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Abstract 

The study compares the durability of Natural Zeolite with Metakaolin, Silica Fume, and Fly Ash on high-strength 

concrete. 300 concrete specimens were tested for compressive strength before and after an acid attack, modulus of 

elasticity, water absorption, and rapid chloride permeability. 5%, 10%, and 15% of the cement were replaced with 

cementitious elements while maintaining the same quantity of Natural Zeolite. In this investigation, the water-cement 

ratio was maintained at 0.35. After 28 days, the specimens were tested for durability. Samples of all mixes were TG/DT 

and FTIR tested. The optimal percentages of cementitious materials that resulted to the maximum durability 

enhancements were reported as the study results. Experimental results showed that Natural Zeolite and Metakaolin 

strengthened the durability of concrete. All the data show that 5% Natural Zeolite with 10% Metakaolin performs well. 

Good R2 values and appropriate independent variable coefficients suggested that the regression findings for high-strength 

concrete durability were accurate. The P values of all models were less than 0.005 and the F values were statistically 

significant and appropriate; therefore, the generated models predict concrete's strength with authenticity. 

Keywords: Natural Zeolite (NZ); Metakaolin (MK); Silica Fume (SF); Fly Ash (FA); Durability; Regression Analysis. 

 

1. Introduction 

Concrete is a popular material choice because of its durability and comparatively low cost. Rapid chloride 

permeability, water absorption, and acid attack protection are priority properties desired in concrete. A new type of 

concrete, namely High-Performance Concrete (HPC) has emerged in the construction industry recently with all these 

desirable qualities and also, as a fallout of advancements in concrete technology. Among high-performance concretes 

with increased tensile and compressive strength and durability, High-Strength Concrete (HSC), Fiber-Reinforced 

Concrete (FRC), and Self-Consolidating Concrete (SCC) are the most popular ones. For their wide range of 

construction applications, these new forms of concrete are often tested for durability [1]. Rapid chloride permeability, 

drying shrinkage, alkali-aggregate reaction, sulfate resistance, X-ray diffraction test, and SEM are also highly relevant 

parameters for the durability assessment of construction material properties [2]. Synthetic zeolite from aluminum 

fluoride by low-temperature synthesis was used as an additional cementitious ingredient to improve the durability of 

concrete [3]. 

Experiments showed that including tuff and Natural Zeolite (NZ) significantly increased specimen chloride 

resistance. The best results in water absorption and chloride diffusion tests were achieved when cement and sand were 

partially replaced with 10% NZ and 15% tuff, respectively [4]. Self-compacting concrete with 15% NZ was found to 

be more resistant to acid attacks than conventional concrete. Using pumice as a substitute for 10% of Portland cement 
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content increased the concrete's resistance to carbonation by 1.6 times compared to the resistance offered by the 

control concrete. Additional research on the formulation and characteristics of new concrete incorporating NZ to 

improve mechanical strength was recommended to improve performance and profits from this natural pozzolan [5]. 

When a suitable quantity of NZ was added to the paste, the total porosity and pore size of the paste decreased in 

comparison to the addition of the same quantity of Fly Ash (FA) [6]. A Study revealed that NZ caused the decline of 

water absorption and chloride permeability. It also increased compressive strength, chloride durability, and electrical 

resistivity as compared to the same properties of the control concrete [7]. 

Use of novel cementitious materials for research increased over the last several years [8]. In durability tests, 

Metakaolin (MK) concrete showed higher resistance than the control concrete, and this resistance improved with 

increasing MK percentage [9]. A MK based geopolymer concrete was tested for freeze-thaw durability. A blend with a 

molar ratio of 1.0 produced better durability than a mix with a molar ratio of 1.4 [10]. Using a lower W/B ratio or a 

greater binder content of MK mixes increased efficacy and decreased the probability of corrosion occurrence [11]. The 

findings of a study revealed that 10% NZ and 10 % MK combined with micro-nano bubbles of water reduced 24-hr 

water absorption and chloride penetration by 17.56% and 80.45%, respectively, at 90 days of age, compared to the 

same properties of the control sample [12]. Using capillary porosity, the chloride penetrability of MK-based concrete 

was studied to examine the capability of absorption of the chemical [13]. MK from a waste by product was used in 

concrete as 5 to 15% replacement for cement, and the concrete's durability was evaluated by a chloride penetration 

test, freeze-thaw test, and alkali-silica reactivity tests [14]. 

As the Silica Fume (SF) and MK binder contents increase, the resistance of concrete to chloride ion penetration 

decreases significantly [15]. Mechanical and durability properties of concrete improved significantly by adding SF 

[16]. In addition to flexural, splitting tensile, and compressive strength tests, the specimens were scanned electron 

microscopically for chloride penetration and carbonation. The findings showed that specimens made with coarser 

aggregates and SF performed better than those made with smoother aggregates [17]. The durability of FA and 

aggregate-based structural lightweight concrete was studied for their water permeability, absorption, and freeze-thaw 

resistance to determine their long-term applicability in the construction industry [18]. Capillary penetration and water 

absorption were significantly decreased by the addition of Calcium Stearate (CS). After 120 days of wet curing, the 

integration of 7 kg/m3 of CS in concrete, decreased the electrical resistivity, total water absorption, and chloride 

diffusivity by 60%, 72%, and 40%, respectively, compared to the reference mixture without CS and additives [19]. 

