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ABSTRACT

The present study investigates the potential of incorporating steel slag (SS) as a partial replacement for cement and pond ash
(PA) as a partial replacement for fine aggregates in the development of sustainable concrete. This approach addresses the dual
objective of reducing the overconsumption of ordinary Portland cement and natural river sand while providing an eco-friendly
disposal route for abundantly available industrial by-products. A comprehensive experimental program was conducted to
evaluate the effects of SS and PA on workability, compressive strength at 7, 14, and 28 days, flexural strength, and ultrasonic
pulse velocity (UPV). The results revealed that the workability decreased with increasing PA content, while SS up to 20%
maintained acceptable slump values. In terms of mechanical performance, SS demonstrated a positive impact, with SS10PA0
achieving the maximum compressive strength of 42 MPa, flexural strength of 5.0 MPa, and UPV of 4.75 km/s, all exceeding
the control mix values. Higher PA contents (>20%) resulted in significant reductions in strength and quality indices,
indicating its limited applicability as a standalone material. However, combined mixes such as SS10PA10 and SS20PA10
exhibited compressive strength and durability parameters above the target strength, confirming their suitability in practical
applications. To optimize performance, a Response Surface Methodology (RSM)-based quadratic regression model was
developed for predicting flexural strength using compressive strength and UPV as input variables. The model showed a strong
correlation (R* = 0.94) with experimental data, highlighting its reliability in predicting concrete performance and reducing
reliance on extensive destructive testing. Overall, the study concludes that the judicious incorporation of steel slag up to 20%
and pond ash up to 10-20% offers an optimum balance of strength, durability, and workability. The findings establish a viable
pathway for utilizing industrial by-products in concrete production, contributing to sustainable construction practices and
resource conservation.
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1. INTRODUCTION

Concrete is the most widely used construction material across the globe, playing a fundamental role in infrastructure development
and urbanization. Its extensive use stems from its versatility, durability, strength, and cost-effectiveness. From small-scale
residential structures to large-scale infrastructure projects such as bridges, highways, and dams, concrete remains the backbone of
modern construction [1-4]. However, the benefits of concrete come at an environmental cost. The production of ordinary Portland
cement (OPC), which is the principal binding material in concrete, is energy-intensive and contributes significantly to global
carbon dioxide emissions. It is estimated that the cement industry alone accounts for nearly 7-8% of total anthropogenic CO:
emissions, primarily due to the calcination of limestone and the burning of fossil fuels during clinker production. Furthermore, the
large-scale extraction of river sand, the conventional fine aggregate in concrete, has led to alarming issues such as riverbank
erosion, loss of aquatic habitats, lowering of groundwater levels, and ecological imbalance. These challenges highlight the urgent
need to search for sustainable alternatives that can reduce the dependence on cement and natural sand without compromising the
engineering performance of concrete [5-8].

In response to this global concern, researchers and engineers have been actively exploring supplementary cementitious materials
(SCMs) and alternative fine aggregates derived from industrial byproducts and waste materials [9]. The use of such materials not
only reduces the environmental footprint of concrete production but also provides a sustainable solution for the management of
industrial waste [10-12].
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Among the many options studied, steel slag and pond ash have emerged as promising substitutes for cement and natural sand,
respectively, because of their favorable chemical composition, pozzolanic or hydraulic activity, and abundance as byproducts of
large-scale industries. The effective utilization of these materials in concrete contributes to the circular economy by converting
waste into resources, minimizing landfill disposal, and promoting green construction practices.

Steel slag is a byproduct generated during the steel-making process in basic oxygen furnaces (BOF) and electric arc furnaces
(EAF) [13-17]. It is produced in large quantities globally, with millions of tons generated annually. Traditionally, disposal of steel
slag posed serious challenges, as its storage required large tracts of land and, if not managed properly, could lead to environmental
hazards such as leaching of heavy metals and dust pollution. However, research has shown that when adequately processed, steel
slag can serve as a valuable construction material. It contains reactive oxides such as calcium oxide (Ca0O), silicon dioxide (SiOz),
alumina (ALOs), ferric oxide (Fe20s), and magnesium oxide (MgO). The presence of free lime and dicalcium silicate phases in
steel slag imparts latent hydraulic properties, allowing it to react with water and form calcium silicate hydrate (C—S—H), the
primary binding compound in cement hydration. This property makes finely ground steel slag suitable for partial replacement of
cement in concrete, similar to the way blast furnace slag and fly ash are used as supplementary cementitious materials.

