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This study is focused on evaluating the behaviour of use of alternatives for cement, namely, 

Ground-Granulated Blast Furnace Slag (GGBS) and Nano Silica (NS), on the mechanical, 

microstructure, and structural behavior of reinforced concrete (RC) slabs. Concrete was made 

with various dosages of GGBS from 0% to 50% at a rate of 5% and NS dosage from 0.1% to 

1% at an interval of 0.1%. Compressive and tensile strength of concrete was evaluated along 

with microstructural characteristics using Scanning Electron Microscopy (SEM). The 

optimum dosages were found to be 10% GGBS and 0.3% NS by cement weight. This optimum 

dosage was used in making RC slabs with dimensions 1200 x 1200 x 100 mm, varying the slab 

thickness. To determine the stiffness and load-bearing capacity of the slabs, two-point loading 

was applied. Use of GGBS and NS results in high-density and high-strength concrete. Such 

research works highlight the prospective use of GGBS and NS in sustainable construction, 

encouraging cost-effective, eco-friendly practices with innovations in concrete technology. 
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1. Introduction 

Concrete remains the most widely used 
construction material in the world, and this 
shows how much it plays a critical role in the 
development of modern infrastructure. 
Estimated at 2.8 billion tons in 2015, that is 
roughly 1.5 cubic meters per person, it 
underlines its indispensable use in contemporary 
construction [1-2]. However, there is a 
substantial environmental cost associated with 
this ubiquity. The main binder in concrete, 
cement, contributes significantly to carbon 
dioxide emissions worldwide, making up over 

6% of the total. 1.25 tonnes of carbon dioxide are 
discharged into the atmosphere for every tonne 
of cement produced. These emissions mainly 
come from two key processes: the decarbonation 
of limestone, which accounts for 60–65% of the 
emissions, and the high energy input to heat the 
cement kiln, which accounts for the remaining 
35–40% [3-4]. With the rapid pace of global 
development, cement demand is expected to 
increase significantly, possibly to an alarming 18 
billion tons per year by 2050 [5]. 

This expected increase in demand is posing 
significant environmental problems and is 
forcing the construction industry to find 
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solutions for sustainable development. The 
reduction of cement consumption by introducing 
alternative materials is one of the most promising 
ways of decreasing the carbon footprint of 
concrete. Fly ash, bagasse ash, ground granulated 
blast furnace slag (GGBS), and silica fume are 
supplementary cementitious materials that are 
investigated by material scientists and 
researchers. Besides being carbon emission 
mitigation measures during cement production, 
these supplementary cementitious materials 
provide performance advantages to concrete: 
improved strength, durability, and workability 
[6]. 

Among these alternatives, GGBS has gained a 
lot of attention due to its favorable properties and 
due to its status as an industrial by-product. GGBS 
is produced through the blast furnace process of 
manufacturing steel. This involves blending iron 
ore, limestone, and coke in temperatures ranging 
between 1400°C and 1500°C. This eventually 
yields liquid slag, separated with the rapid 
cooling by water of the iron particles it carries. 
The remaining one consists of silicates, 
aluminates, and calcium oxides. Then it is ground 
into fine powder to become GGBS [7]. GGBS 
includes concrete that significantly enhances its 
performance mechanically, is abrasion-resistant, 
and durable for a very long time. Moreover, it 
reduces the embodied carbon of material used in 
concrete, as well as helps this industry meet the 
sustainability goals they set for themselves [1]. 

However, GGBS has several drawbacks, 
especially in terms of early-age strength 
development. The property makes GGBS less 
suitable for applications that need high initial 
compressive strength, such as precast concrete 
manufacturing or situations requiring rapid 
removal of formwork. These limitations call for 
further research into ways of optimizing the 
performance of GGBS in early strength 
applications or the creation of supplementary 
materials to fill the gaps. [8]. 

Parallel with all these developments, the 
innovation in nanotechnology has been creating 
new scopes for improvement and sustainability 
of concrete. Among different kinds of 
nanomaterials, NS has proved itself as the most 
promising additive that transforms conventional 
concrete into a very high-strength, sustainable, 
and environmentally friendly product. Nano-
silica contains silica particles that are nano-
scaled and have unusual characteristics that 
promote both mechanical properties and 
durability of the concrete. Because of superfine 
particle size and an associated high surface area, 
this material proves to be efficient as a filler 
capable of optimizing the binder paste 
microstructure. Consequently, the improvement 
of the nano-structure significantly improves the 

long-term performance of concrete by lowering 
cement consumption and also diminishing its 
carbon footprint [9], [10], [11], [12]. 

The main manner by which Nano-silica 
exercises its effect on concrete is by acting as a 
pozzolanic material. Nano-silica reacts with 
calcium hydroxide (CH) that results as a by-
product from the hydration of cement, producing 
calcium silicate hydrate (C-S-H). It is the 
compound through which strength and 
durability, for the most part, are provided. This 
pozzolanic reaction not only improves the 
mechanical properties of concrete but also 
decreases the permeability of the product, 
thereby enhancing its strength against 
environmental degradation [13]. Nano-silica also 
assists in reducing segregation and bleeding of 
the freshly mixed concrete, in providing extended 
setting times, and in improving the cohesiveness 
of the mixture. The properties of nano-silica 
make it of great value for concrete formulation, 
especially when applications require high-
performance materials. 