Due to an increasing need for high-performance concretes with high strength and long-term durability, recent 

structural diversification has increased interest in the material's workability and durability. The addition of nano-silica 

and SF improved concrete's mechanical properties and durability [20]. The pozzolanic reaction with portlandite 

enhanced the durability of concrete [21]. When Portland cement is replaced with large proportions of FA and SF, the 

chloride resistance of SCC can be significantly improved [22]. 

An acid attack is one of the most severe environmental deteriorations that affect the longevity of concrete 

structures [23]. Supplementary Cementitious Materials (SCM) increased the acid resistance in concrete, and the 

addition of natural pozzolan to concrete improved its resistance to sulfuric acid attack. Also, weight loss measurement 

was shown to be a valid test for concrete resistance to sulfuric acid attack [24]. To test Alkali-Activated Slag (AAS) 

concrete's acid resistance, it was submerged in a PH 4 acetic acid solution. Compressive strength evolution, 

degradation products, and microstructural changes were significant characteristics. Grade 40 AAS concrete produced 

better acid resistance than Grade 40 OPC concrete made using the similar compositions [25]. 

The determination of the compressive strength of high-strength concrete by experimental techniques was a costly 

and time-consuming operation, and slight errors resulted in the labour being repeated. Hence, different approaches 

were utilized to address these drawbacks [26]. Taguchi L16 orthogonal array experimental design optimized concrete's 

mechanical characteristics. Multiple regression analysis determined fly ash's impact on concrete's mechanical 

properties [27]. The impact of bottom ash and granite powder on concrete performance was assessed. On the basis of 

the outcomes of the experiment, regression models were created. The performance of bottom ash concrete improved 

when granite powder was added [28]. The impact of natural zeolite on the concrete's strength qualities by multiple 

regression analysis using SPSS tool to provide formulas for strength prediction was performed. The test findings on 

concrete that has been combined with zeolite in a laboratory were used to verify the predicted results [29]. 

Therefore, it is evident from the literature that the usage of NZ and additives has a significant effect on the 

durability properties of the concrete and is an area of research needing further exploration. Therefore, a study has been 

undertaken to examine the characteristics and performance of the additives and their influence on the durability 

properties of concrete. The durability assessment of concrete has been carried out by acid attack tests, the Rapid 

Chloride Permeability Test (RCPT), and water absorption tests. 

1.1. Research Significance 

Determining the durability properties of HSC with three types of additives was central to this study. This study 

involved HSC prepared using natural zeolite and an examination of the effects of three dissimilar additives with 
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varying properties and proportions on HSC durability properties. Regression models developed using SPSS software 

for the concrete properties were based on the experimental results. The strength reduction due to the acid attack has 

been computed too. 

2. Materials and Methods 

2.1. Materials 

M sand with a specific gravity of 2.60, was employed as the fine aggregate. The coarse aggregate used in this study 

had a maximum size of 20 mm, water absorption of 0.4%, and specific gravity of 2.68. Type I ordinary Portland 

cement (OPC) that conformed to ASTM C 150 [30] and had a 28-day compressive strength of 53 MPa was used to 

make the concrete sample. NZ, MK, FA, and SF were used as additives for the high strength concrete. The chemical 

compositions of OPC, NZ, MK, FA, and SF are listed in Table 1. NZ in a constant quantity, MK, FA, and SF in 

varying proportions were used to prepare the different mixes. 

 Table 1. Chemical compositions of materials  

Chemical properties Chemical composition (%) 

Material SiO2 Al2O3 Fe2O3 TiO2 CaO MgO Na2O K2O LOI C3S C2S C3A C4AF 

Metakaolin 52. 0 46. 0 0. 60 0. 65 0. 09 0. 03 0. 10 0. 03 1. 00 56.47 20.66 6.31 8.29 

Natural NZ 74.3 10.52 1.6 - 4.25 0.6 - - 5.3 - - - - 

SF 99.886 0.043 0.04 0.001 0.001 0 0.003 0.001 0.015 - - - - 

Cement 21.25 4.33 1.85 0.13 64.3 1.81 0.17 0.71 1.5 - - - - 

Fly Ash 51.1 33.73 3.84 1.5 3.78 4.14 0.46 1.18 0.22 - - - - 

Rajasthan, India was the source for both zeolite and kaolin. Pure NZ was separated from the muck at Astrra 

Chemicals at Chennai, India. The main components of NZ are aluminum, silicon, and oxygen. Astrra Chemicals used 

kilns to burn kaolin at temperatures of 600 to 850 degrees Celsius to produce MK. FA is produced as a by-product of 

coal combustion in thermal power facilities near Bangalore. 

Cement, NZ, MK, FA, and SF have specific gravity values of 3.15, 2.1, 2.6, 2.7, and 2.63, respectively. To prepare 

the concrete, a high-range water-reducing admixture (HRWRA), commercially available as modified polycarboxylate 

ether with a minimum PH value of 6 and a volumetric mass at 20oC of 1.09 kg/litre, was utilized. 

