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Investigation into the structural, 
durability, and thermal behavior 
of paddy stubble ash as a 
cementitious replacement for 
sustainable concrete
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In light of the increasing population leading to climatic changes across the globe, 
it has become imperative to dispose of waste materials, both organic and 
inorganic, bionic and non-bionic, to mitigate all aspects of environmental 
pollution, that is, land, water, and air. One method is to reuse such waste in 
the construction industry, which is also a major contributor to environmental 
pollution, in various forms, viz., admixture, additive, and reinforcement. In the 
present investigation, paddy stubble ash (PSA) was prepared by burning the 
stubble within an enclosure subjected to isothermal heating. The ash was 
found to comprise more than 60% silicon, aluminum, magnesium, and 
oxygen, confirming it as a pozzolanic material. The assay was followed by 
replacement of ordinary Portland cement (OPC) at 5%, 7.5%, and 10%. The 
structural properties of the lightweight concrete blocks, such as compressive 
strength and durability, were investigated following the IS 516:1959 (Reaffirmed 
2018) and IS 456:2000 (Reaffirmed 2021) standards, respectively. At 7.5% 
replacement, the compressive strength had the highest value of 25.27 MPa, 
30.61 MPa, and 34.28 MPa for 7 days, 28 days, and 56 days of curing, 
respectively, and that of the 10% replacement was the lowest. The scanning 
electron microscope (SEM) micrographs revealed uniformity in calcium silicate 
hydrate (C–S–H) gel formation during the hydration process for the concrete mix 
compositions. The energy-dispersive X-ray analysis (EDAX) and X-ray diffraction 
(XRD) elemental analysis showed dominance of calcium (Ca) and its compounds 
in PSA-incorporated concrete, as well as in the control concrete after 28 days and 
56 days of curing. The thermogravimetric analysis (TGA) reveals significant mass 
loss for control concrete and 5% PSA-replaced concrete, whereas with the 7.5% 
and 10% PSA-incorporated concretes, the mass loss was found to be reduced 
because of better moisture absorption.
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1 Introduction

The construction industry, owing to its polluting effect on the environment, has begun 
to focus on sustainable, low-carbon footprint, and green concrete production via the 
incorporation of natural or artificial byproducts of various industries, including but not 
limited to construction, iron and steel, mining, plastic, and agricultural. These byproducts, 
upon incorporation with cement paste, exhibit superior strength and durability properties 
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and aid in longer self-life as well as abatement in the cost of 
maintenance over the service period (Cunningham and Harvey, 
2019; Ashour et al., 2021; Hakeem et al., 2022; Tayeh et al., 2023). 
One such byproduct from the agriculture industry that has been 
investigated in the recent past is rice straw in various forms, viz., 
untreated straw, modified straw, straw fiber, straw bricks, and ash, 
also referred to as rice straw ash (RSA) (Najigivi et al., 2013; Roselló 
et al., 2017; Mahdy et al., 2023; Alharthai et al., 2025). In their recent 
work, Sarangi and Suganya (2024) reported extensive research 
findings on various agricultural waste utilization in the 
production of structural concrete and discussed the role of 
physical attributes on the mechanical properties of the respective 
concretes. Bahari et al. (2019) investigated the compressive strength 
and water absorption of concrete bricks made by enclosing rice 
straw bales in cement mixture paste. They reported that the 
compressive strength and specific gravity of the brick had an 
inverse relation with the straw volume, owing to the reduced 
quantity of cement and sand and the lower specific gravity of the 
straw. On the other hand, the increased volume of straw had a direct 
effect on the water absorption because dry straw has a higher 
tendency for water absorption. In another study by Beskopylny 
et al. (2022a), alkali-activated rice straw biochar by the carbonation 
technique was added to concrete, ranging from 0% to 10% with an 
interval of 2%. They observed an increase in compressive strength 
with an increase in the additive content and credited the increase to 
the fact that alkali activation led to improved physical and 
mechanical characteristics of the biochar.

In recent years, the burning of paddy stubble has become a 
major contributor to environmental degradation, especially in the 
northern states of India. The stubble left after rice cultivation adds 
no value in terms of soil fertility or monetary benefits to the farmer, 
and subsequently, farmers are left with no choice but to burn it to the 
ground and start the cultivation process for the next crop 
(Abdurrahman et al., 2020; Bhattacharyya et al., 2021; Dutta 
et al., 2022). The air quality index (AQI) in the national capital 
Delhi, including neighboring states of Punjab and Haryana, in the 
past few years, has been poor and unbreathable during the winter 
seasons. The scenario is not only limited to India but is reported in 
other countries like Malaysia and China as well (Dabai and 
Muhammad, 2017; Chen et al., 2018; Chen et al., 2020; Abd 
Razak et al., 2022), and will pose a global air pollution threat if 
an alternate solution is not sought shortly. Marques et al. (2020)
investigated using rice straw fibers as a sustainable alternative to 
cement. They confirmed the energy storage capacity with enhanced 
variable hygrothermal characteristics in moisture conditions. 
Furthermore, the density of the fiber was reported to be 
influential in water vapor transmission, with little variation in the 
thermal conductivity with increased density.

As per the ASTM C618-08a standard (Designation: C618-08a 
Standard Specification for Coal Fly Ash and Raw or Calcined 
Natural Pozzolan for Use in Concrete 1, n.d.), any compound 
with silica content higher than 70% can be treated as a natural 
pozzolanic cementitious material. The mechanical properties, viz., 
compressive strength, resistance to acidic environment, water 
absorption, and carbonation, of the concrete are substantially 
enhanced due to the presence of pozzolana that contributes to 
the pozzolanic reaction during the hydration process and 
consequently causes higher bonding strength between the 

