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Article Info  Abstract 

Article History:  Considering the need for sustainable materials, this research involves mechanical 
and microstructure studies of concrete including ground granulated blast furnace 
slag (GGBS) and sugarcane bagasse ash (SCBA). Ordinary Portland cement (OPC) 
was partially replaced by GGBS and SCBA and M sand was substituted in part by 
SCBA. The experimental studies included tests for compressive strength, tensile 
strength and flexural strength, along with microstructural analysis through 
Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy 
(EDX). The results shows that GGBS improves the workability of concrete, whereas 
SCBA tends to reduce it. In combination, these materials exhibit a complementary 
directing to a denser microstructure. The Strength of concrete with 35% 
replacement of OPC is comparable to that of the reference concrete. Based on test 
results an empirical relation was developed for the compressive and flexural 
strengths. The optimum mixes with 20-35 % binder replacement gives a carbon di 
oxide saving of 95-110 kg CO2/m3. Overall, the study summarizes that 
incorporating these materials supports the production of environmentally 
responsible concrete. 
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1. Introduction 
The construction industry is now focusing more on sustainability. In that situation industry is 
demanding more on the development of green concrete by utilising agro-industrial wastes. 
Commonly used industrial by products are Fly ash, Silica fume, Ground Granulated Blast-Furnace 
Slag (GGBS) and Sugarcane Bagasse Ash (SCBA), etc. Similarly, natural river sand over-
consumption is also a major concern. There are many alternative materials available for sand 
replacement also. This study focused on replacing part of Ordinary Portland Cement (OPC) with 
GGBS and SCBA. SCBA is also incorporated as a partial substitute for fine aggregate. The aim of this 
study is to see how these materials can contribute to strength development and reduction in carbon 
dioxide emission.  

India produces a large amount of bagasse ash from sugarcane, almost 100 million tonnes every 
year [1, 2]. Many types of ash that contains an adequate quantity of silica and alumina comparable 
to cement, are not used effectively. These ashes cause various types of environmental issues [3]. 
Steel plants in India also produce GGBS as a by-product, with some making over 3.78 million tonnes 
per year [4]. Using GGBS in concrete helps recycle industrial waste and lowers the carbon footprint 
of cement production. Research shows that SCBA reacts well with cement, helping concrete gain 
strength faster and last longer [1]. Using up to 5% SCBA as a cement replacement can improve 
strength and durability. Sugarcane Bagasse ash can replace a small portion of fine aggregate 
without reducing compressive strength [2, 5]. 
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Prior research has examined the application of SCBA as a partial sand replacement in mortar for 
pavement crack repair. Those studies mainly focussing on analysing its influence on compressive 
strength, shrinkage, and tensile behaviour [6,7]. Some other studies have shown that combining 
SCBA with silica fume as a partial cement substitute in mortar enhances both compressive and 
flexural strength [8]. A summary of previous studies related to the replacement of cement with 
GGBS or SCBA is presented in Table 1. The overall findings from these studies reveals the 
environmental advantages of using GGBS and SCBA as partial replacement to Ordinary Portland 
Cement (OPC). 

Table 1. Summary of research trends based on the literature survey 

 

The present study seeks to assess the impact of GGBS and SCBA on the mechanical strength of 
concrete when used as binder materials, along with assessing the effect of partially substituting 
fine aggregate with SCBA. These mechanical properties such as compressive strength tensile 
strength and flexural strength serve as key indicators of a concrete’s structural reliability and 
expected service life [22]. Microstructural evaluation using Scanning Electron Microscopy (SEM), 
X-Ray Diffraction (XRD), and Energy-Dispersive X-ray (EDX) analysis to better understand the 
morphology. Through these investigations, the work aims to provide a detailed perspective on how 

Reference Constituent 
material 

% 
Replacement 

Workability 
Trend 

Compressive 
Strength (fck) 

Split Tensile 
Strength (fct) 

Chusilp et al.  
[9] SCBA 0–30% Limited data 

reported 

20% replacement 
showed ~13% 

increase 
Not reported 

Bahurudeen & 
Santhanam  

[10]  
SCBA 

0–30% 
(processed 

ash) 

Depends on 
processing 
condition 

Pozzolanic 
efficiency improved 

strength 
Not reported 

Ramakrishnan 
et al.[11] 