The mix design information for mixes calculated in accordance with IS 10262-2019 [31] and is shown in Table 2. 

Raw materials were weighed in a computerized balance and batched in accordance with the suitable mix percentage. 

Cement, natural zeolite, fine aggregate, coarse aggregate, Mk, FA, and SF were among the raw components that were 

measured and properly blended. The mixture was then further supplemented with a superplasticizer solution mixed in 

water until it was homogenous. Concrete bleeding and segregation were avoided. A pan mixer was used for the 

concrete mix preparation. 

Table 2. Concrete Mix design from IS 10262-2019 

Mix Material Cement 
Natural 

Zeolite 
Metakaolin 

Fly 

Ash 

Silica 

Fume 

Fine 

aggregate 

Coarse 

aggregate 

Water-to-cementitious 

materials ratio (w/cm) 
Water 

Super 

plasticizer 

M1 5%Z 415 21.85 - - - 628 1202 0.35 153 3.1 

M2 5%M 393.3 21.85 21.85 - - 628 1202 0.35 153 3.1 

M3 10%M 372 21.85 43.7 - - 628 1202 0.35 153 3.1 

M4 15%M 350 21.85 65.55 - - 628 1202 0.35 153 3.1 

M5 5%FA 393.3 21.85 - 21.85 - 628 1202 0.35 153 3.1 

M6 10%FA 372 21.85 - 43.7 - 628 1202 0.35 153 3.1 

M7 15%FA 350 21.85 - 65.55 - 628 1202 0.35 153 3.1 

M8 5%SF 393.3 21.85 - - 21.85 628 1202 0.35 153 3.1 

M9 10%SF 372 21.85 - - 43.7 628 1202 0.35 153 3.1 

M10 15%SF 350 21.85 - - 65.55 628 1202 0.35 153 3.1 

Note: M1 is a Reference Mix 
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2.2. Experimental Methods 

The experimental and regression analysis involved in the study has been depicted as a flow chart in Figure 1. 

 

Figure 1. Flowchart of the methodology 

2.2.1. Tests on Fresh Concrete 

The concrete slump test is used to measure new concrete's consistency before it is set. The workability and flow 

ability of newly poured concrete is tested using slump cone equipment. It might also be an indication of improper 

batch mixing. The compaction factor test is a laboratory test for concrete workability. The compaction factor is the 

weight ratio between partially and compressed concrete. It was developed by the Road Research Laboratory in the UK 

and is used to judge how well concrete will operate. The compacting factor, or degree of compaction, is calculated 

using the density ratio, which is the ratio of the density obtained during the test to the density of the same concrete 

when completely compacted. The compactability and mobility of fresh concrete are demonstrated by the Vee-Bee test. 

2.2.2. Tests on Hardened Concrete 

After 28 days of curing, the cubes of concrete are submerged in water for 24 hours. The initial weight of the 

concrete cubes is used to determine the quantity of water they absorb. Calculating and comparing the water absorption 

of air-dried cubes versus self-cured cubes. The increase in weight relative to the initial weight is represented as its 

absorption in percentage. The Modulus of Elasticity of concrete is the ratio of applied stress to corresponding strain. It 

exhibits the stiffness of concrete and its resistance to deformation caused by an applied force. In other terms, it denotes 

the capacity of concrete to deform elastically. The modulus of elasticity of concrete is a measure of its stiffness, which 

is a good indicator of its strength. Concrete with a higher modulus of elasticity may withstand more stress before 

becoming brittle. 

To test the capacity of concrete mixes to resist chloride ion penetration, three specimens of each combination were 

subjected to the test technique after 28 days of curing, outlined in ASTM C1202 [32]. The ASTM C1202 approach 

Experimental work 

conducted on HSC 

Concrete mixes (M1, M2, M3, M4) 

proportion: 

Cement: 415, 393.3, 372,350 Kg/m3 for 
M1, M2, M3, M4 respectively 

Fine aggregate: 628 Kg/m3 

Coarse aggregate: 1202 Kg/m3 

Natural Zeolite: 21.85 Kg/m3 

Metakaolin: 0, 21.85, 43.7, 65.55 Kg/m3 

for M1, M2, M3, M4 respectively 

Water: 153 Kg/m3 

Super plasticizer: 3.1 Kg/m3 

W/C ratio: 0.35 

 

Concrete mixes (M5, M6, M7) 

proportion: 

Cement: 393.3, 372,350 Kg/m3 for M5, 
M6, M7 respectively 

Fine aggregate: 628 Kg/m3 

Coarse aggregate: 1202 Kg/m3 

Natural Zeolite: 21.85 Kg/m3 

Fly Ash: 21.85, 43.7, 65.55 Kg/m3 for 
M5, M6, M7 respectively 

Water: 153 Kg/m3 

Super plasticizer: 3.1 Kg/m3 

W/C ratio: 0.35 

Concrete mixes (M8, M9, M10) 

proportion: 