concrete constituents. Most of the pozzolanic materials being 
investigated in the recent past are fly ash, blast furnace slag, rice 
husk ash, metakaoline, and palm oil fuel ash, being used as partial 
replacement of cement and thereby contributing to a reduction in 
environmental pollution (El-Sayed and El-Samni, 2006; Wang et al., 
2017; Munshi and Sharma, 2018; Sabapathy and Gedupudi, 2019; 
Goodman, 2020). Ataie (2018) explored the possibility and 
mechanical properties of using rice straw fiber (RSF) both in 
treated conditions by the leaching process and in untreated 
conditions. Incorporation of RSF resulted in decreased 
compressive strength and increased dry shrinkage of the 
concrete, as well as proactive behavior in the hydration process. 
The reduction in compressive strength is attributed to the fact that 
the leaching process, followed by removing the water in the mixing 
process, resulted in a consolidated water-to-cement increment. The 
untreated specimens, on the other hand, showed satisfactory results 
in the compressive strength enhancement; the treated specimens did 
not show any significant improvement in the course of the 
investigation. In another study by Pandey and Kumar (2019)
using rice straw ash and micro silica to replace cement, the water 
absorption and chloride ion penetration were found to decline 
during the curing period with an increase in the rice straw ash 
and micro silica content. Although the presence of micro silica 
makes the cement–aggregate matrix denser with increased content, 
it also leads to a significant reduction in the water absorption 
saturation in the concrete. Subashi De Silva et al. (2021) found 
an increase in compressive strength at higher weight percentage 
replacement of rice husk ash with cement at the 56th day of the 
curing period. There was also a reduction in sulfate exposure and 
weight loss, while exposure to an acidic atmosphere increased the 
rice husk ash weight percentage. At lower weight percentage 
replacement, better formation of hydrate gels was observed with 
uniform distribution of micro voids, resulting in a dense structure 
and thereby enhancing compressive strength and durability. Morsy 
et al. (2022) used geopolymerization reaction on the rice straw ash, 
followed by alkaline activation of the same, and prepared rice straw 
ash bricks, with varying percentage from 0% to 20% as replacement, 
along with 2.5%–10% mixture of sodium hydroxide. This process led 
to improved compressive strength and a reduction in bulk density, 
water absorption, and thermal conductivity. There was also a 
reduction in sulfate exposure and weight loss, upon exposure to 
an acidic atmosphere with increased rice husk ash weight 
percentage.

Physically and chemically, there is no noticeable difference 
between rice straw and paddy stubble, as both are the stems of 
the crop. Both rice straw stubble and paddy stubble are rich in silica, 
at 75%, and have moisture content between 13% and 20%. After 
burning, both ashes show an increase in silica content to 
approximately 95% and become hygroscopic in nature but with a 
lower moisture content, if stored properly. The rice husk, on the 
other hand, which is the outer shell of the grain obtained during the 
milling process, has a silica content higher than 90% and a moisture 
content below 5% in the form of ash. In the present study, paddy 
stubble was chosen over rice straw to investigate the feasibility of 
replacement for cement. An attempt was made to address the 
increasing concern of environmental pollution due to open-air 
stubble burning that produces contaminants such as carbon 
monoxide, nitrogen oxide, and sulfur oxide. The present research 
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aims to isolate the polluting agent produced in the burning of paddy 
stubble and investigate its effect on structural properties when used 
as a pozzolanic replacement for conventional cement. Efforts are 
being made to contain the pollutant by burning the stubble in a 
suitable enclosure, followed by incorporation into concrete through 
replacing cement by weight percentage and investigating the 
mechanical strength, durability, and thermal properties. The 
contribution of physical and elemental entities has also been 
investigated.

2 Materials and methods

2.1 Paddy stubble ash

The primary focus of the current investigation is to assess the 
behavior of cement paste concrete by incorporating controlled- 
environment incinerated paddy stubble ash. Paddy stubble, 
400 mm in length, was collected from a farmer at a nearby 
village in Vellore, India. The stubble was chopped into 100 mm 
lengths and cleaned with the help of a sieving process to remove 
unwanted soil particles. The cleaned stubble was wrapped in 
aluminum foil to prevent the production of smoke during the 
burning process in the oven. An electric furnace was pre-heated 
to 100 °C initially. The aluminum-wrapped paddy stubble was 
gradually heated to 600 °C for 2 h and subsequently allowed to 
cool to room temperature. At room temperature, the burnt stubble 
was then ground to fine particles with the help of a mortar and 
pestle, followed by sieving with a 90-micron sieve to achieve a 
uniform and fine particle size, as illustrated in Figure 1. The concrete 
mixtures were prepared by replacing cement with 5%, 7.5%, and 
10% paddy stubble ash and other constituents, ensuring uniform 
distribution with the help of a concrete mixer. A water-to-cement 
ratio of 0.4 was adopted in the current investigation during the 
concrete cube preparation.

The choice of a water-to-cement ratio of 0.4 was aimed at 
increasing the compressive strength, reducing porosity, and 
increasing the durability, hence enabling a rigorous evaluation of 
the performance of the developed mixes. Table 1 illustrates the 

respective concrete constituent properties used for the current 
investigation. These proportions were prepared based on the 
guidelines of IS10262:2019, with material characteristics 
complying with the relevant codes of IS. Necessary changes were 
then made to make the formulation applicable to laboratory- 
scale research.

2.2 Mechanical property investigation

2.2.1 Compressive strength determination

The compressive strength of the control concrete mix and PSA- 
incorporated concrete was determined by conducting a uniaxial 
compression test following the procedure as outlined in the Indian 
Standard code IS 516:1959 (Reaffirmed 2018). A total of 36 cubes 
having a size of 10 × 10 × 10 cm3 were prepared. Three cubes of every 
composition mix were water cured for 7 days, 28 days, and 56 days 
under atmospheric temperature and pressure. The structural 
behavior was assessed.

2.2.2 Acid attack

Another 36 cubes, not used for the compressive strength 
investigation, having a size of 10 × 10 × 10 cm3 were prepared. 
Three cubes of every composition mix were cured for 28 days, 
56 days, and 90 days. Each cube was initially cured in tap water for a 
period of 24 h. The IS 456:2000 (Reaffirmed 2021) code outlines that 
a composition having more than 5 gm/liter of sulfate mixed with 
groundwater is considered an extreme condition of exposure, for the 
concrete prepared with a 0.4 water-to-cement ratio. Following the 
guidelines, a solution was then prepared by taking 150 mL of 
concentrated sulfuric acid (H2SO4) with 98.08% purity and 
diluting it with 25 L of groundwater under atmospheric 
temperature and pressure. The respective concrete mix was cured 
for periods of 28 days, 56 days, and 90 days. After every curing 
period, the respective specimens were assessed for any dimensional 
changes, followed by a uniaxial compressive strength test following 
IS 516:1959 (Reaffirmed 2018) to investigate the durability 
properties.

