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Abstract 

This study aims to quantitatively assess the effect of granulated blast furnace slag (GGBFS) as a partial replacement for 

Portland cement on the mechanical and microstructural performance of concrete with a design compressive strength of 

280 kg/cm². A comprehensive experimental program was conducted to evaluate compressive strength, indirect tensile 

strength, flexural strength, and modulus of elasticity at curing ages of 7, 14, and 28 days, in accordance with ASTM 

standards. Microstructural characterization included Fourier Transform Infrared Spectroscopy (FTIR), Scanning Electron 

Microscopy with Energy-Dispersive X-ray Spectroscopy (SEM/EDS), and X-ray Diffraction (XRD). The results 

demonstrated that incorporating GGBFS, particularly at 16% and 20% replacement levels, led to significant improvements 

in compressive strength and stiffness at 28 days, while early-age tensile strength reductions were mitigated over time due 

to the latent pozzolanic activity of the slag. Microstructural analyses revealed a denser cementitious matrix, enhanced 

chemical stability, and the formation of new crystalline phases. Statistical analyses (ANOVA and Kruskal–Wallis) 

confirmed significant effects on flexural strength and elastic modulus. These findings underscore the potential of GGBFS 

to improve concrete performance and promote sustainability by valorizing industrial by-products and reducing CO₂ 

emissions. This work provides a robust experimental and analytical basis for optimizing GGBFS incorporation in durable, 

performance-enhanced concretes. 
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1. Introduction 

Concrete is one of the most important construction materials worldwide [1–3], whose versatility and relative cost-

effectiveness have made it a fundamental component of modern infrastructure [4–6]. Due to its broad range of 

applications, global concrete consumption has reached approximately 15 billion tonnes annually [7, 8]. However, 

concrete production—particularly that of its main binder, cement—has significant environmental impacts due to its high 

energy demand and the substantial greenhouse gas (GHG) emissions associated with its manufacture [9]. Currently, 

global cement production stands at around 4.2 billion tonnes per year and is projected to reach 5.5 billion tonnes by 

2050 [10]. 

In terms of global demand, cement is among the most widely used substances, playing a critical role in infrastructure, 

buildings, and transportation systems [11]. Consequently, it is expected to remain central to the sustainable development 

of society in the coming decades [12–14]. The construction sector accounts for approximately 40% of global energy 

consumption and 30% of total natural resource depletion, while contributing nearly 40% of global CO₂ emissions and 

around 30% of solid waste generation [15]. Estimates suggest that between 4% and 9% of global CO₂ emissions are 
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directly attributable to cement manufacturing [16, 17], primarily due to the decarbonation of CaCO₃ to CaO and the 

energy required for production and transportation [18]. Currently, emissions from cement plants account for over 5% of 

total global emissions [19], with the production of one tonne of cement generating approximately 0.95 tonnes of CO₂, 
thereby posing additional negative impacts on both human health and the environment [20]. 

In this context, the growing demand for more durable and sustainable structures has driven the search for and 

development of supplementary cementitious materials (SCMs) that enhance concrete performance while reducing its 

carbon footprint [21, 22]. One of the most effective strategies is the partial or total replacement of ordinary Portland 

cement (OPC) with SCMs [23, 24], including ground granulated blast furnace slag (GGBFS), fly ash, and silica fume 

[25]. These materials contribute to improved strength and durability, enhance workability, and reduce the carbon 

emissions associated with concrete production [26, 27]. Accordingly, clinker substitution with SCMs is widely 

recognized as one of the most effective and viable approaches, considering their availability and technical performance 

[28]. Moreover, the use of GGBFS significantly reduces CO₂ emissions per tonne of cementitious material and promotes 

more responsible utilization of steel industry by-products [29]. 

Among the available SCMs, GGBFS has been the subject of numerous studies evaluating its influence on the fresh 

and hardened properties of concrete, showing that higher replacement rates can lower production costs and enhance 

environmental sustainability [30, 31]. Ground granulated blast furnace slag (GGBFS) is an industrial by-product from 

the steel manufacturing process with great potential as a partial substitute for Portland cement [32, 33]. Ground 

granulated blast furnace slag (GGBFS) is an industrial by-product from the steel manufacturing process with high 

potential as a partial substitute for Portland cement [34]. In fact, since the early 20th century, slag-based cements have 

been used in Europe and North America in demanding structural applications [35, 36]. 

GGBFS is a vitreous, granular material obtained by rapid water cooling of molten slag from the blast furnace, 

primarily composed of calcium silicates and calcium aluminosilicates formed at temperatures around 1,500 °C [37, 38]. 

This granulated slag exhibits both cementitious and pozzolanic activity, which—once properly activated—promotes the 

formation of calcium silicate hydrate (C–S–H) gel, a key component in the strength development of hardened concrete 

[39]. Due to its latent hydraulic activity and pozzolanic reactivity, its incorporation into cement contributes to the 

progressive increase of long-term strength and material durability [40-42]. Moreover, its use favorably modifies various 

fresh and hardened-state properties by improving workability, reducing bleeding and heat of hydration, enhancing long-

term strength and durability, and decreasing porosity and permeability [43-45]. 

GGBFS possesses cementitious and pozzolanic characteristics that make it a promising material for the partial 

replacement of ordinary Portland cement in both concrete and mortar formulations [46, 47]. Numerous studies have 

assessed its impact on the mechanical performance and durability of concrete, highlighting environmental advantages 

such as CO₂ reduction resulting from lower cement consumption [48]. Additionally, replacing a portion of cement with 

GGBFS reduces the emission of harmful gases and the energy demand during concrete production [49], achieving up to 

a 47.5% reduction in total greenhouse gas emissions compared to conventional concrete [50]. The incorporation of 

industrial by-products such as GGBFS and fly ash is considered a key strategy for mitigating climate change [51-53], 

as it not only enhances the valorization of waste materials but also offers both environmental and economic benefits 

[54]. Furthermore, GGBFS only requires grinding for use as a mineral addition, representing significant energy savings 

compared to clinker calcination [55]. 

GGBFS is recognized as one of the most beneficial SCMs for producing sustainable, high-quality concrete and is 

commonly used to reduce the proportion of Portland cement in mortars and concretes. Numerous studies have 

demonstrated that its incorporation significantly improves both fresh and hardened properties of the material, depending 

on the replacement ratio [56]. Its use enhances workability, densification, and durability, increases compressive and 

tensile strength, and reduces permeability and drying shrinkage [57-61]. For instance, compressive strength can increase 

by up to 20% when 30% of the cement is replaced by GGBFS, although this trend tends to decline when the replacement 

exceeds 40%, as observed with splitting tensile strength as well [62, 63]. In general, studies have confirmed that the 

optimal replacement proportion significantly enhances compressive strength, elastic modulus, and flexural strength [64-

66], although these effects strongly depend on the fineness and reactivity of the GGBFS [67]. 