Cement: 393.3, 372,350 Kg/m3 for M8, 
M9, M10 respectively 

Fine aggregate: 628 Kg/m3 

Coarse aggregate: 1202 Kg/m3 

Natural Zeolite: 21.85 Kg/m3 

Silica Fume: 21.85, 43.7, 65.55 Kg/m3 for 
M8, M9, M10 respectively 

Water: 153 Kg/m3 

Super plasticizer: 3.1 Kg/m3 

W/C ratio: 0.35 

 

Tests on fresh concrete: 

i. Slump Test 

ii. Compaction Factor Test 

iii. Vee-Bee Test 

 

Tests on hardened 

concrete: 

i. Water Absorption Test 

ii. Modulus of Elasticity 

iii. Rapid Chloride 

Permeability Test 

iv Compressive Strength test 

before and after acid attack 

 

Morphology study on 

hardened concrete  

i. Thermo-Gravimetric 

(TG)/ Differential 

Thermal (DT) Analysis 

ii.Fourier Transform 

Infra-Red [FTIR] 

Experimental Results 
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includes measuring the amount of electrical current traveling through a concrete specimen 100 mm in diameter and 50 

mm in thickness. When a potential difference of 60 V is maintained across the specimen for six hours, chloride ions 

are driven to move from a negative-charged NaCl solution through the concrete and into a positive-charged NaOH 

solution. The steps for preparing concrete disc specimens for testing include one hour of air drying, three hours under 

a vacuum (80 kPa), one more hour under a vacuum with the specimens submerged in deaerated water, and eighteen 

hours of soaking in water. The resistance to chloride ion passage is calculated using the total passed charge in 

coulombs (ASTM C1202-19). 

Acid resistance of concrete was assessed in terms of weight loss and residual compressive strength. For this test, 

100 mm x 100 mm x 100 mm concrete cubes were cast and kept at 27°C for 24 hours before curing in water for 28 

days. After curing for 28 days, the specimens were removed and dried for one day. Initial cube weights were 

determined. For the acid attack test, 5% of dilute sulphuric acid (H2SO4) and Hydrochloric acid (HCl) were added to 

water with a pH value of around 2. After obtaining initial weights, the cubes were submerged for 60 days in the acidic 

water described above. After immersion in the aforementioned acidic water, the cubes' weight loss and residual 

compressive strength are measured. Figure 2 shows the specimens that are ready for the durability tests. Figure 3 

shows the experimental setup for RCPT. 

 

Figure 2. Specimens for testing 

 

Figure 3. Experimental Setup for RCPT 

3. Results and Discussion 

3.1. Fresh Concrete 

According to Figure 4, the slump values for fresh concrete mixed with NZ, MK, FA, and SF ranged from 43mm to 

58mm. Mix 7 achieved the highest slump value of 58 mm, whereas reference Mix 1 achieved the lowest value of 43 

mm. Figure 5 shows that the compaction factor values ranged from 0.81 to 0.9. Mix 7 had a maximum compaction 

factor value of 0.9; Mix 1 had a minimum value of 0.81. In Figure 6, it was noted that the Vee-Bee test results were 

between 5 and 10 seconds. Mix 7 achieved the minimum Vee-Bee test time of 5 seconds, while Mix 1 achieved the 

maximum test time of 10 seconds. 
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Figure 4. Graph of slump test values for different mixes 
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Figure 5. Graph of compaction factor test values for different mixes 
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Figure 6. Graph of Vee-Bee test values for different mixes 

3.2. Hardened Concrete 

According to Figure 7, the water absorption test results for hardened concrete made with NZ, MK, FA, and SF all 

fell from 1.8% to 2.9%. In terms of water absorption, Mix 3 achieved the lowest percentage (1.8), while Mix 1 

achieved the highest percentage (2.9). Figure 8 displays the modulus of elasticity tests. The values range from 35.2 to 

43 GPa. Test results showed that Mix 3 had the highest modulus of elasticity at 43 GPa, while Mix 1 had the lowest at 

35.2 GPa. The rapid chloride permeability test results for hardened concrete mixed with NZ, MK, FA, and SF ranged 

from 1018 coulombs to 2162 coulombs, as shown in Figure 9. Reference Mix 1 had reached the maximum value of 

2162 coulombs, whereas Mix 3 had the lowest charge passed of 1018 coulombs. 
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Figure 7. Graph of water absorption test values for different mixes 
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Figure 8. Graph of modulus of elasticity test values for different mixes 
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Figure 9. Graph of rapid chloride permeability test values for different mixes 

3.3. Compressive Strength Test before and after Acid Attack 

According to Figure 10, the compressive strength test results for hardened concrete mixed with NZ, MK, FA, and 

SF were 63.4 to 48.15 MPa before the acid attack and 61.13 to 42.6 MPa after the acid attack. Compared to the other 

mixtures, Mix 3 had the highest strength before and after the acid attack. 
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Figure 10. Graph of compressive strength before and after acid attack test values for different mixes 

3.4. Strength Loss of Concrete 

Figure 11 shows that the values for strength loss for hardened concrete blended with NZ, MK, FA, and SF ranged 

from 2.34% to 13.19%. The lowest strength loss percentage for Mix 10 was 2.34, while the highest strength loss % for 

Mix 2 was 13.19. 
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Figure 11. Graph of strength loss for different mixes 

The experimental results reflect on the fact that the high strength concrete with Natural Zeolite has exhibited 

moderate durability properties. When the same design mix with Natural Zeolite and additives such as MK, FA and SF, 

have shown better durability properties. This enhancement in durability can probably be attributed to additional 

bonding provided and the reduced porosity due to the presence of a finer material like Silica Fumes. 

