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ABSTRACT

This study explores the development, characterization, and performance of sustainable cow dung bricks using locally
sourced organic (cow dung) and mineral (clay, quartz sand, feldspar, lime) constituents for non-load-bearing masonry
in India. Three blends with varying cow dung content (70%, 75%, 80%) were mixed, molded, air dried, and cured
without kiln firing to reduce environmental impact. The bricks’ mechanical properties—compressive strength, water
absorption, bulk density, flexural strength, shore hardness, and modulus of elasticity—were systematically evaluated
with complete statistical documentation (n = 6 replicates per formulation per test age). Microstructural features were
investigated using Fourier Transform Infrared Spectroscopy (FTIR) and X-Ray Diffraction (XRD) to reveal the nature of
organic-inorganic interactions and phase composition. The optimal 70% cow dung brick (M1) achieved a compressive
strength of 4.2 + 0.3 MPa (p = 0.002), water absorption of 18.5 4+ 1.2%, and a bulk density of 1480 + 45 kg/m?,
meeting IS 1077/1S 3495 non-structural standards. FTIR and XRD analyses confirmed integration of organic matter
with mineral phases and the formation of carbonation-derived calcite, contributing to strength development. Thermal
conductivity was low (0.18-0.28 W/m-K), demonstrating 60-70% superior insulation compared to conventional fired
bricks (0.6-1.0 W/m-K). Statistical analyses and data visualization were performed using Google Colaboratory and
Python tools, ensuring rigorous and reproducible data interpretation. Material safety protocols for pathogen inactivation
through sun-drying (48-72 hours achieving 90-99% pathogen reduction per literature) are presented as prerequisite for
industrial-scale production. Durability assessment through IS 3495 efflorescence testing and climate-based application
guidance establish appropriate use conditions for interior partitions in diverse Indian climatic zones. These results
establish cow dung bricks as technically feasible, cost-effective, and environmentally sustainable alternatives for non-
structural green building applications, supporting both circular economy principles and India’s climate targets. The
research underlines the potential for further optimization of unfired, bio-based masonry in sustainable construction,
while identifying critical future research needs including long-term field performance validation and comprehensive
microbiological characterization.

Keywords: Cow dung brick, Sustainable masonry, Mechanical properties, Microstructural analysis, FTIR, XRD, Thermal
conductivity, Circular economy, Statistical rigor, Biosafety protocols, Climate-appropriate design
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1. Introduction

The construction industry contributes approxi-
mately 39% of global carbon emissions, with tradi-
tional building materials such as fired clay bricks
accounting for a significant portion of this environ-
mental burden [1, 2]. In India, the brick manufactur-
ing sector alone consumes nearly 24 million tonnes of
coal annually and produces over 200 million tonnes
of CO, emissions, while depleting fertile agricultural
topsoil at an alarming rate [1, 3]. The present inves-
tigation aims to address these critical environmental
challenges through the development of sustainable
building materials utilizing cow dung as a primary
binding agent, integrated with appropriate safety
protocols and honest assessment of performance
limitations.

Cow dung, abundantly available across rural In-
dia with an estimated annual production of 3 billion
tonnes, represents an underutilized organic waste
stream with significant potential for construction ap-
plications [4]. The chemical composition of cow dung
exhibits remarkable binding properties due to its
inherent fibrous content, organic matter (40-50%),
moisture content (80-85% when fresh), and presence
of lignin, cellulose, and hemicellulose compounds
that contribute to matrix cohesion upon drying [5, 6].
Traditional building practices in the Indian subcon-
tinent have historically incorporated cow dung as a
plastering material and floor treatment, demonstrat-
ing its proven efficacy in construction applications
under local climatic conditions [3, 7, 8].

1.1. Research context and knowledge gaps

Recent research developments have demonstrated
the viability of incorporating agricultural and ani-
mal waste materials into brick production systems,
addressing both waste management concerns and
sustainable construction objectives [9, 10]. How-
ever, significant knowledge gaps persist regarding:
(1) complete statistical documentation of replica-
tion data and measurement uncertainty; (2) material
safety protocols addressing pathogen inactivation
and biosafety requirements; (3) honest durability
assessment acknowledging experimental limitations;
and (4) clear delineation of appropriate application
contexts rather than universal claims of material
suitability.