SCBA as Fine 
Aggregate 0–30% Acceptable 

workability 
Optimum strength 

at 10% replacement 

Improved 
compared to 

control 
Arenas-

Piedrahita et 
al. [12] 

SCBA + Fly 
Ash 0–30% 

Moderate 
effect on fresh 

properties 

Slight decrease 
observed in 

untreated ash mixes 

Decline due to 
weak bonding 

Kumar et al. 
[13] GGBS 0–40% 

Slight 
improvement 

in flow 

Higher strength at 
optimum 

replacement 

Improved 
splitting 
strength 

Phul et al. 
 [14] 

GGBS + Fly 
Ash 0–40% Improved 

workability 

Increased 
compressive 

strength 
Not reported 

Khalil et al. 
[15] 

SCBA 
(review 
work) 

Up to 30–
40% 

Depends on 
treatment & 

fineness 

Reported strength 
gains with 

optimized ash 

Some studies 
show 

improvement 

Wu et al.  
[16] SCBA (UHPC) 0–30% 

High 
reactivity, 
acceptable 
workability 

Increased 
compressive 

strength in UHPC 

Not applicable 
/ not reported 

Liu et al.  
[17[ 

Fly Ash / 
GGBS 0–60% Better 

flowability 
Higher long-term 

strength Not reported 

Venkat et al. 
[18] 

Silica fume, 
Metakaolin, 

GGBS 
0–20% Better fresh 

performance 
Higher early and 

final strength 
Better splitting 

value 

Krishna et al. 
[19] GGBS 0–50% Negligible 

effect 

Good strength 
under optimal 

curing 

Enhanced 
tensile values 

Abdalla et al. 
[20] 

Silica Fume + 
High SCBA 0–40% 

Slight 
reduction in 

flow 

Good improvement 
in blended mixes Not reported 

Sobuz et al. 
[21] SCBA 0–30% Acceptable 

flowability 

Enhancement 
supported by ML 

prediction 

Not explicitly 
reported 
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the combined use of GGBS and SCBA can contribute to producing durable, sustainable concrete 
without sacrificing strength or overall performance 

2. Materials and Methods 
2.1 Materials 

Concrete specimens in the present investigation were prepared using Ground Granulated Blast 
Furnace Slag (GGBS) and Sugarcane Bagasse Ash (SCBA) as key constituents for the development 
of blended cement. The SCBA was obtained from KPR Sugar Mill, Coimbatore, India. Ordinary 
Portland Cement conforming to IS 8112:2013, manufactured sand (M-sand), coarse aggregates 
with a maximum size of 20 mm, and water were used for casting. In this study, SCBA was utilized 
in two ways: as a binder replacement and as a fine aggregate replacement. The collected SCBA was 
sieved through a 90 μm sieve and the particles passing the sieve were used for cement replacement. 
Table 2 gives the details of the comparison of the chemical composition of OPC, GGBS, and SCBA 
and the physical properties are shown in Table 3. 

Table 2. Chemical composition of OPC, GGBS, and SCBA 

 

Table 3. Physical characteristics of OPC, GGBS and SCBA 

Sl. No. Test OPC GGBS SCBA 
1 Fineness 3.25% 7.2% 5.6% 
2 Standard Consistency 36% 35% 35% 
3 Specific gravity 3.19 2.9 2.22 
4 Initial setting time 40 min. 70 min. 80 min. 

 

 
Fig. 1. Particle size distribution curve for M-sand and SCBA 

Fig. 1 shows the PSD of M sand and SCBA used for the partial replacement of fine aggregate. Well-
graded fine aggregates ensure proper packing, reduced voids, and improved density, which directly 
influence the strength and durability of concrete. From the PSD curve, it is evident that M-sand 

Constituents OPC 
(% by mass) 

GGBS 
(% by mass) 

SCBA 
(% by mass) 

Magnesia (MgO) 06.45 006.45 01.21 
Lime (CaO) 64.64 38.69 08.55 
Silica (SiO2) 21.28 32.60 62.11 

Alumina (Al2O3) 05.60 17.88 03.55 
Ferric Oxide (Fe2O3) 03.36 02.19 01.55 

Chloride (Cl) 00.10 0.009 0.010 
Loss on Ignition 00.64 00.00 20.44 
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shows a more continuous grading pattern, while SCBA has a finer particle fraction that approaches 
the grading limits of fine aggregates specified in standards such as IS 383:2016. SCBA can be 
incorporated either as a fractional substitution of fine aggregate or as a fine filler blended with M-
sand. The PSD curve highlights that SCBA has a slightly coarser fraction compared to M-sand at 
smaller particle sizes but attains near-similar fineness at higher passing percentages.  