From a microstructural perspective, the addition of GGBFS densifies the cementitious matrix and reduces overall 

porosity through the pozzolanic reaction between slag and the Ca(OH)₂ released during cement hydration, promoting 

the formation of C–S–H gel [68,69]. Due to its lower density, GGBFS may slightly decrease the overall density of 

concrete; however, at later ages (e.g., 90 days), GGBFS-containing mixtures exhibit significant improvements in 

strength and workability, in compliance with EFNARC guidelines [70]. Furthermore, studies have concluded that using 

GGBFS as a partial replacement for Portland cement enhances both fresh and hardened concrete performance, 

contributing to reduced porosity and increased durability [71-73]. The fineness of GGBFS is a key factor governing its 

reactivity and its influence on the final microstructure [74]. 

In experimental studies where GGBFS was used as a binder and partial replacement for cement in proportions 

ranging from 2.5% to 12.5%, the highest compressive, flexural, and splitting tensile strengths were obtained with a 10% 

GGBFS substitution, demonstrating its potential for sustainable concrete production [75]. Additionally, research using 
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water-activated ground slag reported compressive strength increases of up to 166% at 28 days with only 2.5% 

replacement [76]. Factorial studies evaluating water-to-cement ratios (0.45 and 0.50) and GGBFS contents between 0% 

and 60% concluded that higher slag percentages improve strength and durability (greater density, lower absorption, and 

porosity), although higher water-to-cement ratios tend to reduce these properties; the interaction between both factors 

was not statistically significant [77-79]. 

Concrete workability decreases as GGBFS content increases, due to its high fineness and reactivity; thus, the use of 

superplasticizers is recommended when substitution exceeds 40% [80]. Moreover, a 30% replacement has been 

identified as optimal for balancing physical and mechanical properties, achieving slump values up to 30% higher than 

those of plain concrete while also reducing the cost of sustainable concrete production [81]. Consequently, studies 

conclude that replacing 30% to 40% of cement with GGBFS reduces overall costs while maintaining adequate 

workability and mechanical performance [80, 81].  

In terms of mechanical performance, the use of GGBFS has been shown to positively influence compressive strength 

and long-term durability, primarily due to the secondary formation of C–S–H gel, which results in a denser structure 

less susceptible to environmental degradation [82]. However, it is essential to determine an appropriate GGBFS 

replacement ratio to avoid adverse effects, such as early-age cracking that may occur when excessively high contents 

are used [83, 84]. Nonetheless, some studies report favorable outcomes even under extreme conditions, such as replacing 

40% of cement in recycled aggregate concrete (RAC) exposed to high temperatures [85]. 

It is estimated that in 2017, global GGBFS generation reached approximately 530 million tonnes, yet only 65% was 

utilized by the construction industry, highlighting its potential as an underutilized resource [53]. GGBFS has also been 

proposed as a precursor for geopolymer concrete, standing out for its environmental and technical advantages compared 

to traditional cement [86]. Accordingly, many cement-reduction strategies have prioritized the use of SCMs such as 

GGBFS and fly ash, based on their availability and durability-related performance [87]. These materials are incorporated 

into concrete either as components of blended cements or as additions to the fresh mix [88–90]. Moreover, the 

incorporation of GGBFS not only valorizes an industrial by-product, but also enhances various hardened-state properties 

and reduces drying shrinkage [91–93]. Therefore, its use in concrete and mortar represents a promising strategy to align 

environmental sustainability with mechanical performance, contributing to emissions reduction and more responsible 

consumption of natural resources. 

Despite the extensive body of research on the use of GGBFS in concrete, significant gaps remain in the literature, 

particularly regarding the influence of different replacement ratios on the mechanical and microstructural properties of 

the material at both early and later ages under controlled experimental conditions. This study addresses this gap through 

a quantitative evaluation of the effect of partial cement replacement with GGBFS in concrete with a characteristic 

compressive strength of f’c = 280 kg/cm², analyzing its properties, their evolution over time, and their correlation with 

microstructural transformations. This approach aims to generate robust technical evidence to guide more sustainable 

construction decisions and to support the effective implementation of GGBFS in the structural concrete industry. 

The results will contribute to establishing technical guidelines for the optimized use of GGBFS in structural 

applications, promoting a more sustainable and resilient construction model aligned with the principles of the circular 

economy. 

2. Material and Methods 

This study is framed within the domain of quantitative and applied research. Methodologically, it is classified as 

explanatory, as it seeks to analyze and elucidate the effects of partial replacement of Portland cement with ground 

granulated blast furnace slag (GGBFS) on the mechanical performance and microstructural development of concrete 

designed for a compressive strength (f′c) of 280 kg/cm². 

The methodology employed a direct observation approach, allowing for systematic monitoring and detailed 

documentation of specimen behavior throughout the experimental process. Data collection was guided by a structured 

Observation Guide, specifically designed with objective criteria to ensure precision and consistency in capturing relevant 

information. 

The study population comprised 140 concrete specimens, including cylindrical samples and prismatic beams, all 

produced with a design compressive strength of f′c = 280 kg/cm² and incorporating varying proportions of ground 

granulated blast furnace slag (GGBFS) as a partial replacement of Portland cement by weight. The aggregates used were 

sourced from quarries located in the Ica region, Peru. The specimens were categorized into five groups according to 

GGBFS content: 0.00% (control mix), 8.0%, 12.0%, 16.0%, and 20.0%. Curing was performed at 7, 14, and 28 days to 

assess the evolution of mechanical and microstructural properties over time. 

Figure 1 presents a schematic diagram of the experimental procedure, outlining the key stages of the research 

methodology, including material preparation, specimen mixing and curing, and the mechanical and microstructural 

characterization techniques implemented. 
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Figure 1. Schematic diagram of the experimental methodology 

2.1. Characterization of Ground Granulated Blast Furnace Slag: Density, Blaine Specific Surface Area, and Chemical Composition 

The ground granulated blast furnace slag (GGBFS) utilized in this study was supplied by Quanzhou Winnitoor 

Industry Co., Ltd. (Fujian, China), a recognized manufacturer specializing in by-products of the steel industry. 

