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ABSTRACT

Concrete is the most widely used construction material globally due to its versatility, durability, and cost-effectiveness.
However, the production of conventional concrete requires a substantial amount of cement and sand, which leads to
environmental concerns and depletion of natural resources. In the present study, an attempt has been made to prepare
sustainable concrete using partial replacement of cement with GGBS and sand by pond ash with glass fiber. The cement and
sand have been replaced by 20% and 40% by GGBS and pond ash, respectively. A constant proportion of fiber (0.1% of
cement) is added to evaluate the combined effect on properties of concrete. The experimental tests on fresh concrete (i.e.,
workability) and hardened concrete (i.e., compressive strength test, flexural strength test, and ultrasonic pulse velocity test)
were performed to study the effect of partial replacement of GGBS and pond ash in the concrete. Based on durability,
replacement of 20% cement up to 40% sand is recommended by GGBS and pond ash, respectively, together with glass fiber.
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1. INTRODUCTION

Concrete is the most widely used construction material globally due to its versatility, durability, and cost-effectiveness. However,
the production of conventional concrete requires a substantial amount of cement and sand, which leads to environmental concerns
and depletion of natural resources. To address these challenges and promote sustainable construction practices, researchers have
been exploring alternative materials and methods to enhance the performance and reduce the environmental impact of concrete.
One approach is the partial replacement of cement and sand with supplementary materials like fly ash and pond ash, respectively.
Fly ash is a byproduct of coal combustion in thermal power plants, while pond ash is obtained from ash ponds where fly ash is
stored. These materials are commonly classified as pozzolanic materials and exhibit cementitious properties when combined with
water and calcium hydroxide. By utilizing fly ash and pond ash in concrete, not only can the environmental impact of their
disposal be minimized, but also the consumption of cement and sand can be reduced, leading to a more sustainable construction
practice.

Ground Granulated Blast Furnace Slag (GGBS) is a byproduct obtained during the manufacturing of iron in blast furnaces (Oner
and Akyuz, 2007). It is produced when molten slag, a non-metallic residue, is rapidly quenched with water, forming a glassy
granulate. This granulate is then dried and ground into a fine powder, known as GGBS. It has gained widespread acceptance as a
supplementary cementitious material (SCM) in concrete due to its latent hydraulic properties and environmental benefits
(Siddique and Bennacer, 2012; Hawileh et al., 2017; Shubbar et al., 2019). The major chemical constituents of GGBS includes
Calcium Oxide (CaO): 30—45%, Silicon Dioxide (SiO2): 30—38%, Aluminium Oxide (Al:Os): 10—18%, and Magnesium Oxide
(MgO): 1-10%. These oxides contribute to GGBS’s latent hydraulicity (Panda and Sahoo, 2020; Dom et al. 2021). When used
with OPC, GGBS reacts with calcium hydroxide released during cement hydration to form additional calcium silicate hydrate (C-
S-H), which is responsible for strength development and durability in concrete.

The use of pond ash as a partial replacement for sand in concrete addresses two key challenges: the environmental impact of ash
disposal and the depletion of natural sand resources (Wang and Huang, 2002; Malhotra & Mehta, 2004, Thomas and Gupta, 2004;
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Chindaprasirt and Chotithammaporn, 2005; Kumar and Kumar, 2006). By incorporating pond ash into concrete mixtures, the
construction industry can effectively recycle industrial waste, reducing the burden on landfills and promoting cleaner, more
sustainable waste management practices. However, the successful use of pond ash as a fine aggregate requires careful
consideration of its quality, chemical composition, and source variability (Mandal and Bhattacherjee, 2006; Praveen Kumar and
Perumal, 2007; Wang and Song, 2007). Factors such as mix design, replacement percentage, and curing conditions play crucial
roles in determining the final performance of concrete. Thus, proper testing and mix optimization are essential before large-scale
application (Kumar and Devi, 2008; Prakash and Srivastava, 2010; Thomas and Ramaswamy, 2010; Ismail and Ramli, 2011; Jain
and Aggarwal 2012; Nataraja and Vishwas, 2012, Singh and Siddique, 2013).

In the present study, an attempt has been made to prepare the sustainable concrete using partial replacement of cement and sand
by GGBS and pond ash, respectively, with glass fiber. The cement and sand are replaced by 20% and 40% by GGBS and pond ash
respectively. A constant proportion of fiber 1% is added to evaluate the combined effect on properties of concrete. The
experimental tests on fresh concrete and hardened concrete were performed to study the effect of partial replacement of coal ash
into the concrete.

2. MATERIAL USED

In the present study, GGBS and pond ash was used as a partial replacement of cement and sand respectively along with glass fiber
for the development of sustainable and durable concrete.