Moreover, Nano-silica promotes the early 
hydration process of cement by enhancing the 
rate of dissolution of tricalcium silicate for the 
rapid formation of C-S-H gel. Thus, this 
mechanism is able to enhance not only early 
strength development but also the overall 
durability of hardened concrete. Advanced 
microscopic techniques, including TEM, have 
unravelled the fine structure of Nano-silica and 
its efficiency as a filler material in concrete, 
further confirming its promising role as a high-
performance additive [14], [15]. 

Although the benefits of GGBS and Nano-silica 
are many, there are challenges as well as 
knowledge gaps. In that context, even though 
Nano-silica exhibits superior performance in 
developing the mechanical and durability 
characteristics of concrete, its application in 
concrete mixes is extremely expensive and 
involves complex handling for uniform 
dispersion. Moreover, the performance 
optimization and sustainability of the GGBS-
Nano-silica concrete system have received 
inadequate attention. The main implication of 
this is a strong need for comprehensive research 
that allows one to understand the synergistic 
interaction between these materials in a way that 
enables optimizing the mix design with maximum 
benefit from their complementary properties. 

This work aims to fill the gap by 
systematically evaluating the use of GGBS and 
Nano-silica in concrete. Herein, the study will 
assess the impact of GGBS and NS on the 
mechanical properties of the concrete. The 
research explores developing a concrete that 
provides outstanding performance but 
minimizes the carbon footprint associated with 
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construction materials. The work is expected to 
form part of the larger efforts geared toward 
advancing sustainable construction practices in 
order to reduce degradation of the environment, 
an action that is supported by the efforts of the 
entire globe toward mitigating climate change. 
Through rigorous experimentation and analysis, 
the findings of this study are expected to provide 
valuable insights into the potential of GGBS and 
Nano-silica as key components in the next 
generation of sustainable construction materials. 

Recent analytical and numerical models on 
advanced sandwich and composite shells 
highlight the significance of structural 
configuration in enhancing vibroacoustic and 
mechanical performance [26–28]. These studies 
emphasize how core geometry, material choice, 
and curvature influence stiffness, ductility, and 
sound insulation. Drawing from such insights, the 
present work explores the role of plate thickness 
and mineral admixtures in improving the flexural 
behavior of RC slabs. This experimental approach 
bridges material innovations with structural 
efficiency for sustainable construction practice. 

Recent fracture and delamination studies 
emphasize the role of material composition, 
geometry, and process zone effects in improving 
structural strength and resistance [29–32]. These 
works demonstrate how advanced modeling 
approaches capture fracture toughness and crack 
propagation with greater accuracy. Drawing from 
such insights, the present study investigates how 
plate thickness and mineral admixtures influence 
the flexural response of RC slabs. This 
experimental analysis links material 
optimization with enhanced structural 
performance for sustainable construction. 

2. Materials and Methodology 

The methodology adopted for this 

investigation is systematically designed to 

estimate the mechanical properties of GGBS-NS 

replacement cement concrete. It analyzes the 
optimal percentages of incorporation of GGBS 

and NS, which can provide sustainable 

cementitious materials, leading towards a better 
durability of structures while enhancing their 

strength to some extent. FRP-reinforced slab 

studies [33] highlight how reinforcement type 

and surface properties affect flexural response, 
aligning with the present work on plate thickness 

and mineral admixtures in enhancing RC slab 

performance. The process involves careful 
selection and testing of materials, concrete mix 

design, specimen preparation, and mechanical 

property evaluation. This current study intends 

to provide a simple solution for the utilization of 
secondary cementitious materials to explore the 

enhancement of the mechanical performance of 

cementitious composites. In this regard, a 

conventional mixing approach was employed. 

The materials utilized in this investigation 
include ordinary Portland cement (OPC) of grade 

53, manufactured sand (M-sand) as fine 

aggregate, and crushed granite ballast of size 20–
12.5 mm as coarse aggregate. The GGBS and NS 

were procured from local vendors to ensure 

consistency in quality and availability. A 

commercially available superplasticizer, FOSROC 
SP430DIS, was incorporated into the mix to 

achieve the desired workability and water 

reduction without compromising strength. The 
water-cement ratio and superplasticizer were 

maintained at 0.45 and 0.3, respectively. 

Additionally, reinforcing steel bars FE 550 with a 

yield strength of 550 MPa were used for slab 
casting and testing. The physical and chemical 

properties of all materials were carefully 

determined following standard testing protocols 
and are summarized in Table 1. The mix design 

for M30 grade concrete was developed in 

accordance with the Indian Standard IS 

10262:2019 guidelines. To systematically 
investigate the influence of GGBS and NS on 

concrete properties, cement was partially 

replaced by GGBS in varying proportions, ranging 
from 0% to 50% in 5% increments. Similarly, NS 

was introduced into the concrete mix in 

incremental levels ranging from 0.1% to 1%, with 

an interval of 0.1%. This stepwise approach 
ensured a comprehensive evaluation of their 

effects on concrete strength characteristics. 