3.5. Thermo-Gravimetric (TG)/Differential Thermal (DT) Analysis 

Using a NETZSCH STA 409PC/PG, samples were subjected to thermo-gravimetric analysis in both standard 

(heating rate) and high-resolution (10k/min) modes, with temperatures ranging from ambient temperature to 1000o C. 

Each study utilized a 20mg "nominal" sample. Nitrogen was used for the standard TG/DT analysis. A maximum rate 

of mass loss (Tmax) was calculated using the TG/DT analysis of the curves. 

Figure 12 displays the results of a TG/DT study conducted on M1, M2, M3, and M4 in a nitrogen atmosphere. 

When concrete reaches a temperature of 89oC, the water it has absorbed loses its weight. Where there is water 

absorption, there are also large pores in the mixture that are held to the walls by surface tension. Interlayer water in the 

concrete's microscopic pores is lost at 132oC. Crystalline structure is altered in size without disintegration when water 

is lost from interlayers. The weight loss between 423oC and 499oC is due to dehydration of calcium hydroxide, as 

given by Equation 1, where onset temperature is 429.9oC (peak starts at 441.8oC and ends at 458.1oC) in DT analysis, 

area under this region is -27.1J/g for M1 mix. The peak between 649oC and 724oC is due to the weight lost by 

decomposition of CaCO3 and releases of CO2, as described in Equation 2. 
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Figure 12. TGA and DTA graphs for M1, M2, M3, and M4 mixes (Metakaolin combination) 

For M2, M3, and M4 first degradation peak at 106oC, 98oC, and 113oC, respectively, is attributed to dehydration. 

Second peaks at 397oC, 402oC, and 400oC are observed. The third peak at 639oC, 645oC, and 647oC is found due to 

weight loss for M2, M3, and M4, respectively, from TG analysis. From DT analysis for M2, the onset temperature is 

411.6oC (peak starts at 426.6oC and ends at 438.9oC), and the area under the peak is -11.76J/g. The onset temperature 

is 421.3oC (the peak starts at 421.9oC and ends at 428oC), and the area under the peak is -2.149J/g for M3. For M4, DT 

analysis shows that the onset temperature is 409.1oC (peak starts at 424.6oC and ends at 439.2oC), the area under the 

peak is -11.67J/g. The exothermic effect (peak Start) followed by endothermic (peak end) for M1, M2, M3, and M4 is 

mentioned above. The onset thermal deterioration temperature of M1 is 24.602oC; however, after adding MK, thermal 

stability increases up to 5% MK loading, where the onset thermal degradation temperature is 31oC. 

TGA and DTA results of M5, M6, and M7 are shown in Figure 13. It is observed that there is a small amount of 

weight loss (6% for M5 and M7, and 3% for M6) between 28oC to133oC, 27oC to 156oC,  and 27oC to 149oC for M5, 

M6, and M7 respectively, attributed to different water content in the concrete mix. The weight loss of around 3% for 

all the mixes (M5, M6, and M7) is due to the release of free water present in the largest pore of the mixes is between 

132oC to 357oC. The peak between 400oC to 440oC refers to the loss of organic material present in the Fly Ash, and it 

was not reactive during the alkaline activation process. The release above the 500oC can be related to the various 

carbonate compounds decomposing at a temperature > 850oC. The decomposition of sodium carbonate is reduced 

between 630oC to 730oC due to the presence of SiO2. 
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Figure 13. TGA and DTA graphs for M5, M6, and M7 mixes (Fly Ash combination) 

Dehydration is responsible for the initial deterioration peak at 143oC, 159.63oC, and 149oC for M5, M6, and M7, 

respectively. Second maxima are detected at 393oC, 401oC, and 403oC. The third peak is detected at 634oC, 642oC, 

and 637oC due to weight loss from TG analyses for M5, M6, and M7, respectively. The onset temperature for M5 is 

411.8oC (peak starts at 428.5oC and ends at 440.8oC), and the region under the peak is -27.93J/g, according to DT 

analysis. The onset temperature for M6 is 409.2oC (the peak starts at 420.3oC), and the area under the peak is -8.68J/g. 
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The onset temperature for M7 is 419.9oC (peak starts at 428.4oC and ends at 440.5oC), and the region under the peak is 

-14.05J/g, according to DT analysis. The exothermic effect (peak begins) is followed by the endothermic effect (peak 

ends). The onset thermal deterioration temperature of M5 is 36.673oC; however, after adding Fly Ash, thermal 

stability is raised to 10% of Fly Ash for mix M6, where the onset thermal degradation temperature is 45.673oC. 