According to the material’s technical data sheet, the GGBFS is characterized by its specific gravity, bulk density, Blaine 

fineness, and chemical composition. Table 1 presents a comparative summary of these properties in relation to those 

reported in prior studies, providing a contextual basis for evaluating the material’s characteristics within the broader 

research landscape. 
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Table 1. Physical and Chemical Characterization of Granulated Blast Furnace Slag (GGBFS) 

Researchers 

Physical Properties Chemical Properties 

Density 

(g/cm³) 

Blaine Specific 

Surface (m²/kg) 

% Calcium 

Oxide 

% Silicon 

Dioxide 

% Aluminium 

Oxide 

% Magnesium 

Oxide 

% Titanium 

Oxide 

% Sodium 

Oxide 

% Manganese 

Oxide 

This study 2.90 434 44.00 36.60 11.80 5.70 0.50 0.50 0.20 

López-Perales et al. [2] 2.61 - 37.71 35.56 10.87 7.12 2.28 0.68 2.61 

Abdellatief et al. [66] 2.88 400 45.88 30.38 9.05 5.39 - 0.52 - 

Sara et al. [94] 2.82 380 42.20 40.00 6.00 4.70 1.20 - - 

Mehta et al. [95] 2.68 485 35.68 35.80 13.21 9.76 - 0.48 - 

Kim et al. [68] 2.91 405 42.20 40.00 6.00 4.70 1.20 - - 

Tang et al. [65] 2.91 - 42.60 38.00 13.80 8.50 - 0.21 0.40 

Ustabasi & Kaya [74] - 466.6 35.30 38.10 11.40 7.92 0.44 0.29 - 

2.2. Aggregates, Cement, and Supplementary Material 

Laboratory tests were carried out to assess the mechanical and microstructural behavior of the reference concrete 

(f′c = 280 kg/cm²), serving as a baseline for comparison with GGBFS-modified mixes 

The aggregates used in this study were sourced from the Palomino-Parcona quarry, located in the Ica region (Table 

2). The particle size distribution of the aggregates was determined in accordance with ASTM C136/C136M-19 [96]. 

The gradation curves for the fine and coarse aggregates are presented in Figures 2-a and 2-b, respectively. Sol Type I 

cement was used for concrete production. 

Table 2. Evaluation of the Degradation Resistance of Coarse Aggregates Sourced from the Palomino–Parcona Quarry 

Aggregate Source 
Maximum 

Nominal Size 

Aggregate 

Gradation 
Initial Mass  

Mass Retained on 

Sieve No. 12 

Percentage of Wear 

(Passing Sieve No. 12) 

Palomino-Parcona 1/2” B 5000 4326 13.48% 

  

                  (a)                                                                                                  (b) 

Figure 2. Particle size distribution curves of the aggregates: (a) fine aggregate; (b) coarse aggregate 

In accordance with the ACI 211.1-91 (Reapproved 2009) [97] method adopted in this study; the mix design 

parameters listed in Table 3 were kept constant to ensure consistent reference conditions across all experimental 

mixtures.  

Table 3. Constant mix design parameters according to ACI 211.1-91 

Parameter Value / Description 

Mix design method 5, 10, 15, 20 

Water-to-cement ratio (w/c) 0.466 (constant for all mixtures) 

Aggregate source Palomino Quarry (Ica, Peru); consistent physical properties 

Base mix proportions 

(per kg of cement) 

Fine aggregate (F.A.): 1.86 kg 

Coarse aggregate (C.A.): 1.68 kg 

Water: 19.51 L 

Type of cement ASTM C150-compliant Type I Portland cement (Sol brand) 

Curing method Water immersion at ambient temperature, according to ASTM C192/C192M-19 [98] 
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Maintaining these parameters constant ensures the validity of the comparative analysis, as the only variable among 

the mixtures is the level of GGBFS replacement (0%, 8%, 12%, 16%, and 20%). This controlled approach allows for 

the observed differences in mechanical properties to be specifically attributed to the influence of GGBFS, thereby 

isolating its effect within the experimental framework and minimizing potential confounding factors. 

In addition, concrete mixtures were prepared incorporating ground granulated blast furnace slag (GGBFS) at 

replacement levels of 8.0%, 12.0%, 16.0%, and 20.0% by weight of cement. The selection of GGBFS dosages—0.00%, 

8.0%, 12.0%, 16.0%, and 20.0%—was informed by an extensive review of prior studies, which report notable variations 

in compressive strength within this range. Optimal performance is commonly observed between 10% and 20%, 

depending on the characteristics of the cementitious matrix, as summarized in Table 4. The 0.00% GGBFS content 

corresponds to the control mix (without supplementary material), whereas the progressive incorporation of GGBFS 

enables a systematic evaluation of mechanical performance trends and the identification of potentially optimal 

replacement levels. This experimental design also facilitates comparison with existing literature, thereby strengthening 

the interpretative framework for analyzing the results within a broader scientific context. 

Table 4. Optimal replacement levels of ground granulated blast furnace slag (GGBFS) for enhancing compressive strength, 

as reported in previous studies 

Researchers 
GGBFS Percentage 

(%) 

Optimal GGBFS 

Percentage (%) 

Compressive Strength 

Improvement (%) 

Bheel et al. [99] 5, 10, 15, 20 10 +12,28 

Qi et al. [100] 10, 20, 30, 40, 50 20 -2.4 

Shen et al. [83] 20, 35, 50, 20 -10.0 

Tung et al. [21] 5, 10 5 12.59 

Mechanical testing was carried out under controlled laboratory conditions in accordance with the corresponding 

ASTM standards, using standardized specimens distributed across different curing ages to evaluate the performance of 

concrete incorporating ground granulated blast furnace slag (GGBFS). 

Compressive strength (Figure 3-a) was determined using 50 cylindrical specimens (10 cm × 20 cm), arranged in sets 

of three tested at 7 days, three at 14 days, and four at 28 days for both the control mix and each GGBFS replacement 

level, following the procedures outlined in ASTM C39/C39M-18 [101]. 

   
                                                                                (a)                                        (b) 

   
(c)                                              (d) 

Figure 3. Mechanical tests on reference concrete and modified concrete with additions of 8%, 12%, 16%, and 20% GGBFS: 

(a) Compressive strength test of cylindrical concrete specimens (f′c); (b) Splitting Tensile Strength of Cylindrical Concrete 

Specimens (ft); (c) Flexural Strength of Concrete (Using Simple Beam with Center-Point Loading) (fr); (d) Static Modulus of 

Elasticity Test for Concrete in Compression (Ec). 
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Splitting tensile strength (Figure 3-b) was assessed using 35 cylindrical specimens (10 × 20 cm), with three 

specimens tested at 7 days and four at 28 days for each mix, according to ASTM C496/C496M-17 [102]. 