2.1 Cement:

The 53 grade Birla A-1 gold ordinary Portland cement was purchased from locally available cement supplier used for the present
investigation. The 30 cement bags were well tied, protected, and covered with a plastic sheet after taking cement each time in
order to safeguard the cement from effect of atmospheric moisture. Complete cement was consumed for casting within one month
from the date of procurement. As per IS 4031-1988 the laboratory tests i.e., standard consistency of cement paste, initial and final
setting time, compressive strength at the age of 28 days and soundness of cement were carried out and Tabulated in Table 1. All
the results on cement were used as per the results of ordinary Portland cement conforming to the IS 12269- 1987.

Table 1: Properties of Cement

S. No. Property Values at 28 days
L. Standard Consistency 30%
2. Initial setting Time 70 min
3. Final setting Time 430 min
4. Fineness by Sieving (90 micron) 4.5%
5. Specific Gravity 3.15
6. Soundness 2 mm
7. Average compressive 3 Days 31 N/mm?
strength 7 Days 38.5 N/mm?>
28 Days 54.75 N/mm?

2.2 GGBS and Pond Ash:

GGBS was collected from the Bhilai Steel Plant, Bhilai Chhattisgarh and pond ash was collected from the NSPCL plant, Bhilai,
Chbhattisgarh, India. The physical properties such as specific gravity and fineness were found and tabulated in Table 3.2. In present
research the finer GGBS was used having average particle size less than average particle size of cement which improved the
particle packing and reduced the voids in concrete. The specific gravity of the GGBS and pond ash observed as 3.00 and 2.00
respectively.

2.3 Concrete Mix Proportions:

To understand the effect of GGBS as a partial replacement material for cement and pond ash for the partial replacement of the fine
aggregate together with glass fiber, the mix design was prepared (Table 2). All the cubes were de-molded after 24 hours, and
were put into a water-curing tank, each test comprises of four cubes. In the present study, 20% and 40% cement was replaced by
GGBS on weight basis while 20% and 40% fine aggregate was replaced by pond ash on volume basis. From laboratory test, water
absorption for coarse aggregate and fine aggregate was obtained as 0.4% and 0.6% respectively. The specific gravity of cement
was higher than specific gravity of fly ash. Volume of fly ash was more than the volume of replaced cement. Hence, to counter
balance the total volume, the volume of fine aggregate was reduced and keeping the coarse aggregate same. The amount of glass
fiber was kept constant. The coarse and fine aggregate used in the present study were in saturated surface dry condition.

Table 2: Concrete Mix Proportions for Im*> Concrete
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Cement GGBS Pond Ash (kg) Aggregate Sand Water Fiber
MIX (kg) (kg) (kg) (kg) (kg) (kg)
CM 426 0 0 1124 644 191.58 0.0
CMFB 426 0 0 1124 644 191.58 0.426
C20FA0 341 85 0 1124 644 191.58 0.426
C40FA0 256 170 0 1124 644 191.58 0.426
COFA20 426 0 98 1124 520 191.58 0.426
COFA40 426 0 196 1124 390 191.58 0.426
C20FA20 341 85 98 1124 520 191.58 0.426
C40FA20 256 170 98 1124 520 191.58 0.426
C20FA40 341 85 196 1124 390 191.58 0.426
C40FA40 256 170 196 1124 390 191.58 0.426
3. METHODOLOGY:

Laboratory tests were conducted on all the mix proportions to evaluate the properties of fresh and hardened concrete.

3.1 Slump Cone Test

Slump cone test is widely used to describe the consistence of materials. It is very useful to identify the uniformity of a proposed
mix. During the placement of fresh concrete, slump measure the ease with which the concrete mix flows. slump cone test was
carried out to know the workability of fresh concrete. The cone was placed on smooth surface and the concrete was filled in four
layers. According to IS 1199:1959 each layer was tamped 25 times by using standard steel rod of 16 mm diameter and filled the
cone properly. After filling the cone, the top surface was struck off by trowel and immediately the cone was slowly lifted
vertically and the slump height was measured.

3.2 Hardened Concrete

For all concrete mixes, the 100 mm x 100 mm x 100 mm cubes were tested for compressive strength, Ultrasonic Pulse Velocity
test at the age of 7, and 28 days. Similarly, 100 mm X 100 mm X 500 mm beams were tested for flexural strength at the age of 28
days. Four identical cubes and three identical beams were prepared and the average of the result was reported for each mix
proportion and each curing age.

3.2.1 Compressive Strength:

The compressive strength test on all concrete cubes were conducted as per IS 516 (1959) in compression testing machine. The
surface dried cubes were kept on machine and load is applied gradually till the specimen fails. The compressive strength result of
cubes at the curing period of 7 and 28 days are presented.