Concrete specimens were cast for each mix 
variation to determine both compressive and 

split tensile strengths. Cylindrical specimens of 

standard dimensions (150 mm × 300 mm) were 

prepared for each combination of GGBS and NS, 
including mixes containing both materials 

simultaneously. The batching of concrete was 

carried out using a conventional drum mixer as 
per IS 1791 (1985). The concrete specimens were 

demolded after 24 hours and subjected to curing 

in water for 28 days under controlled conditions. 

Subsequently, compressive strength and split 
tensile strength tests were conducted following 

the procedures outlined in IS 516:1959 and IS 

5816:1999, respectively. 
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Table 1.  Properties of Materials. 
Sl 
n
o 

Mater
ial 

Test Result Codes 

1 C 

G 
 
IST 
 
 
FST 
NC 
Fineness  

3.14 
 
95min  
 
 
172min  
30 % 
6% 

IS 4031-11  
(1980) 
IS4031 
(Part-5)-
2019 

2 FA 

G 
 
 
Zone 
WA 

2.6 
 
 
II 
1.2% 

IS 2386: 
1963(Part 
3) 

3 CA 
G 
WA 

2.6 
1.2% 

IS 2386: 
1963 (Part 
3) 

4 GGBS G 2.86 
IS 16714 – 
2018  

5 NS G 1.1 
IS 15388-
2003 

6 SP G 1.2  

7 Steel σy 551.2 
IS 1608 - 
2018 

Note:  
G – Specific gravity,  
IST – Initial setting time,  
FST – final setting statement,  
NC – Normal consistency,  
WA – Water absorption,  
σy – yield strength, MPa. 
 

Based on the results, it was observed that the 
optimal compressive and Split tensile strength 
were achieved at a 10% replacement of cement 
with GGBS and 0.3% incorporation of nano-silica. 
To validate these findings on a structural scale, 
concrete slabs with the optimum combination of 
GGBS and NS were cast with the mix proportions 
as indicated in Table 2. The slabs had dimensions 
of 1200 × 1200 × 100 mm as shown in Figure 1, 
and were reinforced with steel bars to ensure 
realistic structural behavior. The casting process 
was carried out to ensure uniform distribution of 
material and compaction. Two-point loading 
conditions were applied to the slabs to study 
their flexural behavior and ultimate load-
carrying capacity. The two-point loading test 
setup is shown in Figure 2 (a,b). It is a 
representation of the support arrangement and 
application of load. Load was gradually applied 
until failure using a hydraulic jack, and all-
important critical parameters such as the 
behavior of load-deflection cracking pattern, and 
the ultimate capacity in load were captured. 
Testing enabled concrete reinforced with GGBS 
and NS performance insights into structural 
conditions that aided the identification of the best 
combinations that are effective in obtaining good 
strength and durability. 

 

Table 2 Mix proportion 
Sl. 
No 

Mix 
type 

C NS GGBS FA CA 

1 CM 421.21 0 0 961.3 865.2 
2 OG 391.96 0 29.24 961.3 865.2 
3 ONS 419.94 1.26 0 961.3 865.2 
4 OGNS 341.76 1.26 29.24 927.3 827.7 

Note:  
CM- Control mix,  
OG - Optimum mix(GGBS),  
ON - Optimum mix (NS),  
ONG - Optimum mix (GGBS+NS) 
C – Cement Kg/m3,  
NS - Nano silica Kg/m3,  
GGBS - Kg/m3,  
FA – Fine Aggregate Kg/m3,  
CA – Coarse aggregate Kg/m3.  

 
(a) 

 
(b) 

Fig. 1. Plan and Section of the slab 

 
(a) 
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(b) 

Fig 2. Two Point Loading Setup  

3. Results and Discussion 

3.1. Hardened Properties: Compressive 
Strength 

Figure 3 demonstrates the variation in 
compressive strength of concrete at 7 days and 
28 days for different percentages of GGBS ranging 
from 0% to 50%. The compressive strength 
increases with GGBS addition, but after reaching 
a certain level, it again decreases with higher 
substitution percentages. At 10% substitution of 
GGBS, the compressive strength peaks at 28 days 
at 41.53 MPa, which presents an 18.2% 
improvement compared to the control mix of 
35.12 MPa. Similar trends were observed at 7 
days, where it increased to 29.31 MPa. Here, it 
also presents a 13.4% improvement compared to 
the control mix of 25.85 MPa. Beyond 10% 
replacement, the strength degrades in a 
continuous manner. At 50% GGBS replacement, 
the strength at 28 days decreased to 22.57 MPa, 
which is 35.7% lower than that of the control. 
This trend shows that GGBS can improve strength 
through pozzolanic reaction by forming calcium 
silicate hydrate (C-S-H) gel, which increases long-
term strength and durability. However, higher 
GGBS content dilutes cementitious material, 
causing strength loss, especially at early curing 
stages, due to its slower hydration. The outcomes 
are in agreement with those reported by 
Gopalakrishnan et al. [16], who found strength 
improvement with GGBS up to 15% replacement 
but reported strength decline beyond this 
percentage due to delayed hydration. Similarly, 
Saha [17] pointed out that although GGBS 
enhances durability, its slow pozzolanic reaction 
retards early-age strength gain. 