 2.2 Concrete Mixing and Casting  
Table 4 illustrates the different mix proportions in which cement was partially replaced with GGBS 
and SCBA. Fine aggregate is also partially replaced with SCBA in a few mixes. Slump values showed 
noticeable changes with the inclusion of SCBA and GGBS to the mix. According to the mix design for 
1 m³ of concrete, the material requirements are as follows: 410 kg of cement (OPC 53 grade), 630 
kg of fine aggregate, and 1182 kg of coarse aggregate, with a water–binder of 0.47, targeting M25 
grade concrete, without the addition of superplasticizer. 

Table 4. Composition of constituent materials of concrete in percentage  

Mix Id Binder Composition (% By Mass) FA (% By Mass) 
GGBS SCBA OPC SCBA M Sand 

A01 0 0 100 0 100 
A11 10 10 90 0 100 
A12 20 10 80 0 100 
A13 30 10 70 0 100 
A14 40 10 60 0 100 
A21 10 10 80 5 95 
A22 20 10 70 5 95 
A23 30 10 60 5 95 
A24 40 10 50 5 95 
A31 10 15 75 0 100 
A32 20 15 65 0 100 
A33 30 15 55 0 100 
A34 40 15 45 0 100 
A41 10 15 85 5 95 
A42 20 15 75 5 95 
A43 30 15 65 5 95 
A44 40 15 55 5 95 
A51 10 15 80 10 90 
A52 20 15 70 10 90 
A53 30 15 60 10 90 
A54 40 15 50 10 90 

 

 

Fig. 2. Concrete samples prepared for strength testing 
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Concrete workability was determined by slump cone test. Following the procedure outlined in IS 
1199:2018 [23]. The concrete specimen for testing is shown in Fig 2. Compressive strength, split 
tensile, and flexure strength of concrete were examined as per IS516:2021(section 1 part 1) [24]. 
Concrete cubes of size 150mmx150mmx150mm were tested for compressive strength after 7 days, 
28 days, 56 days, and 90 days of curing. Whereas cylinders of 150 mm diameter and 300mm height 
were tested after 28 days of curing for split tensile strength. Flexural strength was determined by 
testing beams of size 100mm x 100mm x 500mm after 28days of curing. A total of five samples 
were prepared and tested for each mix proportion.  In addition, the microstructure of the developed 
concrete was studied using a scanning electron microscope (SEM) and X-ray diffraction (XRD). 

2.3 Methodology 
This study is organized as shown in Fig.3. The mechanical strength tests were conducted in 
compliance with IS 516:2021 using a load-controlled Universal Testing Machine (UTM) with a 
capacity of 2000 kN.  All specimens were maintained in water-curing tank at a temperature of 28– 
30°C, and tested as illustrated in Fig. 4. The load was gradually applied at a constant rate without 
any sudden impact up to the point of failure, and the resulting collapse load was documented. 
Concrete cubes were tested at 7, 28, 56, and 90 days of curing and the compressive strength was 
determined using the equation fc = P/A, where P = maximum load at failure (N), and A = loaded 
area of specimen (mm²). 

For Split Tensile Strength Cylindrical specimens were tested in accordance with IS 516:2021. Thin 
plywood strips were positioned at the top and bottom of each specimen to ensure uniform load 
distribution. The split tensile strength was calculated using: 

𝑓𝑠𝑡 =
2𝑃

𝜋𝐿𝐷 (1) 

where P = maximum load at failure (N), L = length of cylinder (mm), and D = diameter of cylinder 
(mm). 