3.2.2 Flexural Strength:

Beside the compressive strength, flexural strength is also important factor of concrete. It assesses the capability to withstand a
failure in bending of the unreinforced concrete beam. In the present study to explore the influence of fly ash on different mixes the
flexural test was performed. The beam specimens were cast in the moulds of size 100 mm X 100 mm X 500 mm beams. All the
casted beams were tested on 28 days curing. After the required curing, the beams were kept on the flexural testing machine at a
loading rate of 180 kg/min. With a constant crosshead speed, the specimens were loaded up to complete failure and breakdown
load is noted. The test results of flexural strength of concrete at different curing period is presented.

3.2.3 Ultrasonic Pulse Velocity (UPV) test:

UPV test can be used for pulse velocity measurement, Surface velocity measurement, path length measurement etc. To determine
the structural situation and deterioration of concrete specimen the UPV test was conducted. It gives an idea about strength,
density, and porosity of concrete. The UPV consists of measuring the travel time of the pulse of ultrasonic wave transient through
the concrete specimen. The UPV test was conducted on 100 x 100 x 100 mm cube for three different water cement ratios at the
age of 7, 28, and 56 days as per IS 13311 (Part-I) 1992.

4. RESULTS AND DISCUSSION:

4.1 Slump Test:
The test results of slump cone test for all the mix proportions at W/C ratio of 0.45 is presented in Fig.1
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Fig. 1: Slump Value of all mix proportions.
The workability of concrete mixes incorporating GGBS as a partial replacement of cement and pond ash as a partial replacement
of fine aggregate was studied using the slump test. It is important to note that all mixes, except the control mix (CM), contained
1% fiber to improve the mechanical strength characteristics of concrete. The inclusion of fibers, while beneficial for strength,
typically reduces workability due to the creation of a denser internal matrix and increased internal friction during mixing.
These results clearly demonstrate that pond ash can compensate for the loss in workability caused by both GGBS and fiber.
Notably, the mix C20FA40 achieved a slump value equivalent to COFA20 (a mix without GGBS), despite including both 20%
GGBS and fiber. This shows that 40% pond ash can effectively restore the workability lost due to the inclusion of GGBS and
fiber. In conclusion, the combined use of GGBS and pond ash promotes a more sustainable concrete mix while maintaining
desirable workability. Pond ash serves as a vital component in counterbalancing the slump reduction typically associated with
strength-enhancing materials like GGBS and fiber.
4.2 Compressive strength:
In this segment the compressive strength result planted on percentage replacement of cement and sand by fly ash and pond ash
together with glass fiber are subsequently analysed and compared with normal concrete. Variation in compressive strength of
concrete is presented in Table 3.

Table 3: Variation in compressive strength of concrete

Mix Compressive strength (N/mm?)
7 Days 28 Days

CM 28.0 39.80
CMFB 29.50 42.00
C20FA0 27.50 43.50
C40FA0 24.50 42.80
COFA20 28.80 40.20
COFA40 27.20 38.90
C20FA20 27.80 44.00
C40FA20 26.00 43.00
C20FA40 27.20 43.20
C40FA40 25.00 42.00

C20FAA40 also recorded a high 28-day strength of 43.2 N/mm?, indicating that increased pond ash (up to 40%) can still contribute
positively when used with GGBS. Similarly, C40FA20 and C40FA40 showed strengths of 43.0 N/mm? and 42.0 N/mm?
respectively—still higher than CM and CMFB (Fig. 4.4). The combined mix strategy helps balance the slow hydration of GGBS
with the packing efficiency of pond ash, leading to a well-graded, dense matrix that supports compressive load efficiently.
However, the 7-day strengths of all combined mixes (ranging from 25.0 to 27.8 N/mm?) were lower than CMFB, confirming the
delay in early strength development due to the slower reactivity of both GGBS and pond ash. Yet, the significant improvement in
28-day strength shows that these mixes are ideal for structural applications where early strength is not critical.
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Fig. 2: Percentage variation of compressive strength with GGBS and pond ash.
Overall, the inclusion of 1% fiber improved strength across all mixes by enhancing crack resistance and post-crack load transfer.
GGBS enhanced long-term strength, while pond ash optimized the particle packing and supported sustainable resource use. Their
combined use resulted in compressive strengths exceeding the target mean strength of M30 concrete, making these mixes suitable
for structural-grade concrete with improved sustainability.
4.3 Flexural Strength
The test results of the flexural strength of all mix proportions are tabulated in Table 4.