The compressive strength variations with NS 
content between 0% and 1% is shown in Figure 

4. Peak values for both 7-day and 28-day 
strengths occur at 0.3% NS content. Compressive 
strength at 28 days is 43.43 MPa, representing a 
23.7% gain from the control mix of 35.12 MPa. 
The strength also increases at 7 days to 32.14 
MPa, that is, by 24.3% compared with the control. 
This is due to high pozzolanic reactivity and filler 
effects of NS. Nano-silica particles fill microvoids 
and react with calcium hydroxide to form 
additional C-S-H gel, improving early and long-
term strength significantly. Beyond 0.3% NS, 
compressive strength starts to decrease; for 
example, at 1% NS, the 28-day strength decreases 
to 25.6 MPa. This must be attributed to the 
aggregation of NS particles at higher dosage 
levels, which leads to weaker zones and lower 
hydration efficiencies. The results are 
comparable with the study of Singh and Siddique 
[18], wherein they have reported optimal 
strengths at 0.3% NS and have identified 
diminishing returns beyond this point. Similarly, 
Torkittikul et al. [19] showed that excessive NS 
content causes particle clustering and leads to a 
reduction in the concrete's strength 
enhancement potential. 

 
Fig. 3. Determination of optimum dosage of Compressive 

strength of GGBS 

 
The compressive strength comparison for the 

four cases presented in Figure 5 is for the control 
mix, 10% GGBS, 0.3% NS, and the combined mix 
of 10% GGBS + 0.3% NS. The outcome suggests 
that concrete compressive strength improves in 
both cases for GGBS and NS separately. The 28-
day strength of 10% GGBS is about 41.53 MPa 
with an increase of 18.2% over control, and of 
0.3% NS about 43.43 MPa with an increment of 
23.7%. 

However, the combined mix of 10% GGBS and 
0.3% NS results in a compressive strength of 
38.97 MPa at 28 days, showing a 10.5% 
improvement over the control mix but a slight 
reduction compared to their individual optimal 
strengths. The combined effect indicates that 
while GGBS and NS complement each other’s 
pozzolanic activity, their simultaneous use may 
slightly hinder hydration kinetics due to particle 
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interactions or competition for available calcium 
hydroxide. 

Figure 6 shows the trend in compressive 
strength variation as a function of cement 
content. The strength-to-cement ratio follows a 
gradual decline with an increase in cement 
content, having a slope of -0.7999 and an R² value 
of 0.5805, which represents moderate 
correlation. This curve clearly shows that the rate 
of return in strength is declining with an increase 
in the dosage of cement. Higher cement content 
mainly enhances the compressive strength; 
however, it cannot contribute proportionally 
when the amounts are high due to inefficient 
hydration in such high-cement-content 
compositions, which can generate more heat and 
produce micro-cracks. 

 
 
Fig. 4. Determination of optimum dosage of Compressive 

strength of Nano-Silica 
 

 
Fig.5. Compression Strength of GGBS+NS 

 

Fig. 6. Variation of Compressive strength due to reduction in 

Cement content  

3.2. Split Tensile Strength 

Split tensile strength of the concrete at 28 
days for four different conditions: control mix, 
10% GGBS, 0.3% NS, and the combined mix of 
10% GGBS along with 0.3% NS are represented in 
Table 3 and Figure 7, respectively. An essential 
characteristic to understand the tensile behavior 
of concrete is split tensile strength, which is 
directly related to the endurance and structural 
integrity of concrete components. The split 
tensile strength of the control mix at 28 days is 
3.41 MPa, which serves as the baseline for 
comparison. 

The tensile strength increased significantly 
with 10% GGBS as a partial replacement for 
cement to 4.51 MPa, representing an 
improvement of 32.3% over the control mix. This 
improvement can be attributed to the pozzolanic 
reactivity of GGBS, enhancing the microstructure 
of concrete through the production of extra C-S-H 
gel. Such a reaction reduces voids and improves 
tensile properties, thus enhancing concrete 
performance. Similarly, with 0.3% NS, tensile 
strength is 4.16 MPa, an increase of 22% as 
compared to the control mix. The improvement 
in NS is due to nanoscale particle size along with 
an increase in cementitious matrix density 
brought about by filler effects and hydration 
acceleration. Moreover, nano-silica acts as a 
nucleation site for hydration products, thus 
helping to densify the concrete structure. Since 
NS primarily promotes early hydration rather 
than enhancing long-term tensile strength, the 
improvement in tensile strength with NS is 
marginally smaller than that of GGBS. 

The highest split tensile strength of 4.87 MPa 
is obtained at the mixed proportion of 10% GGBS 
and 0.3% NS, which provides a strength 
improvement of about 42.8% over the control 
mix. This will indicate the synergistic action by 
NS interacting with GGBS so as to accelerate the 
hydration process, and that GGBS contributes 
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significantly to long-term strength gained mainly 
via the pozzolanic reactivity. Together, they 
enhance split tensile properties, reduce porosity, 
and improve the microstructure. However, the 
strength added would be somewhat lesser than 
what is theoretically considered as a sum of 
individual contributions from GGBS and NS 
because GGBS and NS do compete with each other 
in terms of usage of the calcium hydroxide, thus 
slightly reducing the overall hydration efficiency. 

