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Abstract  

 

The selection of aggregate gradation and binder composition plays a pivotal role in determining the mechanical 

performance, durability, and environmental impact of concrete. This study evaluates the effects of two aggregate 

gradation bands (5–10–14–18 and 5–10–18–22) and four binder systems, Ordinary Portland Cement (CEM I), Blast 

Furnace Cement (CEM III with 40% slag), a binary blend of CEM I with 30% fly ash, and a ternary blend of CEM I 

with 30% slag and 20% fly ash, on concrete mixes designed to achieve target compressive strengths of 27.5 MPa, 35 

MPa, and 42 MPa. Mechanical and durability performance were assessed through compressive strength testing, 

electrical resistivity measurement, and Rapid Chloride Penetration Testing (RCPT), while service life was predicted 

using Life-365 software based on chloride ingress data. Carbon emissions were estimated using embodied carbon 

factors for each material component. The 5–10–14–18 gradation yielded superior performance across strength, 

durability, service life, and carbon footprint metrics. Among binders, CEM I achieved the highest compressive 

strength, CEM III demonstrated enhanced durability, and the ternary blend exhibited the most significant reductions 

in carbon emissions alongside extended service life. These findings underscore the potential of performance-

optimized, low-carbon concrete mix designs and provide practical recommendations for tailoring binder and aggregate 

selections to meet specific structural and sustainability requirements. 

 

Keywords: Sustainable concrete; Aggregate gradation; Cementitious binders; Service life prediction; Carbon 

footprint 

 
1 Introduction 

Concrete’s strength, durability, and adaptability make it a popular material for contemporary infrastructure. The type of binder and 

aggregate gradation are important variables affecting its performance. Through void reduction and particle packing optimization, 

proper aggregate gradation increases workability, strength, and durability. Segregation and complete aggregate gradation are two 

popular methods; the latter provides superior durability and density. When mix proportions are balanced, the 8–18 band gradation, 

which was created in the Netherlands, encourages consistency but has little effect on strength or water consumption. 

Binders are also very important. Although ordinary Portland cement (OPC) is the most widely used, substitutes like fly ash and 

slag improve long-term durability and lower carbon emissions. The impact of binder types and contemporary gradation techniques 

on concrete performance, such as compressive strength, resistance to chloride, and service life, is examined in this study. It also 

uses carbon footprint analysis to assess environmental impact. 

In order to inform the creation of high-performance, environmentally friendly mix designs, it is intended to get a deeper 

understanding of how binder and gradation selections impact the sustainability and durability of concrete. 

 

 

2 Materials 

Coarse aggregate, fine aggregate, and binder make up the composite material known as concrete. Ordinary Portland 

Cement (CEM I), slag-blended cement (CEM III-A, ≥40% slag), and other cementitious materials (fly ash and slag) 

are used as binders in this study. These ingredients improve durability and lessen their influence on the environment 

(Geiseler et al., 1995). Class F fly ash and blast furnace slag were two SCMs that were utilized in different ratios to 

enhance durability and manage permeability. The two band gradations used to choose the aggregates were 5-10-14-

18 and 5-10-18-22. Sylhet sand (fineness modulus 2.5) and coarse aggregates (19 mm and 12.5 mm reduced) from 

local sources were employed. To maximize packing and mix performance, gradation was created using sieve analysis 

(Donza et al., 2002; Ashraf et al., 2013) 
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3 Mix Design 

 

While doing the mix design, the ACI mix design method (ACI Committee 211, 2009) was followed. 