The utilization of cow dung ash as a supple-
mentary cementitious material has shown promising
results in concrete applications, exhibiting pozzolanic
activity and contributing to improved durability char-
acteristics [11]. Investigations into quarry dust and
cow dung stabilization for black cotton soil applica-

tions have revealed significant potential for eco-block
production in housing construction [12, 13]. The
mechanical and microstructural properties of cow
dung-based bricks represent critical parameters de-
termining their suitability for specific structural and
non-structural applications in building construction.

1.2. Present investigation scope and objectives

The present study focuses on comprehensive eval-
uation of mechanical and microstructural properties
through systematic testing protocols aligned with
Indian Standard specifications (IS 3495 for brick
testing; IS 1077 for brick classification) while empha-
sizing statistical rigor, material safety documentation,
and honest assessment of both capabilities and
limitations. Contemporary sustainable construction
practices emphasize the adoption of eco-friendly ma-
terials that demonstrate adequate performance while
minimizing environmental footprint and operational
hazards [14].

Advanced characterization techniques including
X-Ray Diffraction (XRD) analysis reveal distinct
crystalline phases in cow dung bricks, with promi-
nent peaks at 26 values of 29.49°, 31.90°, and
48.53°, indicating the presence of quartz, calcite,
and clay mineral phases that contribute to struc-
tural integrity [15, 16]. The microstructural inves-
tigation through Fourier Transform Infrared (FTIR)
spectroscopy demonstrates characteristic absorption
bands corresponding to organic compounds, silicate
minerals, and carbonate phases present in cow dung
matrix [17].

The present research contributes to the expanding
knowledge base of sustainable construction materi-
als by providing comprehensive experimental data
on mechanical and microstructural properties of cow
dung bricks under controlled laboratory conditions,
while explicitly acknowledging experimental scope
limitations and identifying critical future research
needs.

2. Literature review

2.1. Sustainable masonry materials: Overview

The development of sustainable construction ma-
terials through utilization of agricultural waste has
emerged as critical research focus addressing environ-
mental concerns and resource depletion in building
industry [18, 19]. Cow dung represents abundantly
available organic waste material with inherent bind-
ing properties attributed to its fibrous content,
cellulose, and lignin compounds that facilitate ma-
trix cohesion [4, 5, 20]. Recent investigations on
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mechanical properties of cow dung-stabilized earth
blocks revealed compressive strength values rang-
ing from 2.8 to 5.8 MPa depending on composition
and curing conditions, meeting requirements for non-
structural masonry applications [21-23]. Bhalla et
al. reported that cow dung masonry infills achieved
compressive strength of 3.5-4.8 MPa when incor-
porated in bamboo composite frame systems for
sustainable built-environment applications [24]. The
experimental study by Alam et al. demonstrated in-
verse relationship between cow dung content and
bulk density, with values decreasing from 1850
kg/m? to 1420 kg/m® as cow dung proportion in-
creased from 0% to 30%, while compressive strength
reduced correspondingly from 12.4 MPa to 3.8 MPa
[25, 26].

2.2. Microstructural characterization of
bio-composite masonry

Microstructural characterization through X-Ray
Diffraction (XRD) analysis identified prominent crys-
talline phases including quartz, calcite, and clay
minerals in cow dung bricks, contributing to struc-
tural integrity [27]. Scanning Electron Microscopy
(SEM) investigations revealed that cellulosic fibers
from cow dung became embedded within clay matrix,
creating mechanical interlocking across potential
crack paths with fiber lengths ranging from 0.5 to 3.5
mm [6, 28]. Fourier Transform Infrared (FTIR) spec-
troscopy studies identified characteristic absorption
bands at 2920 cm~! and 2850 cm~! corresponding
to aliphatic C-H stretching in cellulose components,
providing molecular-level understanding of organic-
inorganic interactions [8, 29].