2.3 Physical and elemental characterization

2.3.1 Morphological characterization

To investigate the stubble ash distribution across the cement 
paste matrix and determine various phenomena contributing to the 
structural and thermal behavior of respective concrete specimens, 
samples were examined under field emission scanning electron 
microscopy, and elemental analysis was conducted on the 
specimen surface through energy-dispersive X-ray (EDAX).

To understand the role of the hydration process in the respective 
concrete mixes in the due course of the curing period, the X-ray 
diffraction technique was adopted for a 2θ range from 10° to 90° at a 
scanning rate of 2° per minute. The Rietveld refinement analysis on 
XRD data was performed using X’Pert HighScore Plus software. The 
raw XRD patterns were analyzed using a polynomial function with 
Cu Kα radiation, λ = 1.5406 Å, and the crystallographic patterns 
were matched with the JCPDS database, which was then used to 

FIGURE 1 
Paddy stubble ash after the sieving process.
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initiate the Rietveld refinement analysis. The refinement was carried 
out by first refining the lattice parameter, followed by profile 
characteristics. The R-factor and profile R-factor were evaluated 
for phase weight fraction from the refined scale factors.

2.4 Thermal characterization

Thermal behavior was studied through thermogravimetric 
analysis (TGA) and differential thermal analysis (DTA) by 
heating the respective concrete mixture compositions from room 
temperature to 700 °C at a heating rate of 10 °C in an inert argon 
atmosphere.

2.5 Fourier transform infrared spectroscopy 
characterization

The Perkin-Elmer spectrometer was adopted for the 
investigation of bonds between various compounds in the 
respective concrete mixtures, and Fourier transform infrared 
(FTIR) spectra were recorded within the range of 450–4,000 cm−1 

with 2 cm−1 resolution.

3 Results and discussion

The dry weights of the control concrete and respective paddy 
stubble ash concrete were measured after 24 h of drying in an open 

atmosphere and are presented in Table 2. The dry weights of the 
respective cubes decreased with an increase in the ash replacement 
percentage. The determination of the density of concrete blocks with 
PSA is in accordance with the IS: 2185 (Part II) – 1983 (Reaffirmed 
2005), which specifically states that the lightweight concrete block 
density (weight density) should not exceed 1,600 kg/m3.

3.1 Mechanical properties

3.1.1 Compressive strength

The compressive strength of the respective concrete mixes after 
7 days, 28 days, and 56 days of curing was obtained following the IS 
516:1959 (Reaffirmed 2018) code of concrete compression test. The 
mean values of compressive strength, along with the standard 
deviation for the respective control mix and PSA-incorporated 
concrete mix, are presented in Figure 2. The compressive 
strength of the PSA-incorporated concrete mix at 5% and 7.5% 
replacement increased compared to the control concrete mix, 
whereas the 10% stubble ash concrete mix appeared to have 
reduced compressive strength for the respective curing time. The 
5% ash replacement was found to have strength values of 22.99 MPa, 
27.56 MPa, and 31.76 MPa, which are increases of 23.27%, 4.15%, 
and 5.44% at 7 days, 28 days, and 56 days of curing time, 
respectively, compared to the control mix that achieved 
18.65 MPa, 26.46 MPa, and 30.12 MPa compressive strength for 
the same curing times. The concrete mix prepared by replacing 7.5% 

TABLE 1 Respective concrete constituent properties (base composition).

OPC - Grade 53 Setting time (in 
minutes)

River sand Aggregate

Specific gravity Fineness Consistency Initial Final Coarse

3.15 287 m2/kg 31.50% 91 210 Zone-II 20 mm downgraded

TABLE 2 Dry weight and weight density of respective concrete mixes after 24 h of drying in an open atmosphere.

Concrete 
composition

Cube volume 
(in cm3)

Dry weight 
(in kg)

Average dry 
weight (in kg)

Weight density 
(in kg/m3)

Average weight 
density (in kg/m3)

Control concrete (0%) 1,000 2.486 2.564 2,486 2,564

2.594 2,594

2.612 2,612

5% PSA concrete 1,000 1.616 1.604 1,616 1,604

1.603 1,603

1.592 1,592

7.5% PSA concrete 1,000 1.598 1.571 1,598 1,571

1.554 1,554

1.560 1,560

10% PSA concrete 1,000 1.572 1.542 1,572 1,542

1.538 1,538

1.517 1,517
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PSA was observed to have 35.49%, 15.68%, and 13.81% increase in 
strength, with values of 25.27 MPa, 30.61 MPa, and 34.28 MPa, 
respectively, compared to that of the control concrete after 7 days, 
28 days, and 56 days of curing. The compressive strength for the 
7.5% PSA was 9.91%, 11.06%, and 7.93% at 7 days, 28 days, and 
56 days of curing, higher than that of the 5% ash concrete. The 
increased compressive strength in both cases could be attributed to 
the fact that the addition of PSA led to an increase in surface area, 
resulting in increased adhesive forces in the interfacial transition 
zone between the constituents, as reported by Hakeem et al. (2023). 
The PSA particles, further, due to their particle size, could fill the 
gaps between the concrete constituents, and a higher quantity of 
silica led to the formation of a higher amount of silicate hydrate 
(C–S–H) gel when reacting with Ca(OH)2 (Munshi and Sharma, 
2026; Pachla et al., 2021).

The 10% stubble ash concrete mix appeared to have the lowest 
compressive strength among the designed concrete mixes. This 
finding is in line with the investigation by Pandey and Kumar 
(2020), who attributed the reduction in compressive strength of a 
10% replacement using rice straw ash to a dilution effect of cement 
as well as the presence of unburnt carbon. Indeed, the compressive 
strength of the 10% mix did not show the expected behavior and 
appeared to have a reduced compressive strength of 10.68%, 22.04%, 
and 16.65% for the 7-day, 28-day, and 56-day curing periods, having 
values of 16.85 MPa, 21.68 MPa, and 25.82 MPa, respectively, less 
than the control concrete. A similar pattern was reported by Amin 
et al. (2022), in which increased rice straw ash content resulted in 
declining compressive strength. The finding was attributed to the 
fact that the hydration reaction would have reached the saturation 
point, leaving behind some unreacted ash particles and 
consequently, a less dense cement–aggregate matrix, thereby 
affecting the compressive strength. Nguyen and Mangat (2020)
also reported that higher ash content led to unreacted particles 
contributing to the presence of voids in the concrete matrix and 
consequently a decline of compressive strength. These voids could 
be a possible cause in the present investigation, as there was no 
evidence of unburnt carbon found, as in the case of Amin et al. 
(2022). Nguyen and Mangat (2020) also reported decreases in split 
tensile strength, flexural strength, and modulus of elasticity at higher 

percentages of rice straw ash, attributed to the presence of an excess 
amount of SiO2 from the ash.