The benefits of incorporating steel slag in concrete are multifold. Its high density and angular particle shape enhance the packing
density of the cementitious matrix, thereby reducing porosity and improving strength development. The hydraulic reactivity of
steel slag contributes to long-term strength gain and enhances durability against aggressive environmental exposures such as
sulphate attack, chloride ingress, and freeze—thaw cycles. Additionally, its use reduces the overall clinker factor in cement, thereby
lowering CO- emissions associated with cement production. Nevertheless, steel slag must be carefully processed and aged before
use, as the presence of free lime (CaO) and periclase (MgO) may lead to volumetric instability if hydration occurs in uncontrolled
conditions [18]. Proper weathering or stabilization of steel slag ensures that these expansive components are neutralized, making
the material safe and effective for use in concrete. Thus, steel slag provides a sustainable pathway to reduce cement consumption
while simultaneously addressing waste disposal issues in the steel industry.

Pond ash, on the other hand, is an industrial waste generated from coal-based thermal power plants. It is collected in ash ponds,
where fly ash and bottom ash are mixed with water and deposited. Unlike dry fly ash, which has been extensively utilized in
cement and concrete as a pozzolanic material, pond ash remains underutilized due to its heterogeneous particle size distribution
and moisture content. However, research has demonstrated that pond ash possesses significant potential for use as a partial
replacement of natural sand in concrete. Its particle size distribution often resembles that of fine aggregate, and its composition
includes silica, alumina, and small amounts of unburnt carbon. The presence of reactive silica and alumina enables pond ash to
exhibit pozzolanic activity under favorable conditions, allowing it to react with the calcium hydroxide released during cement
hydration to form additional C—S—H gel. This secondary reaction enhances the microstructural densification of concrete and
contributes to improved mechanical and durability properties.

The utilization of pond ash in place of natural sand addresses two critical issues. Firstly, it reduces the reliance on river sand,
mitigating the adverse environmental consequences of large-scale sand mining. Secondly, it provides a productive use for the vast
quantities of pond ash that otherwise remain stored in ash ponds, posing environmental risks such as air pollution, groundwater
contamination, and land degradation. By integrating pond ash into concrete, thermal power plants can minimize the ecological
footprint of ash disposal while contributing to sustainable construction practices. Moreover, pond ash, being lighter and finer than
natural sand, can improve the workability of fresh concrete, provided that it is used in controlled proportions.

When steel slag and pond ash are used in combination in concrete, they offer a holistic approach to resource efficiency and
sustainability. The dual replacement—steel slag for cement and pond ash for fine aggregate—ensures that both binder and
aggregate components of concrete are partially substituted by waste-derived materials [19-20]. This not only conserves natural
resources but also reduces the embodied energy and carbon footprint of concrete production. Furthermore, the synergy between
the latent hydraulic activity of steel slag and the pozzolanic reactivity of pond ash enhances the performance of concrete. Steel
slag contributes to strength development through the formation of C—S—H, while pond ash refines the pore structure, reduces
permeability, and improves long-term durability. Together, they create a dense, compact concrete matrix with superior resistance
to chemical attack and environmental deterioration.

The shift towards using industrial byproducts in concrete is aligned with the principles of sustainable development and the global
movement towards greener construction practices. The construction sector, being one of the largest consumers of natural
resources, has a moral and economic responsibility to adopt environmentally responsible materials and technologies. By
incorporating steel slag and pond ash, the industry can reduce the consumption of virgin raw materials, lower greenhouse gas
emissions, and minimize the ecological damage associated with resource extraction and waste disposal. Additionally, the use of
such waste-derived materials supports the goals of circular economy by transforming waste into value-added products, thereby
closing the loop between production and consumption.