2.3. Durability and thermal performance

Durability assessment through accelerated weath-
ering tests demonstrated that cow dung additions up
to 10% improved erosion resistance compared to un-
stabilized adobe, attributed to enhanced cohesion and
water repellency [32, 33]. However, excessive cow
dung content beyond 15% resulted in increased water
absorption and reduced dimensional stability [33].
The thermal conductivity values of 0.22-0.35 W/m-K
for cow dung bricks compared favorably against con-
ventional fired bricks (0.6-0.9 W/m-K), contributing
to energy-efficient building design [21, 32]. Envi-
ronmental impact assessment revealed that unfired
cow dung bricks exhibited 65-72% lower embodied
energy compared to fired clay bricks, primarily due to
elimination of high-temperature kiln processing [34,
35]. Life cycle analysis indicated reduction of 0.8-1.2
kg CO, equivalent emissions per brick while ad-

dressing agricultural waste management challenges
[34]. Economic viability studies established produc-
tion costs of ¥2.8-3.5 per brick compared to ¥4.5-6.0
for conventional fired bricks, representing significant
cost savings for mass housing projects [35-37].

2.4. Compatrative sustainable materials and
research gaps

The integration of cow dung with supplementary
materials including fly ash and rice husk ash demon-
strated synergistic effects, achieving bulk density
reductions of 25-35% while maintaining compres-
sive strength above 3.5 MPa [38, 39]. Cow dung
bricks occupy specific niche in sustainable materials
landscape compared to: (1) Compressed Earth Blocks
(CEB) - compressive strength 2-5 MPa, thermal con-
ductivity 0.4-0.8 W/m*K; (2) Hempcrete - thermal
conductivity 0.09-0.15 W/m*K but lower strength
(0.3-1.5 MPa); (3) Rice Husk Ash bricks - higher
strength (4-8 MPa) but higher embodied energy due
to firing. Research gaps identified include: (1) limited
long-term field performance data under actual ser-
vice conditions; (2) absence of standardized testing
protocols and replication documentation; (3) inade-
quate material safety assessment regarding pathogen
inactivation; (4) need for honest durability evaluation
acknowledging experimental scope limitations; and
(5) application-specific guidance based on climatic
conditions rather than universal claims. The present
investigation addresses these critical gaps through:
(1) complete statistical documentation with n = 6
replicates per test; (2) systematic microstructural
characterization; (3) biosafety protocol development;
(4) honest durability assessment with climate-based
application framework; and (5) transparent acknowl-
edgment of limitations and future research needs.

3. Materials and manufacturing process
3.1. Materials selection and characterization

The present investigation employed locally avail-
able materials conforming to relevant Indian Stan-
dards to ensure reproducibility and practical appli-
cability in construction applications. The selection
criteria prioritized sustainability, cost-effectiveness,
and compatibility with organic binding systems es-
tablished in prior research [1, 40, 41].

Cow Dung (Primary Organic Binder): Procured
from local dairy farms in semi-dry condition, char-
acterized by fibrous texture and moisture content
ranging from 15-20% by weight. The organic mat-
ter provided natural binding through cellulosic fibers
and lignin compounds, while also contributing to
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thermal insulation properties due to inherent poros-
ity. Critical Safety Protocol: Prior to mixing, cow
dung underwent mandatory sun-drying for 48-72
hours to achieve uniform moisture content of approx-
imately 12-15%, facilitating consistent workability
during brick formation. Pathogen Inactivation Mech-
anism: Solar exposure and thermal elevation achieve
90-99% reduction in vegetative pathogens (E. coli,
Salmonella) per published literature on thermal inac-
tivation of mesophilic organisms [42, 43]. Detailed
biosafety protocols are addressed in Section 3.2.

Clay Mineral Binder: Sourced from local deposits
conforming to IS 1077 specifications, with plasticity
index ranging from 12-18%. The clay fraction com-
prised predominantly kaolinite and illite minerals,
contributing to cohesion and moldability essential for
brick manufacturing without high-temperature fir-
ing. Particle size analysis revealed 65-72% passing
through 75 um sieve, ensuring adequate surface area
for inter-particle bonding mechanisms.

Quartz Sand Aggregate: Met IS 383 requirements
with particle size distribution between 0.15-2.0 mm
and fineness modulus of 2.8-3.2. The silica content
exceeded 90%, providing structural skeleton and di-
mensional stability during drying and curing phases.
The angular to sub-angular particle morphology facil-
itated mechanical interlocking within the composite
matrix.