According to IS 456:2000 (Reaffirmed 2021), OPC-based 
concrete typically attains approximately 65%–70% of its 28-day 
strength at 7 days, and this trend is clearly observed in the 
present study. Referring to Figure 2, the control mix achieved 
18.65 MPa at 7 days, which is approximately 70% of its 28-day 
strength of 26.46 MPa, indicating normal strength development. 
Although the 28-day strength is lower than the code target mean 
strength of 31.6 MPa specified in IS10262, this value is intended only 
for mix proportioning to account for field variability and is not an 
acceptance criterion; concrete grade classification is based on 
characteristic strength. The marginal reduction in 28-day 
compressive strength observed in the 5%, 7.5%, and 10% PSA 
mixes at early ages is attributed to the dilution effect of cement 
clinker and the slower pozzolanic reaction of PSA, which limits the 
formation of early-age C–S–H. However, at an optimum 
replacement level of 7.5% PSA, the progressive pozzolanic 
reaction contributes to matrix densification and increased 
strength at later ages, as evidenced by the 56-day strength of 
34.28 MPa. In contrast, higher replacement levels (10%) result in 
insufficient calcium availability for effective pozzolanic activity. 
Thus, the observed strength variations are consistent with the 
material behavior and IS provisions, and the designation of the 
mixes as M25 grade concrete remains technically justified.

Considering the individual mixes, the compressive strength of 
all concretes was found to increase with the curing time, which is a 
very obvious and proven fact that the bonding between respective 
constituents of the concrete gets stronger, thereby influencing the 
strength characteristics.

3.1.2 Durability investigation

The compressive strength of the respective concrete 
compositions after curing in an acidic environment for the 
respective curing period is illustrated in Figure 3. The acidic 
environment response of the respective concrete cubes was 
similar to that observed in the compressive strength 
investigation. A drop in compressive strength of 30% was 

FIGURE 2 
Compressive strength of the respective M25 grade mixture concrete.
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observed for the control mix after 28 days of acid curing, compared 
to the 28 days of water curing. The decline for the 5% PSA mix was 
nearly 32%. The 7.5% PSA concrete showed a marginally 
lower value, with a 19% drop in compressive strength, and the 
10% PSA showed a drop in value of 49.5% in compressive strength 
after 28 days of acid exposure to the control at 28 days of 
water curing.

After 56 days and 90 days of exposure in the acidic environment, 
the control concrete showed nearly 45% and 75% decreases in 
compressive strength, respectively. At 56 days and 90 days of 
acidic exposure, the 5% PSA concrete mix showed a decrease in 
compressive strength of 41.5% and 65.12%. For the 7.5% PSA, the 
decrease values were 30.83% and 44.15%, and they were 19.5% and 
68.57% for the 10% PSA concrete mixture. As noted in the case of 
compressive strength, the 7.5% PSA concrete mix showed noticeable 
resistance to the acidic environment compared to the other mix 
compositions, and the 10% PSA mix had the least resistance to the 
acidic environment. The behavior of 7.5% PSA concrete may be due 
to the uniform distribution of PSA in the cement paste matrix and 
the formation of C–S–H gel at the intercritical transition zone 
during the curing phase, which prevented the penetration of acid 
molecules and safeguarded the concrete from damage.

A total of three castings were made, targeting each level of 
replacement ash. They were tested for compressive strength at 
7 days, 28 days, and 56 days of curing. Individual compressive 
strength data under the conventional definition provided standard 
deviation values of 0.94 MPa, 0.79 MPa, 0.69 MPa, and 1.37 MPa (as 
per Equation 1): 

SD �􏽘 (xi − x̄)2􏼎n − 1. (1)

These are the values of specimens that have been cured in water 
under controlled laboratory conditions. The much larger SD values 
(approximately 4 MPa) described in Figure 3 refer to much more 
varied values that are observed when exposed to acid. The 4 MPa 
value commonly seen in design codes represents the assumed 
variability when using field-condition concrete, rather than when 
using concrete in a controlled laboratory environment. This means 
that the reduced standard deviations that are gained in the current 
study are feasible.

3.2 Field emission scanning electron 
microscope

To assess the morphological aspects, PSA and the respective 
concrete mixes were observed under the field emission scanning 
electron microscope, followed by elemental mapping with the help 
of energy dispersive X-ray (EDAX) analysis. The morphology and 
EDAX peaks of paddy stubble ash are presented in Figure 4. Note 
that a rich amount of carbon was present in the ash, and the 
combination of silicon, aluminum, magnesium, and oxygen 
contributes almost 60%, which is higher than the recommended 
value of 50% as outlined in ASTM C618 (Designation: C618-08a 
Standard Specification for Coal Fly Ash and Raw or Calcined 
Natural Pozzolan for Use in Concrete 1, n.d.) to be classified as 
Class C pozzolana.