Figure 14 displays the M8, M9, and M10 TGA and DTA findings. Dehydration is responsible for M8, M9, and 

M10 initial deterioration peak, which occurs at 119°C, 102°C, and 117°C, respectively. There are reported second 

maxima at 399°C, 419°C, and 408°C. Due to weight loss for M8, M9, and M10 via TG analysis, the third peak at 

650°C, 656°C, and 660°C is discovered. According to the DT study for M8, the peak temperature is 430oC and ends at 

445oC, with a -24.74J/g area under the peak. For M9, the peak area is -8.505J/g, and the onset temperature is 410.3oC 

(rise starts at 421oC and ends at 431.2oC). According to the DT analysis of M10, the peak temperature is 424oC and 

ends at 438oC, with a -15.09 J/g area under the peak. The exothermic effect (peak Start) followed by endothermic 

(peak end) for M8, M9, and M10 is mentioned above. 
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Figure 14. TGA and DTA graphs for M8, M9, and M10 mix (Silica Fume combination) 

For M8, the onset temperature of thermal deterioration is 34.166oC; however, adding Silica Fume increases 

thermal stability up to 15% of Silica Fume in mix M10, where the onset temperature of thermal degradation is 

47.074oC. 

3.6. Fourier Transform Infra-Red [FTIR] 

Figure 15-a refers to FT-IR patterns for Mix1, Mix2, Mix3, and Mix 4. The asymmetric stretching mode of the 

hydroxyl group of NZ shows in the band around 3750-3200cm-1. At 2940 cm-1 vibrational mode of C-O was observed. 

At 1422cm-1, it indicates the C-O stretching the carbonate group. The band around 1000-980cm-1 shows aluminum's 

presence, which confirms the presence of mullite. From Figure 15-b, the symmetric Si-O-Si stretching vibration bond 

is observed at 774cm-1. The Ca-O bond's vibrations produced another band at 538 cm-1. The vibrations corresponding 

to the Si-O-Al bond were indexed to a band with an acceptable intensity at 573 cm-1. The results clearly showed the 

presence of calcium compounds and aluminosilicates in the final system [33]. 
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Figure 15. FTIR graph for M1, M2, M3, M4 (Metakaolin mixes) 
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From Figure 16-a, it is observed that there are six band ranges in the FTIR analysis for Fly Ash mixes. The details 

of the band area in the range 4000-3400 cm-1 show the loss of Ca(OH)2, the band in between 3400-1400 cm-1 indicates 

elongating of the (-OH) bond and also it shows bending of the (H-O-H) vibrations. From Figure 16-b, the band 1400-

1200 cm-1 indicates quartz, showing the Si-O-Si bond's gains. 1200-900 cm-1 indicate the loss of CaCO3 and 

symmetric stretching of the Si-O-Si and Al-O-Si bonds indicated in the 900-500 cm-1 band region, and the last band is 

less than 500 cm-1, indicates the bending vibrations of the Si-O-Si and O-Si-O bonds [34]. 
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Figure 16. FTIR graph for M5, M6, and M7 (Fly Ash mixes) 

     FTIR results of Silica Fume in concrete are shown in Figure 17. The band range of 3750-3200 cm-1 is due to 

the stretching vibration of the O-H bond. The absorption band at 2994cm-1 is attributed to the H-O-H stretching, 

whereas the band at 1439cm-1 is due to the bending vibration of the water molecule. The absorption bands at 983 cm-1 

and 791cm-1 are attributed to the Si-O-Si bond's asymmetric and symmetric stretching vibration. 
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Figure 17. FTIR graph for M8, M9, and M10 (Silica Fume mixes) 

FTIR clearly demonstrates the shift in the peaks of tested specimens when the MK, FA and SF additives are 

present. These peak shifts are not observed in the control mix. These peaks are allegorical of the carbonation extents 

caused by the additives. The variations observed in the band values for the three additives of MK, FA and SF was due 

to the hydration of Caco3 to varying degrees. Further, a general trend of decrease in these band values have been 

noticed for increase in concentrations of MK, FA and SF additives barring a few aberrations. 

3.7. Regression Analysis 

Linear regressions are frequently used statistical methods for approximating a complex relationship between the 

independent and dependent variables. Linear multivariable regression (LMVR) explains the association between 

several independent variables and the dependent variable. It entails many strategies for modeling and analyzing certain 
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variables, mainly when a limited amount of data is available. Stepwise regression identifies the factors that best 

explain the relationship between the dependent and response variables [35]. It employs an algorithmic strategy to pick 

the optimal subset of models, which may be achieved by forwarding selection or backward elimination. 

The current study developed nine distinct multiple regression models for RCPT, Water absorption, and Acid attack 

test for NZ, MK, FA, and SF materials with 300 testing sample specimens. Variations were made to the input and 

output parameters for each regression model. Each model's specifics are detailed in Table 3. The primary purpose of 

the regression analysis is to predict the durability of concrete for distinct mixtures of composition materials by 

regressing the RCPT, Water absorption, and Acid attack test against NZ, MK, FA, and SF. The following regression 

models were tested for the study. 