 

▪ Design strength – 27.5MPa, 35MPa, 42MPa 

▪ W/C ratio – 0.46 (27.5MPa), 0.39 (35MPa), 0.33 (42MPa) 

▪ Slump 50-100 mm 

▪ Binder – CEM I, CEM III, C1 (CEM I) +30% FA, C1 (CEM I) +30%Slag+20%FA 

▪ Aggregate bands – 5-10-14-18, 5-10-18-22 

 

 

4 Preparation of Band Gradation 

 

Following accepted band gradation techniques, the band gradation was created by first figuring out the percentage 

retained for fine and coarse aggregates, and then figuring out the amounts of Sylhet sand, 12.5 mm downgraded stone, 

and 19 mm downgraded stone (Ashraf et al., 2013; Kamal et al., 2021). With a maximum nominal size of 20 mm, two 

aggregate band gradations, 5-10-14-18 and 5-10-18-22, were employed. For gradation, nine common sieve sizes 

ranging from 20 mm to #100 were used (Sangoju et al., 2017). Particle packing was optimized by combining two 

aggregate sizes (19 mm and 12.5 mm downgraded) to satisfy band requirements (Donza et al., 2002). There were 

46.2% 19 mm, 17.5% 12 mm, and 36.3% sand in the 5-10-14-18 band, and 53.0% 19 mm, 19.0% 12 mm, and 28.0% 

sand in the 5-10-18-22 band. 

 

Band limitations are indicated by dashed lines in Figures 1 and 2, which display the Individual Percent Retained (IPR) 

and gradation curves, respectively (Ashraf et al., 2011; Kamal et al., 2021). While the 5-10-18-22 band concentrates 

on coarser aggregates, the 5-10-14-18 band highlights smaller particles (5–10% retention on #50 to #8 sieves). The 

goal of this gradation technique is to decrease voids and increase concrete density (Ashraf and Noor, 2011). 

 

                  
            

            Figure 1. 5-10-14-18 IPR curve                                          Figure 2. 5-10-18-22 IPR curve           
 

           

5 Testing Methodology of Hardened Concrete and Service Life Prediction 

5.1 Testing Methodology 

 

Compressive Strength Test - According to ASTM C39 (ASTM International, 2021), the Compressive Strength Test 

applied axial load to cylinders until failure to determine the strength of the concrete. The formula P=F/AP = F/AP=F/A 

was used to calculate compressive strength, where F is the maximum load and A is the cross-sectional area. Tests 

were conducted on specimens at 28 days. Before testing, specimens were removed from storage, aligned in a calibrated 

machine, and loaded continuously until failure, following standardized procedures. 

 

Surface Resistivity Test - Using a Proceq Resipod and the Wenner probe method, the Surface Resistivity Test was 

conducted in accordance with AASHTO T 358 (AASHTO, 2022). Tests were performed on 100 × 200 mm cylindrical 

specimens at 7, 56, and 90 days. Each sample was rotated 90 degrees and measured at four points while partially 

submerged in water to prevent drying, which could skew the results. To compute surface resistivity, the raw 
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measurement (R) was adjusted using a geometry-based correction factor (k ≈ 1.8–1.9), and resistivity was calculated 

as ρ = R·k. Results were reported in kΩ·cm as average values (Nadelman and Kurtis, 2015). 

 

Rapid Chloride Permeability Test (RCPT) – The Rapid Chloride Permeability Test (RCPT) evaluates the chloride 

resistance of concrete in accordance with ASTM C1202 (ASTM International, 2022). Cylinders of 100 × 200 mm 

were sliced into discs of 100 × 50 mm, discarding the outer 25 mm from each end. The discs were placed between 

chambers containing 3% NaCl and 0.3 N NaOH, with a constant 60 V applied for six hours. Current was recorded 

every 30 minutes, and the total charge passed (in coulombs) was calculated. Corrections were applied if specimen 

diameters differed from 95 mm. Concrete permeability was classified based on ASTM C1202 thresholds. 