The outcomes indicated a consistent 
improvement in the split tensile strength by the 
addition of GGBS, NS, and their combination. 
GGBS improved the split tensile strength through 
chemical reaction with calcium hydroxide (CH), 
the cement hydration by-product, in producing 
supplementary C-S-H gel to increase the ITZ 
strength between the aggregate surface and the 
cement paste. Pozzolanic reaction also occurs, 
but at a slower rate; hence, significant long-term 
strength improvement occurs as well. On the 
contrary, Nano-Silica fills microvoids through 
nanoscale particles and enhances tensile strength 
by densifying the cementitious matrix. The NS 
also accelerates hydration in tricalcium silicate 
(C3S), forming more C-S-H gel at early stages, 
thus contributing to early strength gains. 

The combined mixture of GGBS and NS 
surpasses their individual usages, which suggests 
that their interaction improves both the early-age 
and long-term strength properties. These are in 
agreement with earlier work [20, 21, 22]. Overall, 
the results prove that supplementary 
cementitious materials such as GGBS and Nano-
Silica are effective in enhancing the tensile 
strength of concrete while also promoting 
sustainability. 

 
Table 3: Split tensile strength in MPa 

Sl no 
Mix type Average split 

tensile strength at 
28 days in MPa 

1 Control mix 3.41 

2 GGBS (10%) 4.51 

3 NS (0.3%) 4.16 

4 
GGBS 

(10%)+NS(0.3%) 
4.87 

 

 

Fig. 7. Comparison of Split tensile strength. 

This variation in strength characteristic of 
concrete was influenced by the density of the 

concrete mix. The density of concrete increased 

by around 5% when the GGBS and NS dosage was 
up to 20% and 0.7%, respectively.  

3.3. Modulus of Elasticity 

Figure 8 indicates the compressive loading 
stress-strain behavior of concrete for the mixes of 
control mix (CC), 0.3% Nano-Silica (NS), 10% 
Ground Granulated Blast Furnace Slag (GGBS), 
and the combination of 10% GGBS and 0.3% NS, 
and are tabulated in Table 4. The trend depicted 
in the graph shows substantial improvements in 
the modulus of elasticity of concrete with GGBS 
and NS when compared to the control mix. The 
stress-strain curve for the control mix CC is 
nearly linear with a moderate slope, which shows 
a low modulus of elasticity. The equation for the 
control mix is y=111,835.54x+11, 408.53y = 
111,835.54x + 11, 408.53y 
=111,835.54x+11,408.53, and the curve follows a 
steady increase in stress with increasing strain. 
Incorporating 0.3% NS improves the slope of the 
stress-strain curve, as seen in the equation 1. 
y = −8,303,011.13x2 + 26, 509.84xy  
= −8,303, 011.13x2 +  26,509.84xy  
= −8,303, 011.13x2 + 26,509.84x         (1)                 
 

The curve indicates more significant stress 
resistance for the same amount of strain as 
against the control mix, indicating an increase in 
modulus of elasticity. This improvement has its 
origin in Nano-Silica's capability of further 
refining the microstructure of concrete through 
the filling of voids, along with accelerating the 
hydration process, resulting in a denser matrix of 
cement. This improvement in elastic modulus for 
the NS mix means a 23.3% increase as compared 
to the control mix. Therefore, this is a great 
indication of material efficacy in increasing 
stiffness. 
The GGBS mix with 10% shows more stiffness, 
and this is indicated by the equation 2. 
 
y = −7,804,876.70x2 + 28,673.79xy  
=  −7, 804,876.70x2  +  28,673.79xy  
= −7, 804,876.70x2 + 28,673.79x.       (2) 
  

The slope of this curve exceeds both the 
control and the NS mix, which indicates the 
modulus of elasticity has increased significantly. 
This is due to the pozzolanic reaction of GGBS, 
contributing to the creation of additional calcium 
silicate hydrate gel, thus reducing microvoids and 
improving stiffness. For the GGBS mix, its 
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modulus of elasticity improves by almost 29.5% 
compared to the control mix.  
The combined mix of 10% GGBS and 0.3% NS is 
one having the steepest slope as well as the 
highest modulus of elasticity, as calculated from 
equation 3 

𝑦 =  −9,600,899.72𝑥2 + 24, 734.13xy    

=  −9,600, 899.72x2  +  24,734.13xy       
= −9,600, 899.72𝑥2 + 24,734.13xy                   (3) 
 

This synergistic blend results in superior 
deformation resistance, achieving a 38.7% 
modulus of elasticity increment over the control 
mix. The combined effect is attributed to the 
simultaneous benefits of GGBS and NS, which 
enhance early-age hydration and microstructure 
refinement due to the addition of Nano-Silica and 
provide long-term pozzolanic activity due to 
GGBS, giving rise to a dense and resilient 
cementitious matrix. All curves show good 
coefficient of determination values between 0.96 
and 1.0, suggesting excellent precision and 
reliability of the data gathered in experiments. 
Overall, the trend confirms that both GGBS and 
Nano-Silica are able to enhance the stiffness of 
concrete, with the best result being obtained 
when GGBS and Nano-Silica are used together. 
Therefore, the outcomes reveal that the addition 
of optimum dosages of GGBS and Nano-Silica 
improves the modulus of elasticity, and the 
concrete mix will be less deformable. The results 
obtained have practical implications in structural 
applications where high stiffness and low 
deflection are required. 