For Flexural Strength beams were tested using the three-point bending method (central loading) 
in accordance with IS 516: 2021.The modulus of rupture was calculated using: 

𝑓𝑟 =
3𝑃𝐿
2𝐵𝐷 (2) 

where P = maximum load at failure (N), L = span length (mm), B= specimen width (mm), and D= 
specimen depth (mm). 

 

Fig. 3. Overview of the experimental investigation 
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3. Results and Discussion 
3.1 Fresh Properties 

As per IS1199: 2028 workability of concrete was assessed by slump cone test. Slump values were 
varied between 75mm to 120 mm. It is noted that higher the GGBS percentage there is an increase 
in slump values. GGBS has a fine and smooth texture which improves fluidity and aids air 
entrainment within the mix. In contrast it is found that slump values declined when percentage of 
SCBA is more. This can be attributed to the high porosity and large specific surface area of SCBA, 
resulting in increased water absorption and altered moisture distribution [26,27]. 

3.2 Compressive Strength 
Incorporating GGBS and SCBA as fractional substitutes for the binder and fine aggregate resulted 
in comparable strength performance across different concrete grades. Fig. 5 shows the 
compressive strength at 7, 28, 56, and 90 days. The mix containing 30% binder replacement and 
5% fine aggregate replacement gained a 28-day strength of 31.6 MPa, while mixes with 35–40% 
binder replacement and 0–5% fine aggregate replacement attained strengths between 27 and 28.5 
MPa [25]. 

Several blended mixes also exhibited higher early-age strength than the control (15.5 MPa). After 
7 days, mixes A12, A21, A31, A43, and A52 developed strengths of 17.21, 21.46, 22.48, 18.08, and 
16.13 MPa, respectively showing improvements of 11.0%, 38.5%, 45.1%, 16.6%, and 4.1%. This 
improvement may be attributed to reactive silica in SCBA and the accelerated hydration promoted 
by GGBS [25,28]. By 56 days, the mixes reached 32.43–33.73 MPa, corresponding to a 0.6–4.6% 
increase over the control (32.24 MPa) [29]. At 90 days, strengths ranged from 34.35 to 36.67 MPa. 
Mix A12 showed a slight reduction (−3.7%). But A22 and A32 recorded gains of +0.3% and +2.8%, 
respectively [29]. 

From these results it indicates that replacing up to 30–35% of the binder using a combination of 
GGBS and SCBA can achieve compressive strengths similar to conventional OPC concrete. 
Improvements in in strength at 90 days was more pronounced at SCBA levels above 10%, whereas 
fine aggregate replacement had minimal influence. These findings confirm the effective use of these 
supplementary cementitious materials for sustained strength development [30]. 

3.3 Split Tensile Strength 
The split tensile strength evaluation at 28 days was as per IS 516:2021, as displayed in Fig. 6, 
exhibits a parallel pattern to that observed in compressive strength. The binary blends yielded 
inferior strength outcomes compared to the control. Prior research on split tensile strength 
confirms these findings for higher-volume replacements. Researchers observed a decline in 
strength below that of the control concrete when the replacement of SCBA exceeded 20% [31, 32, 
33].  

   

Fig. 4. Experimental setup for Mechanical strength testing 
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The concrete mix with 20% GGBS and 10% SCBA along with cement and binder has shown 
maximum split tensile strength which is very close to that of reference mix (3% less than control 
mix). The concrete mix with 20% GGBS and 10% SCBA as binder replacement along with 5% SCBA 
as fine aggregate replacement exhibited a split tensile strength of 4.33 MPa, which is about 8.8% 
less than the control mix, indicating a minor reduction in tensile strength. The concrete mix with 
20% GGBS and 15% SCBA as binder replacement achieved a split tensile strength of 4.32 MPa, 
showing a 9.1% reduction in comparison with the reference mix, suggesting that higher SCBA 
content slightly lowers tensile strength. 

 

Fig. 5. Compressive strength 

 

Fig .6 . Split tensile strength 

3.4 Flexural Strength 
Fig. 7 illustrates the flexural strength of concrete beams (100 mm × 100 mm × 500 mm) 
incorporating different proportions of SCBA and GGBS, tested after 28 days of curing. The graph 
shows that flexural strength increases with GGBS replacement up to 20%. It is evident that when 
the GGBS replacement level is on higher side there observed a reduction in flexural strength [34, 
35]. Mixes A12, A22, A32, and A42 achieved values comparable to the control mix (A01, 3.95 MPa), 
conversely mixes with higher binder and fine aggregate replacement, such as A14, A34, and A54, 
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showed lower strength. The trend depicted in the graph emphasizes that excessive use of 
supplementary materials can negatively affect the concrete’s flexural behavior. 