From an economic perspective, the partial replacement of cement and sand with steel slag and pond ash offers cost-saving
opportunities. Cement and river sand are increasingly expensive due to rising demand and dwindling supply, whereas steel slag
and pond ash are abundantly available at low or negligible cost from steel plants and power plants, respectively. Utilizing these
materials in concrete can reduce construction costs, particularly in regions located near industrial sources of slag and ash. At the
same time, industries benefit from reduced waste management expenses, creating a win—win situation for both construction and
manufacturing sectors.
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Despite the promising benefits, it is essential to conduct detailed experimental investigations to evaluate the performance of steel
slag and pond ash in concrete under various replacement levels and environmental conditions. Factors such as setting time,
workability, strength development, durability, and volume stability must be carefully assessed to ensure that the modified concrete
meets the requirements of structural applications. Furthermore, the variability in chemical composition and physical properties of
these industrial byproducts necessitates standardization and quality control measures to ensure consistent performance. Research
in this direction not only enhances the knowledge base but also builds confidence among engineers and policymakers to adopt
these materials in large-scale construction projects.

In conclusion, the increasing demand for sustainable and eco-friendly construction materials has drawn attention to the utilization
of industrial byproducts like steel slag and pond ash in concrete. These materials not only address environmental challenges
associated with cement production, sand mining, and industrial waste disposal but also enhance the engineering performance of
concrete when used appropriately.

By partially replacing cement with steel slag and fine aggregate with pond ash, it is possible to produce a sustainable concrete
material that is durable, cost-effective, and environmentally responsible. The integration of these waste-derived materials in
construction aligns with the global vision of sustainable development and provides a practical pathway to achieve greener
infrastructure. The present study aims to evaluate the mechanical and durability properties of concrete incorporating steel slag and
pond ash at varying replacement levels, with the ultimate objective of identifying the optimum mix proportions for achieving
high-performance, sustainable concrete.

In the present study, an attempt has been made to prepare the sustainable concrete using partial replacement of cement and sand
by Steel Slag and pond ash respectively. The replacement levels have been kept at 10%, 20%, and 30% for cement with steel slag
and 10%, 20%, 30%, and 40% for fine aggregate with pond ash. The experimental program focuses on evaluating the fresh
properties as well as mechanical performance of such sustainable concrete mixtures.

2. MATERIAL USED

In the present study, Steel slag (SS) and pond ash was used as a partial replacement of cement and sand respectively 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 3.1. 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 35%
2. Initial setting Time 65 min
3. [Final setting Time 390 min
4. Fineness by Sieving (90 micron) 3.6 %
5. Specific Gravity 3.10
6. Soundness 3.0 mm
7. |Average compressive strength (28 Days) 55.20 N/mm?2

2.2 Steel Slag and Pond Ash:

Steel Slag was collected from the Bhilai Steel Plant, Bhilai Chhattisgarh and pond ash was collected from the NSPCL plant,
Bhilai, Chhattisgarh, India. The physical properties such as specific gravity and fineness were found and tabulated in Table 3.2. In
present research the finer SS 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 SS and pond ash observed as 3.20 and 2.10
respectively.

2.3 Concrete Mix Proportions:

To understand the effect of steel slag as a partial replacement material for cement and pond ash for the partial replacement of the
fine aggregate, 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, 10%, 20%, and 30% cement was replaced by steel slag on
weight basis while 10%, 20%, 30%, 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 0.5% and 0.4% respectively.
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Table 2: Concrete Mix Proportions for 1m’ Concrete

MIX Cement Steel Slag Pond Ash Aggregate (kg) Sand (kg) Water (kg)
(kg) (kg) (kg)

CM 426 0 0 1116 652 191.58
SS10PAO 384 42 0 1116 652 191.58
SS20PA0 341 85 0 1116 652 191.58
SS30PAO 299 128 0 1116 652 191.58
SSOPA10 426 0 51.28 1116 589 191.58
SSOPA20 426 0 102.56 1116 523.56 191.58
SSOPA30 426 0 153.84 1116 458.11 191.58
SSOPA40 426 0 205.12 1116 392.67 191.58
SS10PA10 384 42 51.28 1116 589 191.58
SS10PA20 384 42 102.56 1116 523.56 191.58
SS10PA30 384 42 153.84 1116 458.11 191.58
SS10PA40 384 42 205.12 1116 392.67 191.58
SS20PA10 341 85 51.28 1116 589 191.58
SS20PA20 341 85 102.56 1116 523.56 191.58
SS20PA30 341 85 153.84 1116 458.11 191.58
SS20PA40 341 85 205.12 1116 392.67 191.58
SS30PA10 299 128 51.28 1116 589 191.58
SS30PA20 299 128 102.56 1116 523.56 191.58
SS30PA30 299 128 153.84 1116 458.11 191.58
SS30PA40 299 128 205.12 1116 392.67 191.58