The microscopic investigation of control concrete that was 
found to be rich in calcium (Ca), aluminum (Al), oxygen (O), 
and silicon (Si) is elucidated in Figures 5a–c. Surface cracks were 
observed at 7 days and 56 days of water curing under atmospheric 
temperature and pressure (Figures 5a–c, respectively), whereas no 
such phenomenon was observed at 28 days of curing (Figure 5b). In 
addition to the surface cracks on the specimens cured for 56 days, 
honeycomb patterns were also observed. The castings after 28 days 
of curing, on the other hand, were observed to have non-conducting, 
bright, crystal-like particles distributed uniformly. The elemental 
investigation of the 56-day sample was similar to that of the 28-day 
sample, showing the preeminence of Ca, followed by Si and O2. In 
contrast, the 7-day sample was found to be rich in silicon, followed 
by oxygen and aluminum, leading to the formation of uniformly 
distributed amorphous compounds, viz., SiO2 and Al2O3, during the 
hydration process, as shown in the XRD investigation illustrated in 
Figure 7. The honeycomb patterns on the castings of control 
concrete cured for 56 days (Figure 5c) suggest a higher amount 
of C–S–H gel formation due to the increased degree of hydration 
owing to the longer period of exposure to water, thereby fostering a 
hydration reaction between water and the CaCO3 present in cement, 
and consequently contributing to increased compressive strength. In 
contrast, the non-conducting bright crystal-like particles on the 
control concrete after 28 days of curing, shown in Figure 5b, could 

FIGURE 3 
Compressive strength of the respective concrete mixtures after acid curing.
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be the hydration product of CaCO3 and water, as evident from the 
EDAX elemental analysis revealing the dominance of calcium over 
the other elements. Similar phenomena were observed after 56 days 
of curing, with a predominance of Ca followed by Si and O2, 
justifying the higher amount of C–S–H gel in the 
cementitious matrix.

The micrographs and EDAX elemental analysis of 5% PSA 
concrete after curing in water for 7 days, 28 days, and 56 days 
are shown in Figures 6a–c, respectively. In addition to the surface 
crack in the control concrete, porous voids were also found in the 7- 
day and 28-day samples (Figures 6a,b, respectively), and they are not 
seen after 56 days of curing, similar to the findings of Wang et al. 
(2021) and Chanda et al. (2025), who reported the presence of 
porous voids upon incorporation of geopolymer based ash in the 
concrete preparation. The surface phenomena are in line with the 
investigation by Beskopylny et al. (2022b), in which the 
incorporation of rice straw biochar led to less dense bonding 
and, consequently, the presence of cracks and voids. 
Furthermore, with the increase in ash content, hydrate products 
in the form of flakes were formed during the hydration process, 
which is in agreement with the investigation by Wu et al. (2021). The 
concrete mixture after 7-day and 28-day curing periods appeared to 
be rich in Ca, followed by Si and O2, whereas the EDAX peaks for the 
56-day curing period revealed domination of Si over Ca and O2. In 
the case of the 5% PSA-replaced concrete mixture, the presence of 
voids could have been the consequence of a premature hydration 
reaction between PSA and cement particles, whereas the absence of 
voids at 56 days of curing could be the result of saturation of the 
hydration reaction, suggesting stronger bonding strength between 
concrete constituents (Tayeh et al., 2023).

The elemental characterization of the 7.5% PSA-incorporated 
concrete revealed the domination of calcium over silicon and oxygen 
for the respective water curing periods, that is, 7 days, 28 days, and 
56 days. The results are shown in Figures 7a–c, respectively, under 
EDAX analysis. However, the EDAX spectra show that the 
contribution of oxygen was in the range of 40%–47% by weight 
percentage, followed by calcium, ranging from 30% to 34%, and 
silicon, which contributed approximately 7%–10% for all the curing 
periods. The surface phenomena were found to agree with the 

investigation of Yaro et al. (2023), who observed both similar 
surface textures for rice straw ash prepared under a controlled 
environment and the presence of compounds of elements like 
carbon, oxygen, silicon, potassium, calcium, magnesium, and 
aluminum. The 28-day samples shown in Figure 7b revealed 
needle-like crystal particles, which could be the development of 
Ettringite due to the hydration reaction between cement, PSA, and 
other micro-constituents in the mix preparation process. This 
ettringite could be the primary phase of formation as a result of 
the early days of the hydration process, because of the reaction 
between sulfate and calcium aluminum compounds in the presence 
of water that makes the cement–aggregate matrix stiff, resulting in 
increased compressive strength. Furthermore, with the increase of 
curing period, that is, after 56 days, the so-formed primary Ettringite 
would have dissolved into calcium and aluminum compounds as a 
consequence of the release of more and more alumina in the matrix 
(Pandey and Kumar, 2020; Chanda et al., 2023).

The micrographs observed under SEM and the respective EDAX 
spectrum for the 10% PSA concrete mix are presented in Figures 
8a–c. There was no major difference found in the surface features; 
that is, hydrate flakes, porous cavities, and cracks were present, as in 
the case of the other two compositions. At 7 days of curing 
(Figure 8a), only porous cavities and needle structures were 
observed, and with a longer curing period, only cracks and 
hydrate flakes were present. Such features could be due to the 
higher amount of PSA, leading to non-uniform particle 
distribution, resulting in suppression of the hydration reaction 
within the cement–aggregate paste (Rahaman and Salam, 2017; 
Awoyera et al., 2022; Chanda and Guchhait, 2025).

Like the 5% and 7.5% concrete mixes, the 10% concrete mix 
shown in Figure 8c was also observed to be under the dominance of 
calcium, followed by silicon and oxygen. However, for the 28-day 
curing period, there was a spike in the carbon content in the EDAX 
analysis, as shown in Figure 8b, which could probably be due to the 
ash content. This finding suggests the non-reactivity of PSA with 
cement or other constituents of the concrete. A higher carbon 
content in any kind of pozzolanic material is undesirable because 
it leads to the formation of carbonaceous compounds with other 
elements in the concrete matrix, constraining the reactivity of 

FIGURE 4 
Morphological and elemental images of paddy stubble ash.
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cementitious components during the hydration process 
(Cunningham and Harvey, 2019; Zhang et al., 2023).