 
Fig. 7. Flexural strength  

2.5 Development of Empirical Relationship 
An Empirical model was formulated to establish the connection between compressive strength and 
GGBS replacement levels ranging from 0 to 40%. The average compressive strengths 
corresponding to 0-40% replacement was 31.45, 25.45, 26.78, 28.97, and 22.67 MPa, respectively. 

In this series, the only substance used to substitute cement was GGBS. Five test concrete cubes were 
used to assess each substitution level, and the mean data were used to create the model in order 
ensure reliability and accuracy. Equation 1 was developed according to the test result, and the R2 
value is obtained as 0.886. 

𝑓𝑐𝑘 𝐺𝐺𝐵𝑆 (𝑌) = −1.3 𝑥10−3(% 𝑜𝑓 𝐺𝐺𝐵𝑆)3 + 0.0782(% 𝑜𝑓 𝐺𝐺𝐵𝑆)2 − 1.2658(% 𝑜𝑓 𝐺𝐺𝐵𝑆)
+ 31.469 

(3) 

The compressive strength with varying percentages of GGBS 0- 40 % is shown in Fig. 8. Five trials 
(T1-T5) were conducted for each replacement level. The average compressive strength values (AV) 
from these trials were plotted against the corresponding GGBS replacement percentages. A 
polynomial trend line was fitted to the average data points to represent the relationship between 
compressive strength and GGBS content. 

 
                      Fig. 8. Compressive strength of concrete with GGBS replacement levels 
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Fig. 9. Coefficient of SCBA 

The influence of SCBA was analysed separately in Fig.9 and added as a correction coefficient to the 
model. Equation 2, which expresses the final compressive strength of concrete, can be accurately 
predicted by combining Equation 1 and SCBA coefficient. For concrete mixtures with different 
ratios of GGBS and SCBA, the validation results shown in Fig.10 demonstrate that the percentage 
error is less than 5%, validating the resilience and dependability of the suggested model. 

𝐹𝑐𝑘 = 𝑓𝑐𝑘 𝐺𝐺𝐵𝑆 + 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑆𝐶𝐵𝐴 + 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑆𝐶𝐵𝐴 𝐹𝐴 (4) 

The flexural strength equation was developed by adding a polynomial term, expressed in terms of 
GGBS percentage along with the standard relation 0.7√F𝑐𝑘. By combining this term with the 
standard relation, the final flexural strength prediction model was formulated as Equation 3 for 
which the R2 value was obtained as 0.875. This model accurately captures the effect of GGBS and 
SCBA replacement on flexural strength. Validation confirmed that this model provides improved 
accuracy compared to the standard relation and is shown in Fig.11. 

𝐹𝑡 = 0.7√𝐹𝑐𝑘 + 0.0006(% 𝑜𝑓 𝐺𝐺𝐵𝑆)2 + 0.0226(% 𝑜𝑓 𝐺𝐺𝐵𝑆) − .1147 (5) 

where Ft is the flexural strength of concrete with compressive strength F𝑐𝑘 from Equation 4. 

Table 5. Performance metrics for compressive strength  

Dataset RMSE MAE MAPE (%) R² 
Training 0.322 0.266 1.13 0.9955 

Test 0.236 0.168 0.71 0.9975 
 

Table 6. Performance metrics for flexural strength  

Dataset RMSE MAE MAPE (%) R² 
Training data 0.164 0.116 3.47 0.803 

Test data 0.104 0.077 2.30 0.918 
Table 5 displays the performance metrics of the developed predictive model for compressive 
strength during the training and testing phases. The model exhibits excellent accuracy and 
reliability in both datasets. For the training dataset, the Root Mean Square Error (RMSE) and Mean 
Absolute Error (MAE) are 0.322 and 0.266, respectively, shows low prediction errors. The Mean 
Absolute Percentage Error (MAPE) of 1.13% confirms the high precision of the model. An R2 value 
of 0.995 indicates strong correlation between experimental and predicted compressive strength 
values.  The Lower RMSE, MAE, and MAPE values for test further more improves the modal 
performance. In summary the low errors values and high R2 for both training and testing confirms 
that the proposed model is effective for forecasting compressive strength. 
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Fig. 10. Comparison of experimental and predicted 28-day compressive strength 