Flexural strength (Figure 3c) was evaluated using 35 prismatic beams (15 × 15 × 51 cm), with three specimens tested 

at 7 days and four at 28 days for each GGBFS content, in accordance with ASTM C293/C293M-16 [103]. 

Lastly, the static modulus of elasticity (Figure 3d) was determined from 20 cylindrical specimens (10 × 30 cm), with 

four specimens tested at 28 days for the reference mix and each GGBFS percentage, following ASTM C469 / C469M-

22 [104]. 

Table 5 details the mix design, including the water-to-cement ratio (W/C), as well as the specific proportions of 

GGBFS, aggregates, cement, and water used in the study. 

Table 5. Aggregate quantities used for mechanical strength and modulus of elasticity tests in control and GGBFS-modified 

concrete mixtures (8%, 12%, 16%, and 20%) 

Substitution level 

(%) 

Cement 

(kg) 

Fine Agg. 

(kg) 

Coarse Agg. 

(kg) 

Water 

(L) 

Replacement 

GGBFS 

+ 0 % 1 1.86 1.68 19.51 0.00 

+ 8 % 0.92 1.86 1.68 19.51 0.08 

+ 12 % 0.88 1.86 1.68 19.51 0.12 

+ 16 % 0.84 1.86 1.68 19.51 0.16 

+ 20 % 0.80 1.86 1.68 19.51 0.20 

The effect of GGBFS incorporation on the workability of concrete was evaluated through the slump test, in 

accordance with ASTM C143/C143M. The results, summarized in Table 6, show variations in mixture consistency 

depending on the percentage of cement replacement by GGBFS. At low replacement levels (8% and 12%), a reduction 

in slump was observed, indicating decreased workability. In contrast, higher substitution levels—particularly at 20%—

resulted in increased slump values, reaching up to 10.41 cm, suggesting improved mixture fluidity. This enhancement 

may be attributed to a lubricating effect produced by the fine slag particles. These findings demonstrate that the influence 

of GGBFS on workability is non-linear and is governed by both its dosage and its physical interaction with the 

cementitious matrix. 

Table 6. Effect of GGBFS content on concrete slump 

GGBFS Content (%) Slump (in) Slump (cm) 

0 % 3.80″ 9.65 cm 

8 % 2.70″ 6.86 cm 

12 % 2.40″ 6.10 cm 

16 % 3.40″ 8.64 cm 

20 % 4.10″ 10.41 cm 

It was observed that intermediate GGBFS replacement levels (8% and 12%) led to a reduction in workability 

compared to the control mix, while a 20% replacement resulted in improved workability, surpassing even the reference 

mixture. This suggests that, beyond a certain threshold, the presence of fine slag particles may enhance mixture fluidity 

through a lubricating effect. However, a limitation of this study is that setting times were not evaluated, which may be 

relevant given the known influence of GGBFS on the hydration kinetics of blended cements. 

Following the identification of the optimal GGBFS replacement percentage, hardened concrete specimens were 

extracted for the microstructural characterization of both the reference mix and the mix incorporating the optimal 

GGBFS content, enabling a comparative analysis between the two. 

3. Results 

3.1. Mechanical Properties of Concrete: Compressive Strength, Indirect Tensile Strength, Flexural Strength, and 

Modulus of Elasticity 

𝒇′𝒄: Compressive Strength of Concrete 

Table 7 summarizes the compressive strength results of concrete specimens incorporating varying proportions of 

ground granulated blast furnace slag (GGBFS) at curing ages of 7, 14, and 28 days. The results indicate that the partial 

replacement of cement with GGBFS leads to an enhancement in compressive strength compared to the control mix 
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(0.00%). The highest strength was recorded at a replacement level of 20%, exhibiting a consistent and marked increase 

across all curing periods. Intermediate replacement levels of 8% and 12% also demonstrated strength improvements 

relative to the control; however, these values remained below those obtained with 16% and 20% GGBFS. Figure 4 

supports these findings by illustrating the evolution of compressive strength over curing time, indicating that the 

beneficial effects of GGBFS become more pronounced at later ages and higher replacement levels. These results 

underscore the importance of properly controlling the amount of GGBFS incorporated in the mix in order to optimize 

the mechanical performance of the concrete. 

Table 7. Comparison of concrete compressive strength results (f′c) in kg/cm² 

Ground Granulated Blast Furnace Slag 

Addition by Cement Weight (%) 

Curing Age 

7 Days 14 Days 28 Days 

0.00% (reference concrete) 279.12 326.46 348.17 

8% 263.92 295.51 391.54 

12% 266.75 302.84 375.64 

16% 300.42 345.96 400.43 

20% 298.53 336.91 408.58 

 

Figure 4. Comparison of concrete compressive strength results (f′c) in kg/cm² 

The study monitored the development of compressive strength at 7, 14, and 28 days—key ages for assessing the 

performance of supplementary cementitious materials such as ground granulated blast furnace slag (GGBFS), whose 

pozzolanic activity primarily manifests at medium and later ages. The results revealed variability in compressive strength 

at 7 days compared to the control mixture, whereas at 28 days, the mixture with 20% cement replacement by GGBFS 

exhibited the best performance, with a 6.35% increase in compressive strength. This evaluation methodology is 

appropriate given that GGBFS requires a slower activation process to form cementitious products through secondary 

pozzolanic reactions. 

ft: Indirect Tensile Strength of Concrete 

Table 8 presents the average indirect tensile strength results (in kg/cm²) of concrete mixes incorporating different 

percentages of Ground Granulated Blast Furnace Slag (GGBFS) as an additive, evaluated at 7 and 28 days of curing. It 

is observed that the control mix (0% GGBFS) exhibits the highest strength at 7 days (27.59 kg/cm²). At 28 days, the 

tensile strength shows a slight reduction with GGBFS incorporation up to 12%, followed by a recovery to values close 

to the control mix when the GGBFS content reaches 20%. Figure 5 further reinforces this trend, highlighting that 

although early-age strength (7 days) decreases with GGBFS inclusion, a progressive recovery is observed at 28 days. 