Table 4: Young’s Modulus of different combinations 

 

Sl no Mix 

Average modulus 

of Elasticity at 28 

days in GPa 

1 Control 11.408 

2 10% GGBS 28.673 

3 0.3% NS 26.509 

4 GGBS+NS 24.734 

 
 
 

 
Fig. 8. Youngs Modulus of Conventional Concrete, GGBS, 

NS, GGBS+NS 

3.4. Load Deflection Curve and Ductility Index 

An assessment of the load-deflection behavior 
and ductility characteristics of concrete slabs 
made with GGBS, Nano-Silica (NS), and a 
combination of both was made at different 
aggregate sizes and slab thicknesses. The 
performance varies extensively, depending on 
the composition of the material and structural 
parameters, as indicated in the load-deflection 
curves and tabulated values. Different slab 
configurations were investigated to obtain 
maximum load-carrying capacity, central 
deflection, and ductility index. Control mix 
yielded peak load 103.22 kN at a central 
deflection of 4.8 mm, resulting in a ductility index, 
β, of 4.36, which was considered the baseline. 

In 10% GGBS reinforced slabs, load carrying 
capacity increased up to 148.76 kN, along with 
reducing the deflection up to 3.48 mm, with an 
enhancement in ductility index at 4.83. 
Improvement is seen up to around 44% with an 
increase in load carrying capacity compared with 
control specimens because of the pozzolanic 
reactivity of GGBS, and enhancing the stiffness 
with improvement in load resistance [20-21]. 
Similarly, a peak load of 152.00 kN and a 
deflection of 7.99 mm were obtained with the 
addition of 0.3% NS, attaining a ductility index of 
6.00, which is 47.2% better than that of the 
control. The superiority in ductility achieved with 
the use of NS is on account of its filler effect along 
with microstructural refinement that would 
enhance the toughness of concrete [22-23]. 

The combination of 10% GGBS and 0.3% NS 
with aggregate sizes of 20–12.5 mm exhibited a 
peak load of 185.13 kN and a deflection of 25.24 
mm, yielding a ductility index of 5.59. This 
combination demonstrated a remarkable 79.4% 
increase in load capacity compared to the control, 
highlighting the synergistic effect of GGBS and NS 
in enhancing the load-bearing capacity and 
ductility of the concrete. For the same 
combination with aggregate sizes of 12.5–10 mm, 
the peak load was slightly lower at 151.75 kN, 
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with a deflection of 20.06 mm and a ductility 
index of 5.93. The higher ductility in this case, 
compared to the larger aggregate size, suggests 
that finer aggregates contribute to better crack 
control and load distribution. 

Distinct trends were observed in the varying 
thickness slabs. The slab with 80 mm exhibited a 
peak load of 154.91 kN and 42.71 mm of 
deflection and a ductility index of 3.87. The lower 
capacity of load was noted for the slabs that have 
a thickness of 60 mm and 40 mm, 42.00 kN and 
24.30 kN, respectively. Highly increased 
deflections with corresponding high values of 
ductility index 7.23 and 8.5 were noticed. These 
results demonstrate that thinner slabs exhibit 
higher ductility due to their increased flexibility, 
but at the cost of reduced load-bearing capacity. 
The load-deflection curve was plotted as 
indicated in Figures 9 and 10. The Ductility Index 
(β) gives information about the ability of the 
reinforcing material to provide ductility to the 
structural elements. The ductility index for 
structural components is in the range of 4 to 6. 
Based on the data in the table shown in Table 5, a 
specimen of slab with a GGBS+NS combination of 
12.5mm-10mm aggregate presents more 
ductility than others [22]. 

Table 5: Flexure test results. 
Sl 
no
. 

Slab 
specime
n 

Pfc 

(kN) 

δfc 

(mm
) 

PU  

(kN) 

δU 

 
(mm
) 

β= 
δU/ 
δfc 

1. Control 

Mix 

(100mm 
Thick) 

154.6 1.10 103.2
2 

4.8 4.3
6 

2. GGBS 

(10%) 

(100mm 
Thick) 

57.68 0.72 148.7
6 

3.48 4.8
3 

3. NS 

(0.3%) 

(100mm 
Thick) 

72.86 1.33 152.0
0 

7.99 6.0
0 

4. GGBS+N
S (20-
12.5mm
) 
(100mm 
Thick) 

63.83 3.83 185.1
3 

25.2
4 

5.5
9 

5. GGBS+N
S (12.5-
10mm) 
(100mm 
Thick) 

84.98 3.38 151.7
5 

20.0
6 

5.9
3 

6. GGBS+N

S 

(80 mm 
thick 
slab) 

106.3
1 

11.0
1 

154.9
1 

42.7
1 

3.8
7 

7. GGBS+N

S 

(60 mm 
thick 
slab) 

16.00 1.81 42.00 13.1 7.2
3 

8. GGBS+N

S 

12.15 3.54 24.30 30.1 8.5 

(40 mm 
thick 
slab) 

where  
Pfc = Load at first crack 
δfc= Deflection at first crack 
PU = Load at failure  
δU= Defelction at failure 
β= Ductility index 

 