3.3 X-ray diffraction analysis (XRD)

The XRD pattern of paddy stubble ash is presented in Figure 9, 
and the Rietveld refinement analysis for compound wt% is presented 
in Figure 10. The major compounds found in the PSA were calcium 
carbonate (CaCO3) and silicon oxide (SiO2), and compounds of iron 
oxide (Fe2O3), copper iron sulfide (Cu5FeS4), and sodium fluoride 
(NaF) were present in trace amounts of 5%, 4%, and 3%, 
respectively, as evident from the Rietveld analysis shown in 
Figure 10. The Rietveld analysis revealed that the SiO2 was 
approximately 50% by weight, and CaCO3 was approximately 
37% by weight. Rietveld refinement quality indicators such as Rp, 
Rwp, χ2, and goodness-of-fit were obtained from the XRD 
investigation. These parameters provide an objective measure of 

the reliability of the refinement and the resulting phase 
quantification. The obtained Rp and Rwp values fall within 
acceptable limits, while the χ2 value is close to unity, indicating a 
good agreement between the experimental and calculated diffraction 
patterns, supporting the robustness of the quantitative phase 
analysis. Specifically, the refinement yielded Rp = 9.6%, Rwp = 
12.4%, and χ2 = 1.38. After phase quantification, the oxide 
composition values of SiO2, Al2O3, Fe2O3, and CaO were found 
to be 19.4%, 27.3%, 21.6%, and 31.7%, respectively. The combined 
value of SiO2 + Al2O3 + Fe2O3 was found to be 68.3%, which is 
higher than the recommended >50% as per ASTM C618 to be 
considered as Class C Pozzolana. The results of XRD analysis also 
validate the claim made from the field emission scanning 
electron microscopy (FESEM) investigation shown in Figure 4, 
with a rich amount of calcium and silicon, and match the 
requirement for pozzolanic material as specified in the ASTM 
C618 standard.

FIGURE 5 
Micrographs and elemental analysis of control concrete (0% PSA) after respective curing periods: (a) 7 days, (b) 28 days, and (c) 56 days.
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The XRD patterns of control concrete, 5%, 7.5%, and 10% PSA- 
replaced concretes, for respective water curing periods, are shown in 
Figures 11–14, respectively. As evident from Figure 6, the control 
concrete showed a higher percentage of Ca in the mixture at the 
respective curing periods. The XRD results supported the EDAX 
findings by revealing compounds of Ca, Al, Si, and O2 at 7 days, 
28 days, and 56 days in Figures 11a–c, respectively. For the control 
concrete, it was clearly observed that most of the compounds formed 
during the hydration process were oxides (MgO, Al2O3, AlCaFe5O9, 
and Ca2Al2O3), silicates (Ca2SiO4, Al2SiO5, and Ca6H2O13Si3), 
silicides (Al9FeSi3), and hydroxides (Ca2Fe2HO15Si5 and 
Al8Ca8H42O73Si16), at different curing periods, as shown in 
Figures 11a–c for 7 days, 28 days, and 56 days, respectively. The 
SEM micrographs show honeycomb hydrate structures after 56 days 
of curing. A calcium aluminum silicate hydrate (Al2CaH4O14Si4) 
compound spectrum was revealed at a 2θ position of 26.17° 

(Figure 11c), justifying the hydration process resulting in an 

enhanced binding mechanism between the cementitious products 
and contributing to the strength of the concrete. The domination of 
aluminum, calcium, and silicon-based compounds could be seen at 
all three curing periods (Figures 11a–c), suggesting uniformity in the 
cement–aggregate matrix. Sodium, potassium, and iron were 
also observed.

The XRD results of the 5% PSA for the respective curing periods 
(Figures 12a–c) were quite similar to those observed in the EDAX 
analysis shown in Figures 4a–c. Al2O3 appeared to be in the 
prominent role in stabilizing the cement paste matrix at curing 
periods of 7 days and 28 days (Figures 12a,b), respectively. However, 
there is a peak shift observed at the 2θ position from 75.24° after 
7 days of curing to 63.74° after 28 days of curing. In contrast, the 
aluminum oxide was not observed after 56 days, Figure 12c, while 
silicon oxide (SiO2) instead appeared with higher intensity. A 
hydrate compound, such as Ca4Al2SO10·12H2O, was revealed in 
the XRD spectra of the concrete block cured for 7 days. 

FIGURE 6 
Micrographs and elemental analysis of 5% PSA replacement concrete after respective curing periods: (a) 7 days, (b) 28 days, and (c) 56 days.
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Na1.52Al2Si63O129.76·xH2O, and Al2C3Ca6H64O41 were found after 
28 days of curing, and 0.76Na2OAl2O3·63SiO2·xH2O, CaSO4·2H2O, 
Ca4Fe2S2O9·12H2O, and Ca6H2O19Si6 were found after 56 days of 
curing. The increase in compressive strength could be due to the 
increase in C–S–H gel with the increasing hydration reaction period, 
which was supported by the findings of the XRD investigation. 
Other than the hydrate compounds, similar to the control concrete, 
oxides and hydroxides were found after each stage of the 
curing period.

The diffractogram of the 7.5% PSA concrete mix by cement 
weight percentage revealed major contributions of compounds of 
calcium, aluminum, and silicon (Figures 13a–c) after curing periods 
of 7 days, 28 days, and 56 days, respectively. The hydrate compound 
Ca6Si6O17(OH)2 was found at the 73.59°, 2θ position in the casting 
cured for 7 days (Figure 13a). Ca5H2O18Si6 (calcium silicate 
hydroxide) was observed with higher intensity at the 2θ position 
of 28.32°. Hydroxide compounds at various 2θ positions appeared to 

have a major impact on the mechanical properties of the concrete 
and were mainly composed of Al, Si, Ca, and Mn. Clearly, with an 
increase in the curing period, the 28-day cured castings shown in 
Figure 13b revealed an enhanced hydration reaction, with calcium 
aluminum sulfate hydrate (Al2Ca4H28O24S), calcium aluminum 
silicate hydrate (Al2CaH4O14Si4), and sodium hydrogen sulfate 
hydrate (NaHSO4·H2O) at the 2θ positions 31.21° and 32.47°, 
26.49°, and 24.58°, respectively. The hydroxide, sulfate, and 
silicate compounds in the 28-day castings appeared to have a 
lesser contribution to the mechanical properties. The hydration 
reaction between the respective elements after 56 days of curing 
(Figure 13c) did not show any difference from that of the castings 
cured for 28 days. Hydrate compounds Al2CaH4O14Si4 and 
AlH11O10S appeared to be formed during the curing process and 
affected the strength of the castings. Similar to the castings cured for 
28 days, the oxide and sulfate compounds were also present in 
smaller quantities after 56 days of curing.