This behavior suggests a positive contribution of GGBFS to long-term mechanical performance, likely attributed to its 

latent pozzolanic activity. 
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Table 8. Comparison of concrete indirect tensile strength results (ft) in kg/cm² 

Ground Granulated Blast Furnace Slag 

Addition by Cement Weight (%) 

Curing Age 

7 Days 28 Days 

0.00% (reference concrete) 27.59 29.67 

8% 16.35 27.38 

12% 21.68 24.03 

16% 23.62 25.31 

20% 23.39 27.84 

 

Figure 5. Comparison of concrete indirect tensile strength results (ft) in kg/cm² 

fr: Flexural Strength of Concrete 

Table 9 presents the average flexural strength results (in kg/cm²) of concrete mixes incorporating various percentages 

of Ground Granulated Blast Furnace Slag (GGBFS), evaluated at 7 and 28 days of curing. The data indicate that the 

incorporation of GGBFS enhances early-age flexural strength, with the 20% replacement yielding the highest value at 

7 days (47.94 kg/cm²), surpassing the control mix (41.35 kg/cm²). At 28 days, the mix with 8% GGBFS exhibits the 

maximum strength (73.48 kg/cm²), whereas higher replacement levels tend to result in a slight reduction. Figure 6 

illustrates this behavior, showing a consistent improvement in early-age flexural strength with increasing GGBFS 

content, while long-term strength peaks at moderate GGBFS levels and stabilizes thereafter. These results suggest that 

partial substitution with GGBFS can enhance flexural performance, particularly at early ages, likely due to 

microstructural densification and the pozzolanic reactivity of the slag. 

Table 9. Comparison of concrete flexural strength results (fr) in kg/cm² 

Ground Granulated Blast Furnace Slag 

Addition by Cement Weight (%) 

Curing Age 

7 Days 28 Days 

0.00% (reference concrete) 41.35 61.8 

8% 43.12 73.48 

12% 45.83 59.50 

16% 45.16 60.08 

20% 47.94 60.27 
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Figure 6. Comparison of concrete flexural strength results (fr) in kg/cm² 

Ec: Modulus of Elasticity 

Table 10 shows the average modulus of elasticity (in kg/cm²) at 28 days for concrete mixes incorporating various 

percentages of Ground Granulated Blast Furnace Slag (GGBFS). The results reveal a general improvement in stiffness 

with the inclusion of GGBFS compared to the control mix (290,225.45 kg/cm²). The maximum modulus is observed at 

20% GGBFS replacement, reaching 304,662.46 kg/cm². Although a slight decrease is noted at 12% substitution 

(287,045.45 kg/cm²), values at 8% and 16% also demonstrate significant enhancement (300,796.71 and 300,308.60 

kg/cm², respectively). Figure 7 visually reinforces this trend, indicating that GGBFS contributes positively to the elastic 

behavior of concrete at 28 days, likely due to the improved packing density and pozzolanic activity of the slag, which 

refines the microstructure and increases the material's stiffness. 

Table 10. Comparison of concrete modulus of elasticity results (Ec) at 28 days (kg/cm²) 

Ground Granulated Blast Furnace Slag 

Addition by Cement Weight (%) 

Curing Age 

28 Days 

0.00% (reference concrete) 290225.45 

8% 300796.71 

12% 287045.45 

16% 300308.60 

20% 304662.46 

 

Figure 7. Comparison of concrete modulus of elasticity results (Ec) at 28 days (kg/cm²) 
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The mechanical test results presented in this study are supported by a robust statistical framework that reinforces 

the reliability and reproducibility of the findings. Normality of the data was verified using the Shapiro–Wilk test 

(p > 0.05 for all properties), and homogeneity of variances was confirmed through Levene’s test (p > 0.05). Analysis 

of variance (ANOVA) was employed to detect statistically significant differences among groups, complemented by 

the Tukey HSD test for multiple comparisons. Additionally, the Kruskal–Wallis test was used as a non-parametric 

validation tool. Reproducibility was ensured by testing 3 to 4 specimens per age and property, with all results 

exhibiting acceptable coefficients of variation. Notably, significant differences were observed only in the elastic 

modulus (p = 6.9 × 10⁻⁴), highlighting its sensitivity to GGBFS incorporation relative to other mechanical 

properties. 

Statistical Evaluation of Mechanical Properties at 28 Days for GGBFS-Modified Concrete Mixtures 

At 28 days of curing, the mechanical properties of the specimens were evaluated through compressive strength, 

tensile strength, flexural strength, and modulus of elasticity tests. Based on the obtained results, a statistical assessment 

was conducted to determine whether the experimental mixtures incorporating varying percentages of GGBFS exhibited 

significant differences compared to the control concrete. The aim was to identify the optimal replacement percentage of 

GGBFS. Prior to the comparative analysis, two preliminary statistical tests were performed: a normality test and a 

homoscedasticity test (equality of variances among groups). These tests were essential to determine the appropriate 

statistical approach—parametric or non-parametric—for the subsequent analysis. 

Shapiro–Wilk and Levene’s tests yielded p-values ranging from 0.112 to 0.476 across the four mechanical 

properties, supporting the assumptions of normality and homoscedasticity required for parametric analysis. 

Therefore, one-way ANOVA was applied, complemented by the Kruskal–Wallis test as a confirmatory non-

parametric method. One-way ANOVA indicated no significant differences in compressive strength (F(4,15)=1.35, 

p=0.230) or indirect tensile strength (F(4,15)=2.52, p=0.080), whereas significant effects were detected for flexural 

strength (F(4,15)=7.84, p=0.0013) and elastic modulus (F(4,15)=9.01, p=6.9×10⁻⁴). These findings were 

corroborated by Kruskal–Wallis (χ²(4)=4.50, p=0.3425; χ²(4)=7.92, p=0.0945; χ²(4)=9.99, p=0.0407; χ²(4)=14.11, 

p=0.0069, respectively). 

Post-hoc Tukey HSD analysis revealed that, in flexural strength, the control mix differed significantly from the 8 % 

GGBFS blend (p=0.0102), which in turn differed from higher replacement levels (p<0.005). For elastic modulus, only 

the 20 % GGBFS substitution exhibited a significant increase relative to the control (p=0.0082). 

3.2. Microstructural Characteristics of the Reference Concrete Sample and the Sample with 20% Ground 

Granulated Blast Furnace Slag 

FTIR: Absorbance in Fourier Transform Infrared Spectroscopy 

The absorbance units and corresponding absorption bands were characterized using Fourier Transform Infrared 

Spectroscopy (FTIR), in accordance with the ASTM E1252-98(2021) [105]. This methodology facilitated the 

identification of chemical functional groups associated with the absorbance peaks in both the control concrete sample 

and the modified concrete sample incorporating 20% GGBFS. The analysis was performed using a Bruker Tensor 27 

FTIR spectrometer, equipped with a diamond attenuated total reflectance (ATR) accessory (Bruker, Ettlingen, 

Germany). 