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

The slump cone test is one of the most commonly used methods to determine the consistency and workability of fresh concrete. It
provides a simple measure of the ease with which a concrete mix can flow and helps in assessing the uniformity of the proposed
mix. In the present study, the slump test was conducted as per the procedure specified in 1S:1199-1959. The slump cone was
placed on a smooth, rigid surface and filled with fresh concrete in four equal layers, each layer being tamped 25 times using a
standard 16 mm diameter steel rod. After the cone was completely filled, the top surface was struck off using a trowel to level the
concrete. The cone was then carefully lifted vertically, allowing the concrete to subside. The slump value was recorded by
measuring the vertical difference between the height of the cone and the highest point of the subsided concrete, representing the
workability of the mix.

3.2 Hardened Concrete

3.2.1 Compressive Strength:

The compressive strength test for all concrete cubes was carried out in accordance with IS 516:1959 using a compression testing
machine (CTM). Prior to testing, the cube specimens were surface-dried and carefully placed on the machine’s loading platform.
The load was then applied uniformly and gradually until failure occurred. The compressive strength values were obtained for
curing ages of 7, 14, and 28 days, and the results are presented accordingly.

3.2.2 Flexural Strength:

In addition to compressive strength, flexural strength is a critical parameter that evaluates the resistance of concrete to bending
failure, particularly in unreinforced beams. In this study, beam specimens of size 100 mm x 100 mm X 500 mm were cast to
determine flexural strength under varying mix proportions. After 28 days of curing, the specimens were tested using a flexural
testing machine at a constant loading rate of 180 kg/min. The beams were subjected to load under a uniform crosshead speed until
complete failure occurred, and the ultimate load at failure was recorded. The flexural strength results of the concrete mixes at 28
days are presented and analyzed.

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.

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.
When both cement and fine aggregates were simultaneously replaced with steel slag and pond ash, the reduction in slump became
the most significant. For instance, at 10% replacement of both materials (SS10PA10), the slump value decreased to 72 mm,
corresponding to a reduction of 7.69% compared to the control. At moderate replacement levels, such as SS20PA20, the slump
further dropped to 65 mm, marking a 16.67% reduction. The most drastic reduction was observed in the mix containing 30% steel
slag and 40% pond ash (SS30PA40), which recorded a slump of only 55 mm, representing a 29.49% decrease from the control.
This sharp decline in workability can be explained by the cumulative effect of both materials. Steel slag contributes to reduced
workability due to its angular and rough-textured particles, which increase inter-particle friction. Simultaneously, pond ash
absorbs water and reduces the effective free water available for lubrication in the mix. Together, these effects act simultaneously
to make the concrete significantly stiffer, especially at higher replacement levels. This is why the combined mixes consistently
exhibited the lowest slump values among all variations studied.
The results highlight that while both materials individually reduce workability, their combined incorporation amplifies the
problem. In practical terms, this means that for mixes with both steel slag and pond ash, workability becomes a major concern,
particularly when replacement levels exceed 20-30%. To counter this effect, it would be essential to optimize the mix design by
adjusting the water-to-cement ratio, or preferably, by incorporating superplasticizers to improve the flow without compromising
strength or durability.
4.2 Compressive strength:
In this section, the compressive strength results obtained from the percentage replacement of cement with steel slag and fine
aggregate with pond ash are analyzed. The performance of individual replacements, as well as their combined effect, is compared
with that of conventional concrete. The variation in compressive strength is presented in Table 3.