FIGURE 7 
Micrographs and elemental analysis of 7.5% PSA replacement concrete after respective curing periods: (a) 7 days, (b) 28 days, and (c) 56 days.
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The XRD investigation of the 10% PSA-replaced cement 
(Figures 14a–c) was aligned with the findings of the microscopic 
investigation (Figures 6a–c). The 7-day water-cured casting 
(Figure 14a) was found to have a mixture of hydroxide, that is, 
Ca5H2O18Si6, and hydrate compounds AlCa5H11O23Si5, 
Ca4.50H7O20Si6, and Al12Ca6H60O78Si12. However, the maximum 
impact appeared to be from calcium silicate hydroxide 
(Ca5H2O18Si6) at the 2θ position of 29.77° and calcium iron 
oxide (Ca4Fe14O25) at the 2θ position of 64.60°. The 28-day 
castings (Figure 14b), on the other hand, showed the impact of 
hydroxide, oxide, silicate, and sulfate compounds, which could be 
due to the excess amount of PSA resulting in suppression of 
hydration reaction as revealed by the FESEM micrograph 
(Figure 6b). After 56 days of hydration (Figure 14c), there were 
no traces of any hydrate compound to contribute to the compressive 
strength, as observed in the microscopic investigation (Figure 6c). 
The major contributors were calcium aluminum oxide sulfate, 

calcium iron oxide, calcium aluminum iron oxide, magnesium 
oxide, and calcium silicate. The reduction in hydrate compounds 
could be credited to the fact that a higher percentage of PSA limits 
the production of Ca(OH)2 in the hydration process, as claimed by 
Oliko et al. (2020)

3.4 Thermogravimetric analysis/derivative 
thermogravimetric analysis

The TG/DTA findings are reported in Figures 15, 16 for paddy 
stubble ash, respectively, and in Figures 17a–c for PSA-incorporated 
concrete mixes. Figure 15 shows negligible weight loss to 300 °C, 
which could possibly be due to the aluminum foil enclosure that 
would have contained the moisture in the paddy stubble, similar to 
the findings of Jiang et al. (2021). With a further increase in 
temperature, the stubble eventually starts losing moisture, and 
weight loss of 291.8 μg/min can be observed to 420.5 °C. The 

FIGURE 8 
Micrographs and elemental analysis of 10% PSA replacement concrete after respective curing periods: (a) 7 days, (b) 28 days, and (c) 56 days.
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curve decreases to 500 °C and then becomes level to 700 °C. The 
increase in the curve could be due to the carbonation process, during 
which volatile matter was released, and a limited quantity of water 
was absorbed during the carbonation period. The results are in line 
with Narzary et al. (2023), who investigated the thermal behavior of 
rice straw in the form of briquettes to be used in concrete 
production. They reported that during the burning of rice straw, 
there would be destruction in the hydrophilic hydroxyl groups, 
leading to a slight increase in the TG/DTA curve. Beyond 600 °C, 
dissolution of lignin in the rice straw started to occur. The DTG 
analysis resulted in loss on ignition (LOI) in accordance with ASTM 
C311. The ash sample was heated at 750 °C for 2 h in a muffle 

furnace, the mass loss was measured, and the LOI value was 
observed to be 5.79%, which confirms the paddy stubble ash to 
be Class C pozzolana according to ASTM C618. The DTG curve is 
presented in Figure 15.

The thermal characteristics response of the respective cement 
mixtures is presented in Figures 17a–d. It can clearly be observed 
that for the control and 5% PSA mixtures (Figures 17a–c, 
respectively), a mass loss of 238.3 μg/min and 92.8 μg/min, 
respectively, occurred at 100 °C, suggesting that a hydration 
reaction occurred at very early stages during the curing period. A 
mass loss of 125.3 μg/min and 55.5 μg/min for the control and 5% 
PSA concrete, respectively, at 450 °C, and another of 164.9 μg/min 
and 66.9 μg/min at 700 °C was observed. It could be inferred that the 
calcium hydroxide and alumina compounds would have been 
released during the hydration process at later stages of the curing 
period, resulting in chemical interaction of silica compounds in the 
paddy straw ash with the volatile alumina and calcium hydroxides, 
and thereby formation of respective hydrate compounds, as found in 
the XRD investigation. A similar observation was also made by 
Narzary et al. (2023): the TGA curve showed stable behavior to 
100 °C, following a loss in weight attributed to the loss in moisture 
content in the rice straw biochar, and a further increase in the curve 
due to the carbonization process during further temperature 
increases. Degradation of lignin compounds was reported at 
temperatures between 600 °C and 900 °C, and the remaining 
weight in the curve was attributed to the presence of residual 
elements. For the 7.5% PSA concrete mixture, there was no 
intermediate mass loss, and at 89.4 °C, a mass loss of 85.4 μg/ 
min was observed. This could be due to the higher mass percentage 
of ash, which tends to reduce water absorption and also contributes 
to a slower rate of hydration reaction. As with the control and 5% 
PSA concrete, where a sharp drop in the peak was observed, the 7.5% 
PSA concrete showed a gradual drop in the peak from 500 °C to 

FIGURE 9 
X-ray diffraction pattern of paddy stubble ash.

FIGURE 10 
Rietveld refinement analysis for compound wt%.
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650 °C, followed by a noticeable drop of 167.5 μg/min at 700 °C. The 
result obtained for 10% PSA concrete supports the findings of SEM 
and XRD, revealing suppression of hydration reaction with the 
increased ash content and the presence of hydroxide and silicate 
compounds, as there was no significant mass loss observed during 
the TGA investigation. Furthermore, the TGA curve of the 10% 

concrete mix (Figure 17d) appears to behave similarly to that of the 
7.5% PSA mix (Figure 17b) between 100 °C and 700 °C. It could be 
inferred that an increased amount of amorphous PSA content 
results in increased surface area and unreacted ash particles, 
leading to greater moisture absorption and hence a reduction in 
the compressive strength.

FIGURE 11 
X-ray diffraction pattern of control concrete (0% PSA) at (a) 7 days, (b) 28 days, and (c) 56 days of curing.

FIGURE 12 
X-ray diffraction pattern of 5% PSA concrete at (a) 7 days, (b) 28 days, and (c) 56 days of curing.