In this context, the FTIR spectra of the reference sample and the sample with 20% GGBFS are presented, allowing 

for the analysis of their molecular composition. In Figure 8-a, the reference concrete exhibits characteristic absorbance 

peaks at 965 cm⁻¹, 874 cm⁻¹, and 1412 cm⁻¹, with corresponding intensities of 0.08925, 0.05898, and 0.02271 units. 

These peaks are associated with the vibrational modes of Si–O and C–O (carbonates) bonds, as well as other functional 

groups present in the cementitious matrix. In Figure 8-b, which corresponds to the sample with 20% cement replacement 

by GGBFS, slight shifts in peak positions are observed at 968 cm⁻¹, 875 cm⁻¹, and 1415 cm⁻¹, accompanied by increased 

intensities of 0.12515, 0.08425, and 0.03564 units, respectively. These shifts suggest improved molecular interaction 

and the integration of slag-derived functional groups. The observed spectral variations suggest improved chemical 

reactivity, particularly in the formation of C–S–H and C–A–S–H phases associated with cement hydration. Furthermore, 

the increased absorbance in the 800–1000 cm⁻¹ region suggests a denser cementitious matrix, without altering the 

primary chemical structure of the system. Figure 8-c compares both spectral curves, confirming a general increase in 

absorbance for the GGBFS-modified sample. This supports the hypothesis that partial cement replacement with GGBFS 

promotes greater formation of hydration products, improves concrete microstructure, and enhances the chemical stability 

of the cementitious system. 
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                                                          (a)                                                                                 (b) 

 
(c) 

Figure 8. Absorbance units and absorption bands: (a) FTIR spectrum of the reference sample; (b) FTIR spectrum of the 

reference sample with 20% GGBFS; (c) comparison of the FTIR spectra of the reference sample and the sample with 20% 

GGBFS. 

Chemical Composition of Concrete Samples by Scanning Electron Microscopy (SEM) and Energy-Dispersive X-Ray 

Spectroscopy (EDS) 

For sample preparation, fragments with the appropriate geometry were selected to represent both the reference 

concrete (Figure 9-a) and the modified concrete incorporating 20% GGBFS (Figure 9-b). Regarding sample preparation, 

a representative portion of each concrete was selected and individually mounted on the scanning electron microscope 

(SEM) sample holder. Measurements were performed under low vacuum conditions with water vapor injection to 

prevent the accumulation of surface charge on the samples and to allow analysis without gold coating. This approach 

was implemented to avoid biases in the EDS measurements. 

  

                                                                                   (a)                      (b) 

Figure 9. Morphological and compositional analysis: (a) representative sample of reference concrete; (b) representative 

sample of modified concrete incorporating 20% GGBFS 

Compositional analysis of the concrete samples was conducted using scanning electron microscopy (SEM) coupled 

with energy-dispersive X-ray spectroscopy (EDS), following the guidelines of ASTM C1723-16(2021) [106]. The 

analyses were performed with a FEI Quanta 200 SEM (FEI Company, Hillsboro, OR, USA), operating at an accelerating 

voltage of 30 kV and a spot size of 6, enabling both high-resolution imaging and elemental characterization. Selected 

areas of interest were examined at magnifications ranging from 45× to 50× EDS analysis was carried out using an EDAX 
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detector (EDAX, Ametek Materials Analysis Division, Mahwah, NJ, USA) integrated into the SEM system. Elemental 

data were processed using the EDAX Genesis XM 4 software, with compositional quantification based on ZAF matrix 

correction protocols. 

Figures 10-a and 10-b show SEM micrographs of the reference concrete sample at low magnification (50×), acquired 

with an LFD detector at 30 kV and a working distance of approximately 15 mm, revealing smooth globular deposits 

(P1–P2) adjacent to porous, fissured matrix regions (P3–P4). In contrast, the micrographs of the concrete modified with 

20 % GGBFS (Figures 10-c and 10-d), obtained under identical imaging conditions, exhibit a markedly irregular texture 

with fibrillar structures and pores of varying size. In all images, the marked points P1–P4 denote locations selected for 

point‐specific compositional and topographical analyses, highlighting secondary-electron contrast between dense phases 

and more fragmented, heterogeneous regions. These images allow for a comparison of the distribution and chemical 

composition of the phases present in both samples, as detailed in Tables 11 and 12. 

  

                                                                             (a)                 (b) 

  

                                                                             (c)                  (d) 

Figure 10. Morphological analysis and distribution of energy-dispersive spectroscopy (EDS) points in reference concrete and 

concrete modified with 20% GGBFS: (a) distribution of EDS analysis points (P1, P2, and P3) in the reference concrete sample; 

(b) distribution of EDS analysis points (P1, P2, P3 and P4) in the reference concrete sample; (c) distribution of EDS analysis 

points (P1, P2, P3, and P4) in concrete modified with 20% GGBFS; (d) distribution of EDS analysis points (P1, P2, P3, and 

P4) in concrete modified with 20% GGBFS. 

Table 11. Chemical composition of the reference concrete sample 

EDS Points 
Atomic % 

O Na Mg Al Si S K Ca Ti Fe 

 P3 70.23 1.05 0.66 1.99 4.74 0.39 0.38 19.68 - 0.88 

Figure 9a P4 76.61 1.16 0.84 2.31 5.75 - 0.37 12.13 - 0.84 

 P1 63.11 - 0.44 1.55 4.76 0.52 0.63 28.01 - 0.97 

 P1 66.66 - 6.14 6.50 13.84 - 3.82 1.62 0.88 6.54 

 P2 74.24 - - 2.39 7.29 - 0.43 14.10 - 1.55 

Figure 9b P3 59.02 - 5.31 5.17 11.28 - 3.07 6.12 1.26 8.79 

 P4 68.57 - - 1.15 4.20 - 0.22 24.58 - 1.29 

Average 68.63 1.11 2.68 2.72 7.12 0.46 1.27 15.75 1.07 2.98 
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Table 12. Chemical composition of the reference concrete modified with 20% GGBFS 

EDS Points 
Atomic % 

O F Na Mg Al Si S K Ca Fe 

 P1 66.99 - 0.67 0.19 1.70 5.26 0.21 0.35 29.88 0.76 

Figure 9c P2 65.84 - 0.78 0.35 1.64 5.21 0.34 0.22 24.78 0.84 

 P3 66.82 - 0.74 0.20 1.64 5.48 0.40 0.27 23.48 0.95 

 P4 72.37 2.04 1.58 0.85 2.14 5.18 0.23 0.33 14.54 0.73 

 P1 74.03 - - 1.03 3.32 - - 21.62 - - 

 P2 74.88 - - 1.88 6.85 - - 16.40 - - 

Figure 9d P3 70.93 - 1.19 2.14 6.37 - - 18.28 - 1.10 

 P4 67.08 3.28 - 6.78 16.58 - 3.21 3.07 - - 

Average 69.12 2.66 0.99 1.68 5.03 5.28 0.88 7.57 23.17 0.88 

Based on the images obtained by secondary electrons, a notable morphological diversity in the concrete is evident. 