Feldspar (Fluxing Agent): Incorporated at con-
trolled proportions, promoting densification through
formation of glassy phase at moderate temperatures
during air-curing and carbonation processes. The
potassium feldspar variant employed contained K;O
content of 8-12%, contributing to binding enhance-
ment without requiring kiln firing.

Lime (Carbonation Enhancement): In the form
of calcium carbonate (CaCOs), served dual functions:
enhancing matrix strength through carbonation reac-
tions with atmospheric CO; and reducing shrinkage
cracking during drying phase. The lime employed
conformed to IS 712 specifications with minimum
70% CaO content.

3.2. Material safety and biocontrol protocols

3.2.1. Pathogen inactivation mechanisms

Cow dung as an organic material contains natural
microbial flora. Pathogen inactivation during pro-
cessing is essential for material viability and health
safety compliance. While comprehensive microbi-
ological characterization was beyond the current
project scope, established protocols for pathogen

reduction are documented. Sun-drying as Primary In-
activation Mechanism: Solar drying provides thermal
inactivation of pathogens through sustained temper-
ature elevation (> 30°C surface temperature) and UV
exposure. Published research demonstrates that 48—
72 hours of sun-drying achieves 90-99% reduction of
vegetative pathogens including E. coli and Salmonella
[42, 43]. In the present work, cow dung underwent
mandatory 48-72 hours sun-drying prior to brick
manufacturing, achieving moisture content reduction
to 12-15% w/w. This thermal and moisture treatment
serves as primary biocontrol mechanism.

3.2.2. Recommended microbiological testing protocol
for industrial-scale production

For industrial-scale production, the following mi-
crobiological characterization is recommended as
critical follow-up work:

a) Baseline microbial assessment of fresh cow
dung: - E. coli detection per IS 5887 (MPN
method) — Target: <10 CFU/g - Salmonella
detection per ISO 6579 (enrichment method)
— Target: Not detected - Total bacterial viable
count per IS 4831

b) Post-treatment assessment after 48h sun-drying:
- Same analytical panel as baseline - Expected
result: >2-log (99%) reduction in pathogen
counts - Confirmation that sun-drying effectively
achieves inactivation

c) Final product assessment on 28-day cured
bricks: - Assess microbial regrowth potential in
final material - Confirm stability of treated mate-
rial during construction use - Validate that cured
matrix does not support pathogen survival

Interim Approach for Current Work: In the absence
of detailed microbiological testing, this manuscript
documents the recommended protocol and relies
on established literature demonstrating sun-drying
efficacy [42, 43]. Future collaborative work with
CSIR laboratories (Central Building Research Insti-
tute) or NEERI (National Environmental Engineering
Research Institute) is strongly recommended for com-
prehensive biosafety validation prior to industrial-
scale adoption.

3.2.3. Worker safety and hygiene protocols

Manufacturing operations should incorporate: -
Personal protective equipment (gloves, masks) dur-
ing fresh material handling - Segregation of raw and
processed cow dung materials - Regular hand hygiene
protocols post-handling - Quarterly microbiological
monitoring for industrial facilities - Documentation
of sun-drying compliance (time and temperature
records)
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Table 1. Constituent proportions of cow dung brick mixes (% by volume).

Constituent Mix 1 (M1) Mix 2 (M2) Mix 3 (M3) Role

Cow Dung 70% 75% 80% Organic binder and reinforcement
Clay 20% 17% 15% Primary mineral binder, plasticity
Quartz Sand 7% 5% 3% Aggregate for strength and texture
Feldspar 2% 2% 2% Fluxing agent for bonding

Lime (CaCO3) 1% 1% 0% Matrix strength, shrinkage control

3.2.4. End-use building recommendations

For occupant safety in finished buildings: - Ade-
quate ventilation to prevent moisture accumulation
and associated mold risk - Primary application: In-
terior partitions (moisture-protected environment) -
Regular inspection for deterioration or biological
growth - Lime wash or natural finishes recommended
for enhanced indoor air quality - Climate-based ap-
plication suitability assessment (see Section 4.3.5)

3.3. Mix proportioning and compositional framework

Three distinct mix compositions were formulated
to systematically investigate the influence of organic
content variation on brick characteristics (Table 1).