FIGURE 13 
X-ray diffraction pattern of 7.5% PSA concrete at (a) 7 days, (b) 28 days, and (c) 56 days of curing.
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3.5 Fourier transform infrared 
spectroscopy analysis

The FTIR spectrographs after 7-day and 28-day curing for 
respective concrete mixtures are presented in Figures 18a,b. The 
vibration peaks for control concrete in the 7-day and 28-day samples 
were observed at approximately 3,200 cm−1, suggesting the O–H–O 
stretching, which could be attributed to the hydroxyl group 
pertaining to the CO3 group (Yaro et al., 2023), as had been 
observed in the XRD investigation (Figure 11). For the PSA- 
replaced concrete composition, peaks were observed at 
approximately 1,500 cm−1, 2,500 cm−1, and 4,000 cm−1 for both 
the 5% and 7.5% PSA mixes. The peak at 1,500 cm−1 signifies the 
presence of OH and NH groups, implying the hydride group 
deflection, owing to the C–N and C–H stretch (Zhang et al., 
2023). However, in the case of the 10% PSA, concrete vibration 
peaks were observed to be distorted between 3,200–4,000 cm−1. This 
signifies the presence of a complex arrangement of symmetric and 
asymmetric OH stretching and could be attributed to the trapped 
OH group (Morsy et al., 2022).

4 Relevance to SDG13

Stubble burning is a major contributor to environmental 
pollution through the release of greenhouse gases, viz., carbon 
dioxide and methane, resulting in a potential increase in global 
warming (Abdurrahman et al., 2020; Narzary et al., 2023). Apart 
from the greenhouse gases, the release of other particulate matter 
also contributes to unhealthy breathing air quality and consequently 
results in respiratory diseases if proper precautions are not taken. As 
reported by Abdurrahman et al. (2020), approximately 17%–325 of 
total greenhouse gases are contributed by the agriculture sector 
worldwide, and India contributes approximately 12.2%, which is 
approximately 658.823 Tg CO2 equivalents. A 36% loss of annual 
wheat production in the past few years has been attributed to the 
poor quality of the air and changes in the environmental conditions. 
Dutta et al. (2022) reported the effect of stubble burning on soil 
health and nutrition, resulting in aggravated soil organic carbon 
(SOC) loss, leading to calamitous effects on soil microbial flora and 
fauna. SDG13 points out the relevance to climate action. The 
investigation aims to prevent the polluting contaminants from 
entering the atmosphere by enclosing the paddy stubble in the 
aluminum foil. Additionally, the incineration process was carried 
out by gradually heating the enclosed paddy stubble with the help of 
an electric arc furnace, thereby allowing the stubble to turn into 
biochars with the increase in temperature. Consequently, during the 
incineration process, there was no visual evidence of the release of 
smoke to the atmosphere from the furnace, which would have been 
the case in an open-air burning process.

5 Conclusion

1. The paddy stubble ash (PSA) is successfully synthesized into 
nano-cementitious particles and found to be a suitable 
candidate with more than 70% silica content that satisfies 
the criteria of a pozzolanic material for structural application.

2. The compressive strength of 5% and 7.5% PSA replacement is 
found to be increased at each of the early and later stages of the 
curing period, that is, 7 days, 28 days, and 56 days, compared to 
that of the control mix composition without PSA.

3. A further increase in the replacement of cement with PSA, that 
is, at 10%, shows a declining effect in the compressive strength 

FIGURE 14 
X-ray diffraction pattern of 10% PSA concrete at (a) 7 days, (b) 28 days, and (c) 56 days of curing.

FIGURE 15 
DTG curve of paddy stubble ash.

Frontiers in Built Environment frontiersin.org14

Sarangi and OM 10.3389/fbuil.2026.1753297

https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2026.1753297


FIGURE 16 
TGA/DTG curve for paddy stubble ash.

FIGURE 17 
TGA/DTG curve of concretes: (a) 0% PSA, (b) 5% PSA, (c) 7.5% PSA, and (d) 10% PSA.
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FIGURE 18 
FTIR spectrum of respective concrete mixes: (a) 7 days of curing and (b) 28 days of curing.
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compared to the other concrete mixture compositions, 
including the control composition.

4. The SEM micrographs of the respective concrete mixtures 
reveal different surface characteristics, such as hydrate flakes, 
needle agglomeration, porous voids, and cracks at the 
respective curing periods.

5. The SEM micrographs of 5% and 7.5% PSA samples further 
reveal the presence of major hydrate or hydride compounds 
formed during the hydration process and contributing to the 
gain in compressive strength.

6. The XRD analysis of 5% and 7.5% concrete provides necessary 
confirmation of hydrate and hydride compounds as observed 
in the FESEM micrographs for the respective concretes, as well 
as the respective curing periods.

7. The interference of the FESEM micrograph and XRD analysis, 
both complementing each other for the 10% PSA-replaced 
concrete, reveals that an increase in the ash content results in 
non-uniformity of hydrate and hydride compounds in the 
cement–aggregate paste and thereby supports the findings of a 
reduction in compressive strength.

8. Thermal analysis revealed significant mass loss for the control, 
5%, and 7.5% PSA-incorporated concrete mixtures, suggesting 
the occurrence of a hydration reaction leading to the formation 
of hydrate compounds, thereby affecting the mechanical 
properties.

9. The TGA analysis of 10% PSA-incorporated mixtures, 
however, did not reveal any sharp drop in the peak, thereby 
validating the inferences of the FESEM and XRD investigation, 
which shows interruption in the hydrate product formation 
and reduced compressive strength.

6 Future recommendations

The present investigation aims to replace cement with paddy 
stubble ash while addressing the environmental pollution caused by 
the open-air burning of paddy stubble by farmers. The results 
revealed that at a lower percentage of PSA replacement, the 
structural strength, durability, and thermal properties are in an 
acceptable range compared to those at a higher percentage. Though 
the PSA was found to be a suitable replacement for cement, further 
investigation is needed to assess its feasibility in manufacturing and 
commercial terms. Below are a few recommendations based on the 
present investigation.

a. At present, the PSA is used in its raw form without any special 
treatment. Investigation on activation treatment processes on 
the paddy stubble before and after preparation of PSA could 
result in further increases in the structural and durability 
properties of the concrete.

b. The present investigation attempts to produce environment- 
friendly concrete by isothermal incineration of paddy stubble 
in an enclosed capsule, and actual carbon dioxide reduction by 

the process must be explored to further justify the climate 
change claim quantitatively.

c. Investigation of the commercial aspects, such as 
manufacturing feasibility, impact on the cement 
manufacturing investment, and benefits to the farmers, 
must be explored to address the socio-economic parameters.
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