RCPT𝐶 =  𝛼 +  𝛽1 ∗ (𝑍 + 𝑀𝑒𝑡𝑎.𝑀 ) + 𝜀𝑖   (3) 

RCPT𝐶 =  𝛼 +  𝛽1 ∗ (𝑍 + 𝐹𝑙𝑦.𝑀 ) +  𝜀𝑖   (4) 

RCPT𝐶 =  𝛼 +  𝛽1 ∗ (𝑍 + 𝑆𝑖𝑙.𝑀 ) + 𝜀𝑖   (5) 

WA% =  𝛼 +  𝛽1 ∗ (𝑍 + 𝑀𝑒𝑡𝑎.𝑀 ) +  𝜀𝑖   (6) 

WA% =  𝛼 +  𝛽1 ∗ (𝑍 + 𝐹𝑙𝑦.𝑀 ) +  𝜀𝑖   (7) 

WA% =  𝛼 +  𝛽1 ∗ (𝑍 + 𝑆𝑖𝑙.𝑀 ) +  𝜀𝑖   (8) 

AAt𝑀𝑃𝑎 =  𝛼 +  𝛽1 ∗ (𝑍 + 𝑀𝑒𝑡𝑎.𝑀 ) +  𝜀𝑖   (9) 

AAt𝑀𝑃𝑎 =  𝛼 +  𝛽1 ∗ (𝑍 + 𝐹𝑙𝑦.𝑀 ) +  𝜀𝑖   (10) 

AAt𝑀𝑃𝑎 =  𝛼 +  𝛽1 ∗ (𝑍 + 𝑆𝑖𝑙.𝑀 ) +  𝜀𝑖   (11) 

Table 3. Summary of developed models 

Model ID Dependent variable Independent variable No. of Samples 

Model 1 RCPT (Coulombs) Metakaolin% 40 

Model 2 RCPT (Coulombs) Fly Ash% 30 

Model 3 RCPT (Coulombs) Silica Fume% 30 

Model 4 Water absorption (%) Metakaolin% 40 

Model 5 Water absorption (%) Fly Ash% 30 

Model 6 Water absorption (%) Silica Fume% 30 

Model 7 Acid attack test (MPa) Metakaolin% 40 

Model 8 Acid attack test (MPa) Fly Ash% 30 

Model 9 Acid attack test (MPa) Silica Fume% 30 

Equations 3 to 5 showed multiple regression models for predicting concrete RCPT, whereas Equations 6 to 8 

presented multiple regression models for predicting the WA of concrete. Equations 9 to 11 showed the multiple 

regression models to predict the Acid attack test of concrete, the three dependent variables of RCPT, Water 

absorption, and Acid attack test; the models were regressed against NZ, MK, FA, and SF. 

The final model expressions for the study are as below: 

RCPT𝐶 =  −5.71 (𝑍 + 𝑀𝑒𝑡𝑎.𝑀 ) + 99.54      𝑅2 =  81%  (12) 

RCPT𝐶 = −4.43 (𝑍 + 𝐹𝑙𝑦.𝑀 ) +  13.88     𝑅2 =  62%  (13) 

RCPT𝐶 =  −3.11 (𝑍 + 𝑆𝑖𝑙.𝑀 ) +  17.85     𝑅2 =  78%  (14) 

WA% =  −3.40 (𝑍 + 𝑀𝑒𝑡𝑎.𝑀 ) +  58.10     𝑅2 =  63%  (15) 
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WA% = −0.5  (𝑍 + 𝐹𝑙𝑦.𝑀 ) +  2.86     𝑅2 = 82%  (16) 

WA% =  −0.01 (𝑍 + 𝑆𝑖𝑙.𝑀 ) + 2.43     𝑅2 =  89%  (17) 

AAt𝑀𝑃𝑎 =  −0.044 (𝑍 + 𝑀𝑒𝑡𝑎.𝑀 ) +  2.07     𝑅2 =  72%  (18) 

AAt𝑀𝑃𝑎 =  −0.01(𝑍 + 𝐹𝑙𝑦.𝑀 ) +  2.53    𝑅2 =  64%  (19) 

AAt𝑀𝑃𝑎 = 0.77 (𝑍 + 𝑆𝑖𝑙.𝑀 ) +  43.44     𝑅2 =  69%  (20) 

For different mix proportions of cement additives, Equations 12 to 14 were developed to predict the RCPT values 

for MK, FA, and SF respectively. Equations 15 to 17 predicted the water absorption of concrete containing MK, FA, 

and SF respectively. Acid attack test results can be predicted for HSC containing MK, FA, and SF by Equations 18 to 

20 respectively. 

On a scale from 0 to 4, the Durbin–Watson statistic was used to determine autocorrelation. As a rule of thumb the 

value of Durbin-Watson statistics should be in the range between 1.5 and 2.5 [36, 37], to pre-empt autocorrelation 

issues. Interestingly, each proposed model passed the Durbin-Watson test, indicating that there are no autocorrelation 

issues in dataset and models’ output. And it is preferable to perform the regression analysis to show the predictability 

of durability tests. 