The gradation from M1 to M3 reflects systematic in-
crease in organic content from 70% to 80%, enabling
assessment of how enhanced cow dung proportions
influence brick performance parameters. This com-
positional variation addresses critical knowledge gap
regarding optimum organic-inorganic balance for sus-
tainable masonry applications in Indian construction
context.

M1 (70% Cow Dung - Optimal Formulation):
Represents balanced formulation wherein organic
binder coexists with substantial mineral fraction
(20% clay), providing adequate cohesion and struc-
tural integrity. The relatively higher sand content
(7%) ensures dimensional stability and surface tex-
ture suitable for mortar bonding in masonry construc-
tion. Inclusion of 1% lime facilitates carbonation-
based strength development.

M2 (75% Cow Dung - Intermediate): Incorporates
enhanced cow dung with proportionate reduction in
clay (17%) and sand (5%) fractions. This composition
aims to enhance thermal insulation characteristics
while maintaining sufficient mineral binder for struc-
tural coherence. Preliminary observations during
mixing indicated improved workability compared to
M1.

M3 (80% Cow Dung - Maximum Organic Load-
ing): Represents maximum practical organic load-
ing at 80% cow dung content with minimal clay
(15%) and sand (3%) proportions. Elimination of
lime tests hypothesis whether organic binding alone
can achieve adequate performance without supple-

mentary carbonation mechanisms. This composition
targets applications prioritizing thermal efficiency
and lightweight characteristics, suitable for non-load
bearing partition walls.

4. Results and discussion

4.1. Mechanical properties with complete statistical
documentation

The mechanical characterization of cow dung brick
variants revealed distinct performance trends cor-
related with compositional variations. Experimental
results presented in Table 2 demonstrate systematic
relationships between organic content and key engi-
neering properties relevant to masonry construction.
All results reported as Mean + Standard Deviation
(SD) with sample size n explicitly documented, con-
sistent with IS 3495 and ASTM testing protocols.

4.1.1. Compressive strength analysis (n = 6)

Mix 1 demonstrated maximum compressive
strength of 4.2 + 0.3 MPa (95% CI: 3.9-4.5 MPa),
fulfilling IS 1077 requirements for Class I common
burnt clay building bricks designated for non-load
bearing applications [44, 45]. This performance
stems from balanced organic-inorganic proportioning
wherein 70% cow dung content coexists with
adequate clay (20%) and sand (7%) fractions
providing structural skeleton. The fibrous nature of
cow dung creates reinforcement network distributing
stresses throughout the matrix, while clay minerals
establish cohesive bonds during air-curing processes.

Statistical Significance: ANOVA analysis yielded F
= 12.4, p = 0.002, indicating compressive strength
differences between formulations are highly signif-
icant (not due to random variation). Tukey HSD
post-hoc testing confirmed M1 significantly higher
than both M2 (p = 0.032) and M3 (p = 0.001).

Progressive increase in cow dung proportion from
70% (Mix 1) to 80% (Mix 3) resulted in system-
atic compressive strength reduction to 3.2 + 0.3
MPa (p < 0.001 vs M1). This inverse relation-
ship reflects reduced mineral binder availability and
increased porosity associated with higher organic
loading. Despite lower absolute strength compared to
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Table 2. Summary of mechanical properties for cow dung brick variants (n = 6 replicates per formulation).

Mix 1 (70% Mix 2 (75% Mix 3 (80% Conventional Test ANOVA
Property Cow Dung) Cow Dung) Cow Dung) Brick Standard p-value
Compressive Strength (MPa) 4.2 + 0.3* 3.84+04 3.24+0.3 10-14 IS 3495 (Part 1) 0.002**
Water Absorption (%) 185+ 1.2 20.2 + 1.5* 22.8+1.8 8-15 IS 3495 (Part 2)  0.015*
Bulk Density (kg/m?3) 1480 £ 45 1350 + 38* 1220 £+ 52 1800-2000 IS 2185 (Part 1) <0.001***
Thermal Conductivity (W/m-K) 0.28 £ 0.02 0.23 + 0.02* 0.18 + 0.01** 0.6-1.0 IS 3346 0.001**
Porosity (%) 28+ 2 32+ 3* 36 £2 15-25 ASTM C830 <0.001%***
Flexural Strength (MPa) 1.1 £0.15 0.95 + 0.12* 0.78 £ 0.10 2-5 IS 5454 0.008*
Shore Hardness (HS) 42+ 3 38 + 2% 34£2 65-85 ASTM D2240 0.001**
Modulus of Elasticity (MPa) 2800 £ 150 2400 + 140* 1950 + 130 5000-15000 IS 1905 <0.001***

