN provides help in analyzing and predicting SCC strength by multiple inputs and multiple outputs. The relationship developed shows that up to 25% replacement of cement is feasible to produce the SCC for construction purpose. Another property is resistance against the temperature; especially in hot weather and fire condition, it can resist up to 400 °C. Its strength also increases up to 28 days, which is quite normal for production of concrete. The comparison of concrete shows SF and MP are feasible for compression and flexural properties but, in the case of tensile case, GGBFS is ahead. Thus, in the future, a combination of SF with GGBFS or MP with GGBFS could prove better results for all three properties. Using these waste materials and industrial byproducts in concrete mixes, we can achieve high strength levels and reduce the pollution caused by crushing, grinding and preparation procedures of cement. Finding these mixes to be efficient in performances, we conclude that a low-cost mix with far greater strength and durability could serve as a replacement for ordinary concrete in our construction industry. Employing waste reduces the pollution threat and leads to lowering the cost of production at larger levels. By this work, we can reduce the cost of construction work with the usage of GGBFS, SF and Marble powder, which are abundant and cheaply available worldwide in developing and developed countries. Importantly, this research work shows a method for helping the environment by introducing eco-friendly SCC and reducing the environmental pollution levels incurred by the cement manufacture and production as it is our main task to develop facilities by using lowest budgets and maximize the reduction of harmful pollutant aspects in Civil Engineering work.
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