 

Fig. 11. Comparison of experimental and predicted split tensile strength 

Table 6 summarize the RMSE, MAE, MAPE and R2 values for flexural strength prediction using both 
training and testing data set. The training dataset attained RMSE and MAE values of 0.164 and 0.116 
with MAPE of 3.47 % and R2 of 0. 803.It shows good learning capacity of the mode. For the test 
dataset lower RMSE, MAE and MAPE and higher R2 value showed a strong agreement between 
predicted and experimental results.  However, the model has limitations. The test data set is small, 
which may make the validation results less representative. Also, the model was trained only on 
experimental data from controlled lab conditions its applicability is confined to similar material 
compositions, mix proportions, and curing conditions. Therefore, and caution should be exercised 
when extrapolating the results to other conditions. 

3.6 Morphology of GGBS and SCBA  
The scanning electron microscopy (SEM) analysis of GGBS and SCBA, presented in Fig. 12. It 
highlights their distinct morphological characteristics. SCBA particles exhibit a fibrous, irregular 
shape with a porous structure, whereas GGBS particles display an angular, irregular surface 
texture. The porosity in SCBA is largely attributed to residual unburned carbon. 

Elemental analysis using Energy-Dispersive X-ray Spectroscopy (EDX), shown in Fig.13, indicates 
that GGBS contains silica, calcium, aluminium, and other trace elements, while SCBA is 
predominantly composed of silica. Chemical oxide compositions of GGBS and SCBA were 
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ascertained through XRF analysis as shown in Table 2. GGBS is characterized by significant 
proportions of calcium oxide, silicon dioxide, and aluminum oxide, constituting 38.69%, 32.6%, and 
17.88%, respectively, with calcium oxide dominating.  

On the other hand, SCBA predominantly comprises silicon dioxide, accounting for 62.11% of its 
chemical composition. The study underscores the high calcium oxide content in GGBS, which leads 
its crucial role in the overall composition, while SCBA stands out for its silicon dioxide-rich nature. 
The Ca/Si ratio of OPC, GGBS & SCBA are 3.037, 1.186 and 0.137 respectively. 

XRF analysis of SCBA shows about 62.11% SiO2, 3.55% Al2O3, 1.55% Fe2O3, and 8.55% CaO. 
Furthermore, LOI of SCBA is 20.74%. Previous studies have identified that the elevated LOI 
observed in SCBA is primarily owing to the high carbon levels in unburned fibrous particles [36]. 
These residual carbon-rich fibers result from incomplete combustion during the bagasse burning 
process, leading to increased LOI values in the ash. This high LOI can adversely affect the pozzolanic 
activity of SCBA, thereby limiting its effectiveness as a alternative cementitious material in concrete 
applications. Presence of partially and unburned fibrous particles in SCBA was noticed by other 
researchers [37]. This thorough analysis provides a foundation for examining the mutual effects of 
GGBS and SCBA on the characteristics and performance of blended cements, yielding important 
insights for sustainable construction materials. 

  

Fig. 12. SEM micrograph showing the morphology of GGBS and SCBA particles 

 
(a) 

 
(b) 

Fig. 13. EDX images of (a) GGBS and (b)SCBA 

The XRD of GGBS and SCBA are presented in Fig. 14 and Fig. 15 respectively. The XRD pattern of 
GGBS indicates a semi-crystalline structure, with the majority of the material existing in an 
amorphous phase with peak at 2 theta values of 28 degree. In contrast, the XRD pattern of SCBA 
reveals multiple crystalline phases, with dominant peaks corresponding to Quartz (crystalline SiO₂) 
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in a hexagonal structure, marked as Q which is observed at 2 theta value of 29.443-degree Additional 
peaks are observed for Al₂O₃ (Corundum) with a rhombohedral crystal structure, marked as C, and 
for Fe₂O₃ with a cubic crystal structure, marked as H. 