 
Fig. 9. Variation of load and deflection of slabs of different 

combinations 

 
Fig. 10. Variation of load and deflection of slabs of different 

thickness with 10%GGBS+0.3% NS 

3.5. Stiffness 

The slab specimen’s stiffness was determined 
based on the ratio of load at the first crack and 
corresponding deformation, which estimates the 
initial resistance to deformation before a 
considerable amount of cracking. The obtained 
results are shown in Table 6; the control mix with 
a thickness of 100 mm has a stiffness equal to 
54.64 kN/mm. When GGBS was incorporated at 
10% replacement, with a slab thickness of 100 
mm, stiffness increased to 139.65 kN/mm and 
thus showed a significant increase in resistance 
to deformation as a result of the pozzolanic 
properties of GGBS. In comparison, the inclusion 
of nano-silica (NS) at 0.3% resulted in a moderate 
increase in stiffness to 63.75 kN/mm. However, 
when GGBS and NS were combined with varying 
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aggregate sizes, such as 20–12.5 mm and 12.5–10 
mm, the stiffness dropped to 51.59 kN/mm and 
51.63 kN/mm, respectively, indicating a complex 
interaction between the aggregate grading and 
the modified binder matrix. 

Notably, the values of stiffness dropped 
drastically in thinner slab specimens, and even in 
the combinations of GGBS+NS, it showed 24.30 
kN/mm at a thickness of 80 mm, while 9.11 
kN/mm at 60 mm, and just 4.16 kN/mm at 40 
mm. This trend indicates a significant influence of 
thickness on stiffness, as thinner slabs have a 
reduced capacity to resist deformation. 
Moreover, GGBS+NS with 12.5 mm down-passing 
aggregate was found to have the highest stiffness 
compared to other proportions, indicating 
optimization of the size of aggregate for 
improved load distribution and matrix 
reinforcement. 

The percentage increase in stiffness for GGBS 
(10%) over the control mix is approximately 
155.5%, while NS (0.3%) leads to a 16.7% 
improvement. The stiffness reduction for 
GGBS+NS combinations compared to the control 
mix ranges from 5.6% to 7.6% for the 12.5–10 
mm aggregate gradation. The stiffness decline 
due to reduced slab thickness is pronounced, 
with reductions of 55.5%, 83.3%, and 92.4% for 
80 mm, 60 mm, and 40 mm slabs, respectively, 
compared to the 100 mm thickness. 

Table 6: Stiffness of slab of different combinations 

Slab specimen Stiffness (KN/mm) 

Control mix (100mm) 54.64 

GGBS (10% & 100mm) 139.65 

NS (0.3% & 100mm) 63.75 

GGBS+NS (20-12.5 &12.5-
10mm) (100mm) 

51.59 

GGBS+NS (12.5-10mm) 
(100mm) 

51.63 

GGBS+NS (80mm) 24.30 

GGBS+NS (60mm) 9.11 

GGBS+NS (40mm) 4.16 

3.6. X-RAY Diffraction (XRD) 

XRD analysis presented in Figure 11 of 
concretes incorporating GGBS and NS provides 
notable information regarding the material's 
microscopic composition. The diffraction 
patterns indicate the presence of crucial phases 
and elements, such as the presence of calcium, 
silicon, and aluminum, associated with the 
formation of essential strength- and durability-
enhancing compounds like Calcium Silicate 
Hydrate and ettringite. The peaks corresponding 

to these phases indicate their abundant 
formation, particularly in mixes containing NS 
and GGBS. 

It is clear that the addition of nano-silica 
affects the production of C-S-H, as seen from the 
enhanced peaks associated with this phase in the 
XRD patterns. The pozzolanic reactivity of Nano-
Silica and its nanoscale particle size, which offers 
more nucleation sites for hydration products, are 
responsible for this improvement. The increased 
formation of C-S-H results in a denser and more 
refined cementitious matrix, greatly enhancing 
the mechanical qualities and permeability 
resistance of the concrete. 

At the same time, GGBS affects the 
microstructure by lessening the calcium 
hydroxide peaks' intensity, which shows that 
there is less free calcium hydroxide in the matrix. 
The pozzolanic reaction of GGBS, which breaks 
down calcium hydroxide to create more C-S-H 
gel, is what causes this reduction. The concrete's 
stability and durability are improved by the finer 
microstructure that results from this reaction, 
which increases its resistance to heat fluctuations 
and chemical attacks. 

Trace elements such as magnesium and 
potassium are also noted by XRD analysis. 
Though present in smaller amounts, these 
elements play an important role in the regulation 
of concrete performance. Magnesium contributes 
to the stabilization of hydration products, 
whereas potassium influences the setting time 
and chemical stability of the material. These 
elements improve the durability of the concrete 
through enhanced resistance to chemical 
reactions and environmental degradation [24-
25]. 

 
Fig. 11. XRD analysis of concrete mix with GGBS and NS 

3.7. Scanning Electron Microscopy (SEM) 

The SEM of concrete containing GGBS and NS, 
presented in Figure 12, clearly brings out the 
improvements achieved by these supplementary 
materials on microstructural levels. GGBS 
particles, from SEM images, have irregular 
shapes, are angular, and have a rough surface that 
is rough, hence greatly increasing their reactivity. 
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Angular morphology of GGBS is beneficial for 
accelerating hydration reactions as well as for 
interlocking within the concrete matrix. 
Improved early-age strength and a densified 
microstructure result from the rapid formation of 
the C-S-H gel during the initial stages of 
hydration, which is one characteristic of this 
increased reactivity. 