Table 4: Variation in flexural strength of concrete

Mix Flexural Strength (MPa) % Variation
CM 4.84 0
CMFB 5.14 6.20%
C20FA0 5.32 9.92%
C40FA0 5.24 8.26%
COFA20 4.92 1.65%
COFA40 4.7 -2.89%
C20FA20 5.38 11.16%
C40FA20 5.26 8.68%
C20FA40 5.28 9.09%
C40FA40 5.14 6.20%

When GGBS and pond ash were used together, the synergistic effect became evident in flexural strength performance. The mix
C20FA20 recorded the highest estimated flexural strength of 5.28 N/mm?, which is 11.39% higher than CM and 4.76% higher
than CMFB. This confirms that the pozzolanic reaction of GGBS and filler effect of pond ash complement each other, while fibers
support crack bridging, improving the overall load-carrying capacity under bending.

Other combined mixes like C40FA20 (5.16 N/mm?), C20FA40 (5.18 N/mm?), and C40FA40 (5.04 N/mm?) also demonstrated
higher flexural strengths than CM. The combination of 20—-40% GGBS with 20—-40% pond ash showed that despite increasing
replacement levels, the fiber reinforcement maintains structural integrity. The balanced microstructure with improved bond and
crack control mechanisms leads to flexural performance gains between 6.33% and 11.39% over the control.

4.3 Ultrasonic Pulse Velocity:

The UPV value has been evaluated for all mix proportions and presented in Table 5.

Table 5: UPV value of all mix proportions
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Mix 7 Days UPV (km/s) 28 Days UPV (km/s)
CM 3.85 43
CMFB 3.95 4.45
C20FA0 3.8 4.5
C40FA0Q 3.7 4.45
COFA20 3.9 4.35
COFA40 3.75 4.2
C20FA20 3.85 4.55
C40FA20 3.8 4.48
C20FA40 3.8 4.5
C40FA40 3.75 4.4

The combined use of GGBS and pond ash exhibited a synergistic effect on ultrasonic pulse velocity, especially at 28 days. The
mix C20FA20 (20% GGBS and 20% pond ash) recorded the highest UPV of 4.55 km/s, which is 5.81% greater than CM. This
indicates a well-refined and dense matrix where both pozzolanic activity and fine filler contribution work together. Other
combinations, such as C40FA20 (4.48 km/s), C20FA40 (4.50 km/s), and C40FA40 (4.40 km/s), also showed improvements
ranging from 2.33% to 4.65% over CM.

The improvement is due to the balanced interaction between GGBS-induced densification and pond ash-enhanced packing. Fiber
addition further helps minimize crack propagation and pore connectivity, allowing efficient wave transmission. These results
suggest that combined replacements, especially in moderate proportions, optimize the internal microstructure and elevate concrete
quality as measured by UPV.

UPYV results confirm that GGBS and fiber inclusion consistently improve concrete quality by enhancing density and reducing
internal flaws. Pond ash benefits UPV at lower dosages but may hinder wave propagation at higher levels. When both GGBS and
pond ash are used together with fiber, a synergistic improvement in ultrasonic pulse velocity is observed, validating this as an
effective and sustainable approach for producing durable and high-quality concrete.

5. CONCLUSIONS
i. The inclusion of 1% glass fiber and GGBS led to a reduction in workability due to increased internal friction
and water demand.
il. Pond ash, when used as a partial replacement for fine aggregate, acted as a flow-enhancing material due to its

finer particle size and spherical shape, thereby improving slump.

1. The mix C20FA40 (20% GGBS, 40% pond ash) achieved a slump of 70 cm, nearly equivalent to the control
mix (76 cm), indicating that pond ash can effectively offset the loss of workability caused by GGBS and fiber.
The addition of glass fiber alone improved early and later-age compressive strength compared to the control

mix.

iv. GGBS replacement showed a clear improvement in compressive strength, especially at 20% replacement, due to
its pozzolanic reaction and improved matrix densification.

v. While higher pond ash content (40%) showed marginal strength reduction when used alone, its combination

with GGBS led to comparable or improved strength over the control.
vi. The mix C20FA20 displayed an excellent balance, with enhanced compressive strength at both 7 and 28 days.
Vil. Pond ash alone had a minimal effect on flexural strength; however, when combined with GGBS, the
improvement was significant.
viil. Mixes like C20FA40 and C40FA20 demonstrated flexural strength higher than the control mix, validating the
benefit of combined substitution.
The use of GGBS and pond ash, in combination with glass fiber, can effectively produce sustainable concrete with desirable
workability, strength, and durability characteristics. Among all the mixes, C20FA20 and C20FA40 demonstrated optimal
performance across all measured properties and are recommended for practical applications aiming for sustainability and
enhanced performance.
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