Table 3: Variation in compressive strength of concrete

Mix ID 7 Days (N/mm?) 14 Days (N/mm?) 28 Days (N/mm?)
CM 28.2 34.6 40.2
SS10PAO 30 36 42
SS20PA0 29 35 41
SS30PA0 26 32 37
SSO0PA10 25 30 36
SSO0PA20 23 27 34
SSO0PA30 20 26 31.5
SS0PA40 18 23 30
SS10PA10 29 35 40.5
SS10PA20 217.5 34 39
SS10PA30 25.5 30 37.5
SS10PA40 23 28 35
SS20PA10 28 33 38.5
SS20PA20 26.5 31 36
SS20PA30 23.5 29.5 35
SS20PA40 23 27 335
SS30PA10 25 30 35
SS30PA20 22 28 33
SS30PA30 19.5 26.5 31.5
SS30PA40 18 24 29
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At 7 days, the strength gain was more pronounced at lower slag contents. For instance, SSIOPAO achieved 30 MPa compared to
28.2 MPa of CM, showing an early-age improvement of around +6.38%, which indicates that steel slag actively participates in
hydration and improves matrix packing. At 20% replacement, the strength was 29 MPa (+2.84%) over CM, suggesting that slag
continues to be beneficial at moderate levels. However, beyond 20%, the early strength started declining, with SS30PAO showing
only 26 MPa, a reduction of —7.8%, confirming that excessive slag content dilutes the cementitious material available for early
hydration. At 28 days, the pattern became more conclusive. SSI0PAO produced 42 MPa (+4.48%), the highest among all slag
mixes, while SS20PAO0 achieved 41 MPa (+1.99%). In contrast, SS30PAO showed a significant reduction to 37 MPa (—7.96%).
These results highlight that steel slag provides a positive contribution to compressive strength up to 20% replacement, especially
due to its micro-filling effect and partial reactivity, but higher replacement levels reduce strength due to the dilution effect. The
replacement of fine aggregates with pond ash showed a consistently negative influence across all curing ages. At 7 days, the
reduction was visible from the beginning: SSOPA10 registered 25 MPa compared to 28.2 MPa of CM (—11.35%). With higher
replacements, the drop became more severe, reaching only 18 MPa at 40% PA (—36.17%). The poor early strength can be
attributed to the low particle strength of pond ash and its higher porosity, which reduce the effective load-bearing capacity of the
mix.

From the present study, it was observed that the mixes achieving compressive strength greater than the target strength of M30
(38.20 MPa) were SS10PAO (42.0 MPa), SS20PAO (41.0 MPa), SS10PA10 (40.5 MPa), SS20PA10 (38.5 MPa), and the Control
Mix (CM) with 40.2 MPa. The results clearly indicate that the use of steel slag in the range of 10-20% enhances compressive
strength and proves to be the most effective replacement material in this investigation. On the other hand, pond ash alone
consistently reduces compressive strength and is acceptable only at very low contents. When steel slag and pond ash were used
together, the combined replacement was found feasible only when pond ash was limited to 10% and steel slag ranged between 10—
20%. Among all the mixes, the best-performing mix was SSI0PAO, which attained the maximum compressive strength of 42 MPa
at 28 days.

4.3 Flexural Strength

In this section, the flexural strength results obtained from the percentage replacement of cement with steel slag and fine aggregate
with pond ash are presented for the 28-day curing period. The behavior of steel slag (SS), pond ash (PA), and their combined
effect (SS+PA) is discussed in comparison with the control mix. The variation in flexural strength is presented in Table 4.

Table 4: Variation in flexural strength of concrete

Mix Flexural Strength (MPa) Mix Flexural Strength (MPa)

CM 4.65 SS10PA30 4.1
SS10PAO 5 SS10PA40 3.85
SS20PA0 4.85 SS20PA10 4.6
SS30PA0 4.2 SS20PA20 4.25
SSOPA10 4.25 SS20PA30 4
SSOPA20 4.05 SS20PA40 3.75
SSOPA30 3.8 SS30PA10 4.15
SSOPA40 3.6 SS30PA20 3.9
SS10PA10 4.7 SS30PA30 3.65
SS10PA20 4.45 SS30PA40 34