Nano-Silica, however, demonstrates a 
spherical morphology with very small particle 
sizes and hence an ultra-high surface area. These 
features enable NS to fill voids within the 
cementitious matrix, which effectively refines the 
microstructure with concomitant reduction of 
permeability. The high surface area of NS 
enhances nucleation of hydration products and 
ensures the distribution of C-S-H gel is more 
uniform. The interfacial transition zone, which in 
turn is sandwiched between the aggregates and 
the cement paste, will thus undergo densification 
and, with that, result in the minimization of the 
microcracking and overall durability increase in 
the concrete. Secondly, NS will accelerate 
hydration of tricalcium silicate C3S, thus 
enhancing the compression and tensile strength 
since a refined compact C-S-H gel results directly. 

The SEM analysis also points toward a 
synergistic effect while using GGBS along with NS. 
The coarse surfaces of GGBS particles serve as 
nucleation sites for the hydration products of 
Nano-Silica, thus further enhancing the density 
and homogeneity of the matrix. Such a synergy 
results in an increased interconnectivity and 
stability of the microstructure and enhances both 
the mechanical and durability properties of the 
concrete. These indicate the reduction in porosity 
and improved distribution of the hydration 
products, which appear quite prominent in the 
SEM micrographs, thus corroborating the 
positive interaction of GGBS with NS. 

 

 
C-S-H 

 
Micro 
cracks 

 
Angular 

Shaped 
 

(a) Conventional Concrete 

 

C-S-H 
 
 

Angular 
shaped 

(b) 10%GGBS 

 

 
Angular 

shaped 
 
 

C-S-H 
 
 

(c) 0.3%NS 

 

 
C-S-H 

 
Angular 
shaped 

 
 

(d) 10%GGBS+0.3NS 

                 Figure 12: SEM of different samples 

From microstructure analysis, it can be noted 
that improved strength characteristics are due to 
increased packing density of angular particles of 
GGBS and NS and formation of C-S-H.  The 
observations made in the current study are in line 
with and in good agreement with previous 
studies.  Siddique and Rajor [20] proved that 
GGBS enhanced the tensile strength of concrete 
by microstructural refinement along with low 
permeability. Singh et al. [21] showed that the 
addition of Nano-Silica enhances early-age 
properties along with overall tensile strength 
through its filler effect and hydration 
acceleration. Ramezanianpour et al. [22] pointed 
out the beneficial effects of GGBS blended with 
NS. These observations illustrate that the 
optimized dosages could significantly enhance 
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both the compressive and tensile strength 
properties. 

3.8. Failure Pattern 

The failure pattern of the control slab, as 
shown in Figure 13a, follows the principles of 
yield line theory. Under loading, plastic hinges 
formed at critical sections, resulting in a 
characteristic failure shape. Observations 
indicate that the steel reinforcement reached its 
yield strength before the concrete experienced 
significant fracture, suggesting the slab was 
under-reinforced. This mode of failure is 
advantageous in design because it promotes 
ductile behavior, providing a clear warning prior 
to complete failure. The slab exhibited a gradual 
failure pattern, demonstrating the ductility 
imparted by the reinforcing steel and significant 
energy absorption during deformation. Figure 
13b illustrates the failure pattern of slabs 
incorporating GGBS and Nano-Silica. Similar to 
the control slab, plastic hinges formed in line with 
yield line theory. However, the inclusion of these 
supplementary materials delayed crack initiation 
and improved stress distribution across the slab, 
likely due to a denser microstructure and 
enhanced interfacial transition zone (ITZ). The 
slab displayed gradual failure with higher energy 
absorption, increased load-bearing capacity, and 
improved ductility, making it both stronger and 
safer. This behavior highlights the effectiveness 
of GGBS and Nano-Silica in enhancing resilience 
and ductile performance in reinforced concrete 
slabs. 

   

 

 
Fig. 13. Failure pattern of the slab 

4. Conclusions 

1. The addition of mineral admixtures in 
concrete resulted in increased density, 
mechanical strength, and decreased porosity.  

2. The optimum combination of GGBS and NS 
was 10% and 0.3%, respectively, resulting in 
strength enhancement by 18.26 and 23.68%, 
respectively. Use of a combination og GGBS and 
NS resulted in mechanical properties by 11%. 

3. Slab specimens prepared with an optimum 
dosage of GGBS and NS exhibited an 
improvement of 15% in ductility index as 
compared to control specimens, indicating 
improved deformation capacity and energy 
absorption before failure.  

4. Thinner slabs (for example, 80 mm) containing 
GGBS and NS exhibited 34.5% greater strength 
than conventional 100 mm thick slabs.  

5. Variation in the size of aggregates to 12.5–10 
mm increases stiffness in slabs. Around 12% 
improvement in stiffness was observed for slabs.  

These outcomes validate that the application of 
GGBS and Nano-Silica improves the strength and 
ductility of concrete and also delivers efficient 
and sustainable construction solutions. Also, 
variations in mix design and strength levels may 
further affect the mechanical properties, 
ductility, and energy absorption capacity of the 
slabs. 

Limitations and Scope for Future 
Work 

As mentioned in the manuscript, this study 
provides a simple mixing approach using a drum 
mixer. Further, the outcome of this study can be 
compared with a cementitious matrix prepared 
by varying the blending duration. 
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