 
Fig.14. XRD image of GGBS 

 
Fig. 15. XRD image of SCBA 

3.7 Microstructure Analysis of Binary Mixes 
SEM was performed using a TESCAN VEGA3 machine with a resolution of at least 10 nm. SEM 
images were taken from 28-day-old concrete specimens. EDX was most likely done concurrently 
with SEM. EDX is used to determine the elemental breakdown of materials. In the case of concrete, 
EDX would provide information about the chemical composition of the phases observed [38]. This 
helps to understand how elements and phases are distributed throughout the concrete 
microstructure [39]. Mix with higher strength in each category was selected for microstructure 
analysis using SEM and possibly EDX, providing insights into their microstructural 
characteristics and potential performance differences. 
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Fig. 16. SEM micrograph and EDX analysis of the control concrete 

  

Fig. 17. SEM and EDX image of A12 concrete (20% GGBS & 10% SCBA as binder) 

  

Fig. 18. SEM and EDX image of A22 concrete (20% GGBS and 10% SCBA as binder+5 % SCBA as 
FA) 
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Fig. 19. SEM and EDX image of A32 concrete (20% GGBS and 15% SCBA as binder) 

The SEM and EDX images for the control and a few mixes are shown in Fig.16 to 19. The SEM images 
of the samples with binder replacement show clear gel formation, which leads to strength from the 
C-S-H bonds formed during hydration. Upon 28 days of curing, the concrete shows a compact and 
well-developed C–S–H structure with minimal porosity, reflecting significant pozzolanic activity. 
According to the investigation, secondary pozzolanic reactions that enhance and improve the 
microstructure are caused by interactions between SCBA and GGBS particles and portlandite 
created during cement hydration. When SCBA and GGBS were added, the microstructure became 
more compact, most likely because these samples had higher SiO₂ levels than previous 
combinations. 

 

Fig. 20. XRD image of control concrete   
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Fig. 21. XRD image of A12 concrete (20% GGBS and 10% SCBA as binder) 

 

Fig. 22. XRD image of A22 concrete (20% GGBS and 10% SCBA as binder+5 % SCBA as FA) 

The XRD results for the control mix and the mixes whose compressive strengths are quite similar 
to the control are shown in Figs. 20–23. Following the compressive strength test, some of the 
structure was taken out of the cube. With a wavelength (WL) of 1.54060 Å, a Cu Kα radiation source 
was used to powder this matrix and perform XRD analysis. The diffraction pattern was captured 
between 10° and 80° across a 2θ range. Near 26.6°, the strongest peak is associated with quartz 
(SiO₂). This phase is a major constituent in concrete aggregates and contributes to the bulk mineral 
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content. The X-ray diffraction (XRD) patterns reveal prominent peaks corresponding to quartz 
(SiO₂), portlandite (Ca(OH)₂), and calcite (CaCO₃), along with minor aluminosilicate phases such as 
anorthite and microcline. The enhanced microstructure and pozzolanic activity resulting from the 
addition of supplementary cementitious materials are evident in the increased intensity of 
hydration products, particularly portlandite. The presence of these stable crystalline phases 
supports the observed improvements in mechanical strength and durability, underscoring the 
effectiveness of SCBA and GGBS in enhancing the concrete matrix and contributing to more 
sustainable construction practices. 

 

Fig. 23. XRD image of A32 concrete (20% GGBS and 15% SCBA as binder) 

4. Sustainability Assessment 
Table 7 shows the gross carbon di oxide emission at various replacement level of concrete 
developed by GGBS and SCBA. From mix design 410 kg of cement is calculated for 1m3   control mix. 
GGBS and SCBA at a percentage of 0- 40 and 10 to 15 were taken for the study. Emission factors 
used were 0.9 kg CO₂ per kg of OPC, 0.14 kg CO₂ per kg of GGBS, and 0.11 kg CO₂ per kg of SCBA. 
[40,41,42]. The replacement of cement with combined GGBS and SCBA significantly reduced CO₂ 
emissions, with gross CO₂ savings increasing proportionally with higher SCM content. The 
maximum CO₂ saving of 173.23 kg/m³ was observed for the mix containing 40% GGBS + 15% SCBA, 
while the minimum saving of 63.55 kg/m³ occurred at 10% GGBS + 10% SCBA. Concrete mixes with 
20% GGBS combined with 10% SCBA and 20% GGBS combined with 15% SCBA demonstrated 
strengths comparable to the control mix, while achieving significant CO2 emission reductions of 
94.71 kg/m³ and 110.95 kg/m³, respectively. Overall results shows that partial replacement of 
cement with SCBA and GGBS reduce CO2 emission while maintaining comparable strength. 