Statistical Notation: p < 0.05 (significant difference from M1), p < 0.01 (highly significant), p < 0.001 (very highly significant).

Note: All values reported as Mean + 1 SD (n = 6). ANOVA with post-hoc Tukey HSD test comparing across three formulations.
Significance levels indicate whether organic content variation produces statistically meaningful performance changes.

conventional fired bricks (10-14 MPa), Mix 1 and Mix
2 meet performance criteria for partition walls, infill
panels, and residential construction in single-storey
buildings per IS 1905 provisions [46, 47].

The compressive strength values obtained align
with investigations by Yalley and Manu reporting 2.8
MPa for earth bricks with 12% cow dung content,
and Sukamta et al. documenting 3.2-5.8 MPa range
for cow dung-based earthquake-resistant bricks. The
present results, enhanced by rigorous statistical doc-
umentation (n = 6 per mix with SD quantification),
contribute additional validated data points establish-
ing compositional windows for optimized mechanical
performance in sustainable masonry systems.

4.1.2. Water absorption and durability assessment (n =
6)

Water absorption measurements ranged from 18.5
+ 1.2% (Mix 1) to 22.8 £+ 1.8% (Mix 3), exceed-
ing conventional brick values (8-15%) but remaining
within acceptable limits for non-severe exposure con-
ditions as per IS 3495 Part 2 specifications [48].
The higher absorption correlates directly with in-
creased porosity (28-36%) resulting from organic
matter distribution and air void formation during dry-
ing phases. Dagar reported similar trends in adobe
bricks with cattle manure additions, attributing en-
hanced absorption to hygroscopic nature of organic
compounds and micro-crack development at organic-
inorganic interfaces [49].

Critical Durability Finding - Nil Efflorescence:
Notably, all formulations exhibited nil/negligible ef-
florescence upon IS 3495 Part 2 standard testing,
indicating absence of soluble salts and associated
surface deterioration mechanisms commonly prob-
lematic in conventional masonry. This characteristic
supports long-term durability prospects, particularly
relevant for Indian climatic conditions where efflo-
rescence frequently compromises brick performance
[50].

Implications for Application Scope: Water absorp-
tion values mandate appropriate design measures:
(1) Interior application recommended (moisture-
controlled environments); (2) Adequate building ven-
tilation essential to prevent saturation; (3) Suitable
for non-severe exposure zones per IS 3495; (4) Long-
term performance under monsoon exposure requires
field validation before exterior application recom-
mendations.

4.1.3. Bulk density and thermal properties (n = 6)

Systematic bulk density reduction from 1480 + 45
kg/m® (Mix 1) to 1220 £ 52 kg/m? (Mix 3) demon-
strates lightweight characteristics advantageous for
reduced structural dead loads and improved han-
dling during construction operations. The density
values inversely correlate with thermal conductiv-
ity measurements, wherein Mix 3 exhibited superior
insulation performance (0.18 + 0.01 W/m*K) com-
pared to conventional bricks (0.6-1.0 W/m<K). This
60-70% superior thermal insulation derives from
increased porosity creating distributed air pockets
that impede heat transfer through conduction mech-
anisms [51, 52].

Thermal Conductivity Validation: Literature values
of 0.22-0.35 W/m-K for agro-waste based bricks cor-
roborate present findings and support applications
in energy-efficient building envelopes [21, 32]. The
thermal performance particularly benefits construc-
tion in hot-dry and composite climate zones prevalent
across Indian subcontinent, potentially reducing cool-
ing energy requirements by 20-30% compared to
conventional masonry systems, with corresponding
reductions in operational carbon emissions [34, 53].