Table 4 illustrates the findings of the multiple regression analysis; models 1-3, respectively, predict the RCPT vs 

the NZ+MK, NZ+FA, and NZ+SF. It showed that the prediction strength of each model was identical; however, 

model 1 outperformed models 2 and 3 due to its greater R2, F-sig to forecast the RCPT accurately. When water 

absorption regresses vs. the NZ+MK, NZ+FA, and NZ+SF, respectively, Panel B displays the results of models 4-6. It 

suggested that model 6, with the combination of NZ and SF, has a higher R2 value and significant F-sig than other 

combinations; its prediction of water absorption may be more accurate. Models 7-9, which regress NZ+MK, NZ+FA, 

and NZ+SF, respectively, predict the acid attack test. It indicated that all models performed reasonably similarly, but 

model 7 performed significantly better than models 8 and 9. It has a perfect Durbin-Watson statistic, an R2 of 92%, 

and a higher F-sig. Overall, this section of the analysis showed that the RCPT, Water absorption, and Acid attack tests 

we proposed are statistically significant and predictable for durability tests of high-strength concrete. 

Table 4. Results of multiple regression analysis (Equations 3 to 11) 

S. No. Model 
 

R2 p-value F-sig. F-value DW Stat 

 Panel A: Results from regression model for RCPT 

1 Model 1 NZ + MK 81% 0.000 102.945 0.000 2.07 

2 Model 2 NZ + FA 62% 0.000 85.172 0.000 2.46 

3 Model 3 NZ + SF 78% 0.000 63.28 0.000 2.48 

 Panel B: Results from regression model for Water absorption 

4 Model 4 NZ + MK 63% 0.000 74.68 0.000 2.039 

5 Model 5 NZ + FA 82% 0.000 71.98 0.000 2.12 

6 Model 6 NZ + SF 89% 0.000 129.321 0.000 1.65 

 Panel C: Results from regression model for Acid attack test 

7 Model 7 NZ + MK 92% 0.000 118.127 0.000 2.004 

8 Model 8 NZ + FA 64% 0.000 85.251 0.005 1.60 

9 Model 9 NZ + SF 69% 0.000 87.128 0.000 1.54 

Figures 18-a to 18-c demonstrated a significant correlation between the predicted and experimental values of the 

dependent variables of the RCPT for each of the three materials (MK, FA, and SF). Table 4 was determined to be 

consistent with Figures 18-a to 18-i. Figures 18-d to 18-f demonstrated the significant correlation between the 

predicted and experimental values of Water absorption dependent variables for each of the three materials (MK, FA, 

and SF). Figures 18-g to 18-i demonstrated a significant correlation between anticipated and experimental acid attack 

test dependent variable values for each of the three materials (MK, FA, and SF). 
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(a) Predicted value Vs. The experimental value of RCPT for Model1 (b) Predicted value Vs. The experimental value of RCPT for Model2 

  
(c) Predicted value Vs. The experimental value of RCPT for Model3 (d) Predicted value Vs. The experimental value of WA for Model4 

  
(e) Predicted value Vs. The experimental value of WA for Model5 (f) Predicted value Vs. The experimental value of WA for Model6 
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(g) Predicted value Vs. The experimental value of acid attack CST for Model7 
(h) Predicted value Vs. The experimental value of acid attack CST 

for Model8 

 
(i) Predicted value Vs. The experimental value of acid attack CST for Model 9 

Figure 18. Mathematical Regression models for experimental and predicted values of durability parameters 

4. Conclusions 

In this study, the effects of cementitious materials such as Natural Zeolite along with Metakaolin, Fly Ash, and 

Silica Fume on high strength concrete were examined experimentally, TG/DT analysis were performed, and statistical 

models were developed to predict the durability of HSC. The following conclusions emerged from the findings of the 

experiments and regression models: 

 The study proved that the partial replacement of cement by mineral additives, i.e., Natural Zeolite (5% constant) 

along with Metakaolin, Fly Ash, and Silica Fume, is recommended for better durability and workability. 

 The mix (Mix 3) of 10% Metakaolin and a W/C ratio of 0.35 has proven to be the optimal mix with a 

compressive strength of 63.4 MPa, a modulus of elasticity of 43 GPa, water absorption of 1.8%, and low 

chloride ion penetration of 1018 coulombs. 

 From TG/DT analysis, the thermal stability of a concrete mix containing 10% Metakaolin, 5% Fly Ash, and 15% 

Silica Fumes was enhanced when compared with other mixes, and the onset thermal deterioration temperatures 

were 31oC, 45.673oC, and 47.074oC for M3, M5, and M10, respectively, and at these temperatures, the weight 

loss was due to dehydration of calcium hydroxide. 

 FTIR analysis indicated the reduction in CaCO3 and symmetric stretching of the Si-O-Si and Al-O-Si bonds in 

different band regions for different additives and their concentrations. 
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 The regression models have satisfied the Durbin–Watson test without multicollinearity and autocorrelation, and 

the models can provide a considered statistically reliable prognosis for the durability of high-strength concrete. 

This is supported by good R2 values and significant p values for all the models (< 0.005). Also, F-significant 

values are relatively higher, statistically significant, and adequate. 
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