 

5.2 Service life Prediction using Life 365 

 

Using Fick’s Second Law to predict chloride diffusion, Life-365 model (Andrade et al., 2000) was used to estimate 

the RC wall’s service life. Time-dependent migration (modified by SCM content) and a 62.5 mm cover were taken 

into account. A corrosion threshold of 0.05% and a surface chloride of 1.0% were selected for the XS3 (marine splash 

zone) environment. Local temperature data from Cox’s Bazar, Bangladesh, were applied to reflect real-world 

exposure. In order to compare the durability of the binder over a 100-year period, the service life includes the time to 

corrosion commencement plus a 5-year propagation period (Life-365 Software Consortium, 2020). Effective chloride 

diffusion coefficient was estimated using Andrade’s model based on the Nernst-Einstein equation (Andrade et al., 

2000) as shown in equation 1: 

 

                                                               𝐷𝑒𝑓𝑓 = 12𝑥10−5/ρ         …………………  1 

 

Here, ρ is surface resistivity in kΩ·cm. This non-destructive technique is validated for service life predictions in 

marine environments (Baten and Manzur, 2022). 

 

5.3 Carbon Footprint Analysis 

 

In order to determine embodied CO₂ emissions, emissions from solely the CEM I fraction of cement were calculated, 

assuming that fly ash and slag had zero emissions, as they are considered industrial by-products. The analysis was 

based on a 10 m × 3 m × 0.25 m RC wall with a 62.5 mm cover (Pallab et al, 2025). ACI Mix Design was used to 

determine the volume of concrete required for both construction and repair (using grout with 80% OPC). Emissions 

were calculated using the formula E = M × EF, where EF = 0.913 t CO₂-e/t for CEM I, 0.0408 kg CO₂-e/ton for 

coarse, and 0.0139 kg CO₂-e/ton for sand (excluding transport), and the cement mass was obtained from concrete 

volume and unit weight (Rakib & Anowar, 2019; Turner et al., 2013; Sanal, 2017). 

 

 

6 Result and Discussion 

 

For the test result representation, the binders - CEM I, CEM III, C1+30% FA, C1+30%Slag+20%FA, are considered 

as 1, 2, 3, 4, respectively. 

 

6.1 Compressive Strength Test 

 

The 28-day compressive strength of various concrete mixes spanning three target strengths, 27.5 MPa, 35 MPa, and 

42 MPa, is displayed in the bar chart in Figure 3.  Four types of binder are used to evaluate two mix designs (5-10-

14-18 and 5-10-18-22): CEM I, CEM III, C1 + 30% FA, and C1 + 30% S + 20% FA.  In every category, and 

particularly at the 42 MPa objective, CEM I continuously attains the highest strength.  Due to slower strength increase, 

mixes including additional cementitious elements (FA and slag) typically exhibit lower strengths.  In general, the 5-

10-14-18 mix outperforms the 5-10-18-22 mix by a small margin, suggesting that mix proportions affect strength 

results. 
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Figure 3. Compressive Strength of cylinder samples in 28days 

 

6.2 Resistivity Test 

 

The 28-day electrical resistivity (in kΩ·cm) of concrete mixes categorized by the three target strengths, 27.5 MPa, 35 

MPa, and 42 MPa, is displayed in the bar chart in Figure 4. CEM I, CEM III, C1 + 30% FA, and C1 + 30% S + 20% 

FA are the four binder types that are evaluated with two mix designs (5-10-14-18 and 5-10-18-22). Better durability 

is indicated by the 5-10-14-18 mix’s constant higher resistivity. CEM III attains the maximum resistivity at 42 MPa. 

Resistivity is generally improved if mixes have enhanced hydration, fewer pores, and long-term pore refinement 

ability. This emphasizes how crucial mix design and binder selection are for long-term durability. 

 

 

Figure 4. Resistivity of target strengths in 28days 

 

6.3 Rapid Chloride Permeability Test (RCPT)  

The 56-day RCPT findings (in Coulombs) for various concrete mixes at three target strengths, 27.5 MPa, 35 MPa, 

and 42 MPa, are displayed in the chart in Figure 5. CEM I, CEM III, C1 + 30% FA, and C1 + 30% S + 20% FA are 

the four binder types used to evaluate two mix designs, 5-10-14-18 and 5-10-18-22. Lower RCPT values are regularly 

displayed by the 5-10-14-18 mix, suggesting superior resistance to chloride penetration. CEM I exhibits the maximum 

permeability among the binders, particularly in the 5-10-18-22 combination, whereas CEM III and the ternary blend 

(C1 + 30% S + 20% FA) perform the best in terms of durability. This demonstrates the advantages of SCMs and mix 

designs that are intended to increase the durability of concrete. 