The inclusion of steel slag as a cement replacement exhibited a positive effect on flexural strength at lower levels (10-20%) and a
reduction at higher replacement levels. At 28 days, SS10PAQ attained 5.00 MPa, a +7.53% improvement over CM (4.65 MPa),
confirming that steel slag contributes to better bonding and matrix densification under flexural stresses. Similarly, SS20PA0Q
achieved 4.85 MPa (+4.30%), sustaining the beneficial effect at moderate levels. However, SS30PAO dropped to 4.20 MPa
(—9.67%), showing that higher replacement dilutes the cementitious binder and adversely affects flexural strength. These results
highlight that optimum flexural strength is obtained at 10% slag replacement, aligning with compressive strength behavior. Unlike
steel slag, pond ash consistently reduced flexural strength at 28 days. At 10% replacement of fine aggregates (SSOPA10), the
flexural strength decreased to 4.25 MPa (—8.60%) compared to CM. Fig. 4.6 represents the variation of flexural strength with
different proportion of pond ash. With higher replacements, the losses became severe, with 3.80 MPa (—18.28%) at 30% PA and
3.60 MPa (—22.58%) at 40% PA. The reduction is attributed to the porous and lightweight nature of pond ash particles, which
compromise the interfacial transition zone (ITZ) and reduce load transfer efficiency under flexure. Thus, pond ash is only
tolerable at very low levels (<10%) if strength losses are to be minimized. The combined replacement of cement with steel slag
and fine aggregates with pond ash showed intermediate behavior. At 28 days, SSIOPA10 achieved 4.70 MPa (+1.08%), nearly
equal to CM, indicating that the positive influence of steel slag offset the negative contribution of pond ash when both were
limited to lower percentages. However, as pond ash content increased, the flexural strength dropped significantly. For example,
SS10PA30 gave 4.10 MPa (—11.83%) and SS20PA40 decreased to 3.75 MPa (—19.35%). The 30% slag mixes performed poorest,
with SS30PA40 showing only 3.40 MPa (—26.88%). These findings confirm that steel slag improves performance, but its
beneficial effect cannot compensate for the loss introduced by higher levels of pond ash.

4.3 Ultrasonic Pulse Velocity:

The Ultrasonic Pulse Velocity (UPV) test was conducted to assess the quality, density, and homogeneity of concrete mixes
incorporating steel slag (SS) and pond ash (PA). Table 4.3 presents the UPV values for 28 days of curing and their percentage
variation compared with the control mix (CM).
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Table 5: UPV value of all mix proportions

Mix ID UPV (km/s) % Variétli/([)n w.r.t. Qualitif3§i':il:l1e9(9azs)per IS
CM 4.5 0% Good
SS10PAO 4.75 5.56% Excellent
SS20PA0 4.65 3.33% Excellent
SS30PAO 43 -4.44% Good
SSOPA10 4.25 -5.56% Good
SSOPA20 4.1 -8.89% Good
SSOPA30 3.9 -13.33% Good
SSOPA40 3.75 -16.67% Good
SS10PA10 4.55 1.11% Good
SS10PA20 4.4 -2.22% Good
SS10PA30 4.15 -7.78% Good
SS10PA40 3.95 -12.22% Good
SS20PA10 4.5 0.00% Good
SS20PA20 43 -4.44% Good
SS20PA30 4.05 -10.00% Good
SS20PA40 3.85 -14.44% Good
SS30PA10 4.2 -6.67% Good
SS30PA20 4 -11.11% Good
SS30PA30 3.8 -15.56% Good
SS30PA40 3.6 -20.00% Good

At 28 days, the incorporation of steel slag as a partial cement replacement showed a clear improvement in UPV values up to 20%
replacement. The variation in UPV value is presented in Fig. 4.8. The mix SS10PAO recorded 4.75 km/s (+5.56%), falling in the
Excellent category, which indicates a very dense and homogeneous concrete matrix. This improvement is mainly due to the filler
effect and hydraulic activity of steel slag, which refine the pore structure and improve the transmission of ultrasonic waves. At
20% replacement (SS20PAO0), the UPV was 4.65 km/s (+3.33%), also classified as Excellent, reflecting enhanced compactness
and strong particle interlocking. However, at 30% replacement (SS30PAO0), the UPV dropped to 4.30 km/s (—4.44%), bringing the
concrete into the Good category. The reduction beyond 20% indicates that excessive slag lowers the availability of cementitious
compounds, leading to microstructural weakness and lower homogeneity. Thus, steel slag replacement is beneficial up to 20%,
after which the quality of concrete begins to deteriorate.