Several studies showed that fly ash and silica fume reduce the CO₂ emissions of concrete by 
partially replacing Portland cement, though their performance varies with processing energy and 
transportation distance. Fly ash offers moderate emission reduction benefits as an industrial by-
product, whereas silica fume shows relatively higher emission intensity due to its energy-intensive 
production process [43]. When combined with low emission SCBA, the GGBS–SCBA blend provides 
a higher sustainability advantage while maintaining satisfactory mechanical performance. 
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Table 7. Gross and Net CO₂ Emission Savings at Various GGBS+SCBA Replacement  

Mix 

Mass of 
cement 

replaced by 
SCM (kg/m³) 

Mass of 
GGBS 

(kg/m³) 

Mass of 
SCBA 

(kg/m³) 

Reduction in 
Carbon di oxide 
emission =Mass 

of cement 
replaced x 

0.9(kg CO₂/m³)  

CO2 
emission in 

SCM 
(GGBS×0.14 

+ 
SCBA×0.11) 
kg CO₂/m³ 

Gross CO₂ 
reduction  

(kg 
CO₂/m³) 

10% GGBS + 
10% SCBA 82 41 41 73.8 10.25 63.55 

20% GGBS + 
10% SCBA 123 82 41 110.7 15.99 94.71 

30% GGBS + 
10% SCBA 164 123 41 147.6 21.73 125.87 

40% GGBS + 
10% SCBA 205 164 41 184.5 27.47 157.03 

10% GGBS + 
15% SCBA 102.5 41 61.5 92.25 12.505 79.745 

20% GGBS + 
15% SCBA 143.5 82 61.5 129.15 18.245 110.905 

30% GGBS + 
15% SCBA 184.5 123 61.5 166.05 23.985 142.065 

40% GGBS + 
15% SCBA 225.5 164 61.5 202.95 29.725 173.225 

5. Conclusion 
Concrete developed by blending GGBS and SCBA shows good workability with slump values 
between 75 mm to 120mm. The increase in GGBS content raised the slump value because of its 
smooth and fine structure. On the other hand, mixes containing SCBA had lower slump values. It is 
due to high porosity and large surface area that causes water demand and reduced flowability. 
Mechanical and microstructural studies found that replacing cement up to 35 % with GGBS and 
SCBA resulted in concrete with a dense structure and strength comparable to that of the reference 
mix. Compressive strength of mixes with 20% GGBS and 10–15% SCBA had strengths comparable 
to the control mix. These mixes show a positive effect of their pozzolanic reactions.  

The higher the level of GGBS replacement, the greater the reduction in strength.  Split tensile 
strength shows a comparable pattern to compressive strength. For both cases the optimum binder 
replacement is 30 percent. Flexural strength also decreased slightly as replacement levels 
increased. The fine particle size and high silica content aided the formation of C–S–H gel. The 
presence of approximately 38% lime in GGBS improved the workability of the concrete, while the 
higher silica content of about 32% in GGBS and 62% in SCBA contributed significantly to the 
strength development in the ternary blend concrete. 

A mathematical model was developed with the help of experimental data to predict compressive 
strength and flexural strength for different proportions of GGBS and SCBA. Validation against 
experimental data of compressive strength and split tensile strength shows errors below 5%, 
indicating that the model is reliable.  

Combined replacements of 10–40% GGBS and 10–15% SCBA led to gross savings of 64–173 kg /m³ 
of CO2. The optimum mixes with 20 to 35% binder replacement gives a carbon di oxide savings of 
95 to 110 kg/m3. The results of this study indicate that the addition of GGBS and SCBA can be 
effectively adopted in the construction industry to reduce cement consumption for sustainable 
concrete. Future investigations must address the long-term durability characteristics of GGBS–
SCBA blended concrete. 
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