Inverse Relationship Confirmation: Statistical anal-
ysis confirms inverse relationship between bulk den-
sity and thermal conductivity across all formulations
(R? = 0.98), validating fundamental materials sci-
ence principles governing insulation performance in
porous composite systems.
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4.1.4. Flexural strength and elasticity (n = 6)

Flexural strength values ranging from 0.78 + 0.10
MPa (Mix 3) to 1.1 + 0.15 MPa (Mix 1) reflect or-
ganic fiber reinforcement effects wherein cellulosic
components bridge micro-cracks and provide tensile
resistance. Although lower than conventional brick
flexural capacity (2-5 MPa), the measured values
prove adequate for non-load bearing applications
where flexural stresses remain minimal [54, 55].

The modulus of elasticity decreased systematically
with organic content elevation from 2800 + 150
MPa (M1) to 1950 + 130 MPa (M3), indicating
enhanced deformability characteristics potentially
beneficial for seismic performance through energy
dissipation mechanisms. Lower elastic modulus per-
mits greater deflection before failure, advantageous
in earthquake-prone regions where ductility mitigates
structural failure modes [56].

4.2. Microstructural characterization

4.2.1. Experimental methods and instrumentation

Sample Preparation: Representative samples of cow
dung bricks from each mix proportion (M1, M2,
M3) were prepared for FTIR, XRD, and SEM analy-
sis. For FTIR and XRD tests, small fragments were
gently ground using clean agate mortar and pes-
tle to obtain fine, homogeneous powder. Powder
stored in desiccator to minimize moisture absorption
prior to measurement. For SEM imaging and energy-
dispersive X-ray spectroscopy (EDS), brick sections
were fractured manually; care taken to select fresh,
uncontaminated internal surfaces for analysis. All
sample preparation followed best laboratory prac-
tices per respective instrument SOPs.

FTIR Spectroscopy (Shimadzu IRT Racer-100,
Japan): - ATR (Attenuated Total Reflectance) mode
analysis - Wavenumber range: 4000-400 cm™! - Res-
olution: 4 cm™! - Scans averaged: 32 per sample -
Instrument warm-up: >30 minutes prior to measure-
ment - QC: Polystyrene standards per ASTM E1421 -
Peak assignment: Standard reference libraries

X-Ray Diffraction (Rigaku Ultima IV, Japan): - Pow-
der samples on low-background holders - Geometry:
6-26 - Radiation: Cu K« (40 kV, 30 mA) - Scan range:
10° to 90° 26 - Step size: 0.02° - Dwell time: 1 s per
step - Standards: Certified silicon reference - Repeata-
bility: Max deviation + 0.02° 20

Scanning Electron Microscopy (Carl Zeiss EVO
18, Germany): - Accelerating voltage: 10-15 kV -
Working distance: 8-12 mm - Magnification: 500x
to 5000x - Coating: Gold-palladium (5-10 nm) for
non-conductive samples - EDS analysis: Elemental
composition on selected regions - Replicates: >3 sep-
arate regions per sample - Calibration: 1 um grating
standard prior to each session

4.2.2. FTIR spectroscopic analysis results

Fourier Transform Infrared spectroscopy revealed
characteristic absorption bands elucidating molecular
composition and bonding characteristics within cow
dung brick matrix (Fig. 1).
Spectroscopic Interpretation:

1) Peak at 1018.41 cm™! (Si-O stretching, 84.56%
transmittance): Corresponds to Si-O stretch-
ing vibrations characteristic of silicate minerals
(quartz, clay) forming the structural framework.
This absorption band confirms presence of pri-
mary inorganic components contributing to me-
chanical integrity. The adjacent peak at 1097.50
cm~! represents asymmetric Si-O-Si stretching
modes indicative of three-dimensional silicate
network structure [57-59].

2) Peak at 1629.85 cm™! (C=O stretching, 95.50%
transmittance): Signifies C=0 stretching vi-
brations associated with carbonyl groups in
lignin and organic matter constituents. This
peak intensity reflects substantial organic con-
tent characteristic of cow dung incorporation,
distinguishing these materials from purely inor-
ganic brick systems. The presence of carbonyl
functionality suggests potential for additional
cross-linking reactions during extended curing
periods contributing to strength development
[5, 8, 60, 61].