 

Figure 5: Rapid Chloride Permeability values of target strengths in 56 days 

6.4 Service life estimation 

 

The predicted service life of various concrete mixes under two scenarios (5-10-14-18 and 5-10-18-22) with goal 

strengths of 27.5, 35, and 42 MPa is displayed in the chart in Figure 6. In general, service life is increased by higher 

target strength. While CEM I often has the shortest service life among the mixes, C1 + 30S + 20FA consistently 

obtains the longest service life in all circumstances. For all mixes, the 5-10-14-18 scenario yields a longer service life 
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than the 5-10-18-22 scenario. This demonstrates how adding more supplementary cementitious materials (SCMs), 

such as fly ash and slag, can increase durability. 

 

 

Figure 6: Service Life Estimation of target strengths 

6.5 CO2 emission estimation   

 

The graph in Figure 7 shows the estimated CO₂ emissions for various concrete mixes under two scenarios (5-10-14-

18 and 5-10-18-22) with goal strengths of 27.5, 35, and 42 MPa. Both “total CO₂” and “repair CO₂” emissions are 

compared. When compared to CEM I, mixes including (SCMs) - particularly C1 + 30S + 20FA, always exhibit 

noticeably reduced emissions. Emissions are consistently lowest with C1 + 30S + 20FA and greatest with CEM I. 

Compared to the 5-10-14-18 scenario, the 5-10-18-22 scenario often results in lower CO₂ emissions, demonstrating 

the environmental advantages of extended service life and optimal material utilization. 

 

 

Figure 7: CO2 emission estimation of target strengths 

 

7 Conclusion 

 

With an emphasis on important sustainability and durability metrics, this study assessed the combined effects of 

aggregate gradation and binder composition on the performance of reinforced concrete in coastal environments.  The 

following is a summary of the key findings: 

• CEM I attained the highest 28-day strength (42 MPa), whereas mixes including SCMs (fly ash and slag) 

demonstrated slower strength growth. In general, the 5-10-14-18 blend fared marginally better overall than 

the 5-10-18-22 mix; 

• Better durability was indicated by the higher 28-day resistivity of the 5-10-14-18 gradation. CEM III 

exhibited the maximum resistivity at 42 MPa, but SCM mixes outperformed with finer gradation; 

• Better salt resistance was indicated by the 5-10-14-18 mixtures' lower RCPT values at 56 days. While CEM 

I had the maximum permeability, CEM III and ternary blends fared the best; 

• The longest service lives (>100 years) were attained by mixes containing SCMs, particularly C1 + 30% S + 

20% FA. CEM I had the shortest lifespan, and the 5-10-14-18 mix worked better than the 5-10-18-22 mix; 

• Total and repair-related CO₂ emissions were significantly decreased by SCM mixtures, with C1 + 30% S + 

20% FA having the lowest emissions. The blends that provided the optimum balance between sustainability 

and durability were 5-10-14-18. 
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Concrete’s mechanical performance, durability, and sustainability are significantly improved by optimizing both 

aggregate gradation and binder composition, especially in harsh coastal conditions. Because it performs better across 

important durability parameters, the 5-10-14-18 band turns out to be the more sensible decision among the gradation 

possibilities. The most appropriate binder for marine construction in Bangladesh could be C1 + 30% Slag + 20% Fly 

Ash (C1 + 30S + 20FA), according to a thorough analysis that considers factors like compressive strength, surface 

resistivity, RCPT results, service life, and CO₂ emissions. The optimal mix of structural performance, environmental 

sustainability, and long-term durability is provided by this combination. However, further study with larger sample 

size and wider mix variations should be conducted to achieve statistically significant outcomes. 
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