Pond ash, when used as fine aggregate replacement, consistently led to a reduction in UPV values across all replacement levels.
At 10% replacement (SSOPA10), the UPV was 4.25 km/s (—5.56%), which places the concrete in the Good category but shows a
decline in quality compared to CM. As the pond ash percentage increased, the UPV continued to drop: 4.10 km/s (—8.89%) at
20%, 3.90 km/s (—13.33%) at 30%, both still in the Good range, but reflecting weaker particle bonding and increased porosity. At
40% pond ash (SSOPA40), the UPV further decreased to 3.75 km/s (—16.67%), which is on the lower end of the Good category,
approaching the Medium threshold. This consistent reduction is due to the porous, less reactive nature of pond ash, which reduces
density and results in slower ultrasonic wave transmission. The combined mixes showed a balanced performance, depending on
the relative proportions of steel slag and pond ash. At lower pond ash content (10%), the beneficial effect of steel slag could
counteract the negative impact of pond ash. For instance, SSIOPA10 achieved 4.55 km/s (+1.11%), classified as Excellent, while
SS20PA10 recorded 4.50 km/s (0.00%), at the boundary of Excellent—Good, showing that slag densification compensated for
minor loss in quality due to pond ash. However, as pond ash content increased beyond 20%, the negative effects became more
evident. SSI0PA30 and SS20PA30 registered 4.15 km/s (—7.78%) and 4.05 km/s (—10.00%), both within the Good category but
lower than CM, reflecting reduced compactness. At higher combined levels (SS30PA30 and SS30PA40), the UPV further
dropped to 3.80 km/s and 3.60 km/s, which are both classified as Good, but close to the Medium boundary, confirming that
excessive pond ash dominates the matrix and diminishes the densification effect of slag.

5. CONCLUSIONS

With the increase in steel slag content up to 20%, workability remained within an acceptable range due to the angular texture of
slag particles contributing to better packing. However, beyond 20%, a reduction in slump was observed, reflecting decreased
mobility of the mix.

The combined mixes (steel slag + pond ash) exhibited moderate workability, though higher pond ash contents (>20%) led to
sharp reductions in slump, suggesting that optimum use is limited to lower percentages of pond ash.

The compressive strength results at 7, 14, and 28 days demonstrated clear trends. At 7 days, strength gain was slower in mixes
with higher pond ash, due to delayed pozzolanic reactivity. Steel slag mixes, however, showed higher early strength compared
to control concrete.
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At 14 days, steel slag mixes (10-20%) maintained superior strength development, while pond ash mixes continued to lag behind
the control mix. At 28 days, the highest strength was achieved by the SS10PAO mix (42 MPa), followed by SS20PAO (41 MPa)
and SS10PA10 (40.5 MPa), all exceeding the target strength of 38.20 MPa.

Pure pond ash mixes showed a significant reduction in strength at all curing periods, indicating its limited potential as a
standalone replacement. Combined mixes were found to be feasible when pond ash content was kept below 10-20% with steel
slag at 10-20%.

Flexural strength followed similar patterns as compressive strength. The maximum flexural strength was observed in SS10PAO
(5 MPa) and SS20PAO (4.85 MPa), both higher than the control mix (4.65 MPa).

Increased pond ash contents reduced flexural strength considerably, with the lowest value observed in SS30PA40 (3.4 MPa).
Combined mixes with moderate steel slag (10-20%) and limited pond ash (<10%) gave satisfactory flexural strength
comparable to the control mix.

Mixes with 10—20% steel slag replacement recorded excellent quality concrete (SSI0PAO — 4.75 km/s and SS20PA0 — 4.65
km/s). These values exceeded the control mix (4.5 km/s) and indicated dense and well-bonded microstructures.

Combined mixes confirmed that UPV values remained satisfactory only when pond ash content was limited to 10-20% along
with steel slag.

Concrete mixes incorporating 10-20% slag and 10-20% pond ash can be recommended for pavement quality concrete (PQC)
and rigid pavements, where both strength and durability are critical.
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