Fractured zones, which are characteristic of this type of mix, are identified alongside highly rounded grains, possibly 

indicative of the presence of belite; an essential component in the concrete formation process. Additionally, transition 

zones between the cement matrix and conventional aggregates are clearly observed, which is crucial for understanding 

the material's integrity and strength. The analysis of the cement matrix composition in both the concrete with 20% 

GGBFS and the reference concrete reveals a predominance of calcium (Ca) and oxygen (O). To a lesser extent, elements 

such as silicon (Si), sodium (Na), magnesium (Mg), aluminum (Al), potassium (K), and iron (Fe) are also detected. The 

similarity in the recorded values between the two samples suggests consistency in the formulation and processing of the 

concrete, despite the inclusion of GGBFS. 

In the concrete with 20% GGBFS, the matrix presents values of up to 48.9 %wt Ca and 45.21 %wt O, whereas the 

reference concrete shows values of up to 46.5 %wt Ca and 55.85 %wt O. Regarding the conventional aggregates, they 

generally exhibit similar values for the predominant elements (Ca and O) as well as for the minor elements. However, 

differences are observed in the silicon (Si) content; the concrete with GGBFS shows slightly higher Si levels compared 

to the reference concrete, possibly because the GGBFS contains a higher silicon content than the conventional materials 

used in cement production. Additionally, in the reference concrete, certain grains with trace amounts of titanium (Ti) up 

to 2.46 %wt have been detected, which could indicate the presence of additives or impurities in the materials used during 

production. 

3.2.3. Phase Chemical Composition Analysis by X-Ray Diffraction (XRD) 

The identification of crystalline phases was carried out through X-ray diffraction (XRD) analysis, following the 

UNE-EN 13925-1:2006 standard [107]. The measurements were performed using a Panalytical AERIS 

diffractometer (Malvern Panalytical, Almelo, Netherlands), equipped with a cobalt (Co) anode and operating with 

a predefined Kα radiation wavelength. This setup enabled accurate determination of the phase composition of the 

concrete samples. 

The results presented in Table 13 show that the incorporation of 20% GGBFS induces significant changes in the 

chemical and mineralogical composition of the concrete matrix. The most prominent variations include a substantial 

decrease in albite (from 47.5% to 24.8%) and amorphous content (from 38.0% to 21.8%), indicating that the addition 

of GGBFS promotes the formation of new crystalline phases through pozzolanic reactions. New crystalline 

phases—such as montebrasite (25.0%), Bi₁₀Sr₁₅Fe₁₀O₄₆ (24.8%), and BaNiS₂ (25.0%)—appear exclusively in the 

GGBFS-modified sample, reflecting a transformation of hydration products and increased mineralogical 

complexity. These newly formed compounds may contribute to improved chemical stability and durability of the 

hardened concrete. Moreover, the slight increase in calcite (+2.6%) and the emergence of phases such as polybasite 

and Na₂Al₃(OH)₂(PO₄)₃ suggest secondary reactions and the influence of GGBFS-derived constituents. The 

reduction or disappearance of some minor phases (e.g., CuAlTe₂) further indicates potential dilution or 

transformation effects within the matrix. 
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Table 13. Comparative phase composition of the reference concrete and the 20% GGBFS-modified concrete based on X-ray 

diffraction (XRD) analysis 

Chemical Compounds Unit Reference Sample 
Concrete modified with 20% 

GGBFS 
Variation (%) 

Mn Ni % - 0.40 +0.40 

Calcite % 11.30 13.90 +2.6 

Bornite % - 0.10 +0.10 

Albite % 47.50 24.80 −22.7 

Polybasite % - 1.00 +1.0 

(Al0.5 Ga0.5) Co % - 0.10 +0.10 

Bi₁₀ Sr₁₅ Fe₁₀ O₄₆ % 0.80 24.80 +24.00 

Ba Ni S₂ % 0.50 25.00 +24.50 

(Cu Ti) Ni₂ % 0.80 0.30 −0.50 

Na₂ Al₃ (OH)₂ (PO₄)₃ % - 0.90 +0.90 

4303494 (complex compound) % - 9.10 +9.10 

Fettelite % - 0.40 +0.40 

Montebrasite % - 25.00 +25.00 

Cs Ag (Fe F₆) % - 2.20 +2.20 

Potassium sulfate - $-beta % 0.90 - −0.90 

Cu Al Te₂ % 0.20 - −0.20 

Amorfo % 38.00 21.80 −16.20 

These findings are further supported by the X-ray diffraction patterns shown in Figure 11, which illustrate the 

morphological differences between the reference concrete sample (Figure 11-a) and the concrete sample modified with 

20% GGBFS (Figure 11-b). In the reference sample, dominant peaks correspond to albite, calcite, and minor quantities 

of CuAlTe₂ and BaNiS₂, indicating a relatively simple crystalline structure. In contrast, the GGBFS-modified sample 

exhibits a greater diversity of crystalline phases, with newly identified peaks corresponding to montebrasite, 

Bi₁₀Sr₁₅Fe₁₀O₄₆, polybasite, and fettelite, among others. The increased peak intensity and multiplicity in the modified 

sample confirm the enhanced formation of secondary reaction products, aligning with the compositional changes 

previously described in Table 11. This mineralogical evolution underscores the active role of GGBFS in refining the 

phase composition of the concrete matrix, potentially contributing to improved durability and microstructural stability. 

From a property standpoint, the formation of new crystalline phases contributes to matrix densification, which can 

enhance mechanical strength and resistance to aggressive agents. The observed increase in calcite content suggests a 

higher degree of carbonation, which may influence long-term durability through pore refinement and CaCO₃ 
precipitation. Additionally, the emergence of montebrasite is indicative of specific chemical pathways activated during 

the hydration process, further supporting the complex pozzolanic and latent hydraulic behavior of GGBFS within the 

blended system. 

   

                                                  (a)                                                                                                          (b) 

Figure 11. Morphological X-Ray Diffraction Phase-Based Chemical Composition: (a) Diffractogram of the reference concrete 

sample and identified crystalline phases (b) Diffractogram of the reference concrete sample with 20% GGBFS and identified 

crystalline phases. 



Civil Engineering Journal         Vol. 11, No. 08, August, 2025 

3084 

 

The newly identified crystalline phases have relevant implications for the long-term durability of the GGBFS-

modified concrete matrix. The formation of stable mineral phases contributes positively to matrix densification, reducing 

overall porosity and permeability. Additionally, the observed decrease in portlandite (Ca(OH)₂) content suggests lower 

susceptibility to leaching and chemical degradation, while the development of chemically stable compounds enhances 

the matrix's resistance to environmental aggressors. However, the study presents certain limitations: freeze–thaw 

resistance and sulfate attack were not evaluated, and the long-term stability of phases such as montebrasite remains 

uncharacterized. These aspects should be addressed in future research through targeted durability tests to 

comprehensively assess the performance of GGBFS-based binders under aggressive exposure conditions. 

Among the newly identified phases, Bi₁₀Sr₁₅Fe₁₀O₄₆ stands out as an atypical oxide not commonly associated with 

cement hydration products. Its presence may be linked to trace-level impurities in the raw materials or to residual phases 

originating from the slag. While its contribution to the overall matrix performance is likely minimal, its detection 

highlights the complex mineralogical landscape introduced by GGBFS incorporation and warrants further investigation 

in future studies. 

It is important to note that this study did not assess the heat of hydration or the thermal characteristics of the concrete 

mixtures containing GGBFS. Given that GGBFS typically reduces the initial heat release due to its slower reaction 

kinetics compared to Portland cement, the lack of calorimetric or thermal profiling limits a more comprehensive 

understanding of early-age behavior, especially in massive pours or temperature-sensitive applications. Future 

investigations should incorporate isothermal calorimetry or semi-adiabatic testing to better characterize the thermal 

performance and hydration kinetics of GGBFS-modified systems. 

4. Discussion 

The present study reveals that incorporating GGBFS in high-strength concrete (f′c = 280 kg/cm²) leads to variable 

effects on mechanical properties that depend on the replacement level and curing conditions. At later ages (28 days), 

compressive strength is notably enhanced when GGBFS replacement ranges between 16% and 20%, while early-age 

compressive strength (7 days) can exhibit a slight reduction. This finding aligns with Benkhelil et al. [67], who observed 

minimal reductions in 7-day compressive strength with GGBFS incorporation, yet reported improvements at 28 days 

when combined with Portland cement. In contrast, Abdellatief et al. [66] noted that higher replacement ratios may lead 

to decreased compressive, splitting tensile, and flexural strengths, a trend also reported by Wang et al. [108] and Wang 

et al. [109]. 

In terms of tensile performance, our results indicate that a controlled addition of GGBFS can substantially enhance 

indirect tensile strength. However, Abdellatief et al. [66] found that the splitting tensile strength tends to decline with 

increased GGBFS, even though a mix with 30% replacement achieved maximum strength at a specific curing age. 

The study also demonstrates that partial cement substitution with GGBFS benefits early-age flexural properties, with 

a moderate replacement level yielding a long-term strength peak. Nevertheless, as reported by Abdellatief et al. [66], 

flexural strength may diminish at 28 and 90 days when the replacement level is excessively high. 

Regarding durability, Kim et al. [68] noted that high-strength early concrete containing up to 30% GGBFS shows 

lower chloride ion penetration compared to conventional Portland cement concrete. This improved performance is 

attributed to the refinement of the hydrated matrix microstructure, resulting in reduced porosity and pore size, which 

corroborates the microstructural findings of this study. Conversely, Sanjuán et al. [22] observed that extremely high 

GGBFS content (e.g., 62.2%) may increase carbonation depth under short curing periods. 

Finally, optimal GGBFS proportions appear to be critical for balancing workability and mechanical performance. 

Bheel et al. [99] reported that increased dosages of supplementary cementitious materials like GGBFS and metakaolin 

can reduce workability. If similar workability trends are evident in the current results, these should be discussed 

alongside the observed improvements in compressive, tensile, and flexural strengths at an optimal 10% binary 

cementitious dosage, suggesting that a precise balance must be achieved for concrete with f′c = 280 kg/cm². 

5. Conclusions 

Based on the mechanical results and microstructural findings, which provide a comprehensive insight into the effect 

of incorporating granulated blast furnace slag (GGBFS) into concrete with f′c = 280 kg/cm², it is concluded that: 

• The inclusion of GGBFS, especially at replacement percentages of 16% and 20%, demonstrates a significant 

increase in 28-day compressive strength compared to the reference concrete. 

• Although the indirect tensile strength test showed a decrease at the early stage (7 days) in some cases, a recovery 

is observed at 28 days, which can be attributed to the latent pozzolanic activity of GGBFS. 

• The results of the flexural strength test indicate that the partial substitution of cement with GGBFS enhances 

flexural properties at early ages. Even though the peak performance at later ages is reached at moderate 

replacement levels (around 8%), a stable progression in strength evolution is observed. 
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• The evaluation of the modulus of elasticity confirms an increase in material stiffness, highlighting the stabilizing 

and reactivating effect of GGBFS in the development of a denser and more homogeneous concrete matrix. 

• FTIR analyses reveal that the incorporation of GGBFS causes slight shifts in the absorption bands and an increase 

in the intensity of peaks associated with functional groups (Si–O and C–O). This indicates an enhancement in the 

formation of secondary hydration products, such as C-S–H gel, which contribute to matrix densification. 

• Morphological studies using SEM and EDS, comparing the reference concrete with that modified by 20% 

GGBFS, show changes in texture and component distribution. The presence of fibrillar structures and greater 

heterogeneity in the pores suggest the formation of an interconnected network that improves the internal cohesion 

of the material. 

• X-ray diffraction (XRD) analysis demonstrates a transformation in the mineralogical composition of the concrete, 

with the emergence of new crystalline phases (such as montebrasite, Bi₁₀Sr₁₅Fe₁₀O₄₆, and BaNiS₂) and the 

reduction of phases such as albite and amorphous content. These transformations are consistent with the 

pozzolanic activity of GGBFS and are related to a potential increase in the durability of the material. 

• An optimal selection of the replacement percentage is crucial. The results suggest that, although significant 

improvements are observed at high substitution levels (16–20%), it is necessary to balance early-age mechanical 

properties with later-age gains in strength and stiffness. 

• The use of Ground Granulated Blast Furnace Slag (GGBFS) as a partial replacement for cement not only enhances 

the mechanical and microstructural properties of concrete but also provides a sustainable pathway for the 

valorization of an industrial by-product, contributing to the reduction of CO₂ emissions associated with cement 

production 
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