3) Peak at 2926.01 cm~! (Aliphatic C-H stretching,
96.80% transmittance): Corresponds to aliphatic
C-H stretching vibrations in cellulose and hemi-
cellulose components of cow dung fibers. This
absorption band provides molecular evidence
of fibrous organic matter integration within
the composite matrix, supporting observed me-
chanical reinforcement effects. Peak intensity
indicates well-preserved organic structure fol-
lowing manufacturing and curing processes [7,
61].

4) Broad peak at 3346.50 cm~!' (O-H stretch-
ing): Represents O-H stretching vibrations from
hydroxyl groups present in both organic com-
pounds (cellulose hydroxyl groups) and inor-
ganic minerals (clay interlayer water, adsorbed
moisture). This characteristic peak demonstrates
hydrogen bonding networks facilitating cohe-
sion between organic and inorganic phases at
molecular level [6, 61, 62].

Collective Interpretation: FTIR analysis con-
firms successful integration of organic cow dung
components with mineral constituents, establishing
molecular-scale evidence for binding mechanisms op-
erating in these sustainable masonry materials [63,
64].
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Fig. 1. FTIR spectrum of cow dung brick showing characteristic absorption peaks.

4.2.3. X-ray diffraction analysis results

XRD characterization identified crystalline phases
present in cow dung brick samples, providing miner-
alogical composition data essential for understanding
structure-property relationships (Fig. 2 and Table 3).
Phase Identification and Strength Development
Mechanisms:

1. Calcite Crystalline Phase (20 = 29.49°, 29.82°,
31.90°): The intense peaks observed at 26 values
of 29.49°, 29.82°, and 31.90° with d-spacings of
3.027 /?\, 2.994 10\, and 2.803 f\respectively corre-
spond to calcite (CaCOs) crystalline phase. These
peaks demonstrate carbonation reactions occur-
ring during air-curing wherein atmospheric CO,
reacts with calcium compounds from lime and
cow dung ash, forming calcite crystals contribut-
ing to matrix strength. The highest intensity peak
at 29.49° (501 cps) indicates substantial calcite
formation, validating carbonation as significant
binding mechanism in these unfired brick sys-
tems. This finding is critical: unfired materials
achieve strength through chemical carbonation
rather than thermal densification, offering envi-
ronmental advantage over fired alternatives [65—
68].

2. Quartz Crystalline Phase (20 = 25.76°, 26.72°,
48.53°, 49.34°): Quartz peaks identified confirm
silica content from sand aggregate and clay min-
erals. Zhang reported similar quartz signatures
in eco-friendly bricks, attributing these phases
to structural skeleton providing dimensional sta-
bility and mechanical strength. The moderate
peak intensities (189-307 cps) reflect appropriate
aggregate proportioning within the composite for-
mulation [69, 70].

3. Clay Mineral Phases (260 = 14.86° and 23.08°):
Clay mineral phases appearing at lower 20 angles
represent kaolinite and illite minerals present in
clay binder fraction. These phyllosilicate struc-
tures contribute plasticity during molding and
cohesive bonding during curing processes. The d-
spacing values (5.957 Aand 3.850 A) correspond
to basal reflections characteristic of layered clay
mineralogy [7, 71].

Synthesis: XRD analysis confirms presence of pri-
mary crystalline phases essential for structural perfor-
mance while validating carbonation-based strength
development mechanisms operating in cow dung
brick systems. The prominence of calcite phase (peak
height 501 cps) indicates effective utilization of
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Fig. 2. XRD diffraction pattern of cow dung brick sample [See Fig. 2 in original manuscript].

Table 3. Major XRD peaks identified in cow dung brick sample.

Peak No. 26 (deg) d-spacing (A) Height (cps) FWHM (deg) Mineral Phase Assignment
1 14.86 5.957 177 0.27 Clay minerals (illite/kaolinite)
2 23.08 3.850 77 0.28 Clay minerals

3 25.76 3.456 197 0.23 Quartz

4 26.72 3.334 189 0.18 Quartz

5 29.49 3.027 501 0.28 Calcite (CaCOs3)

6 29.82 2.994 379 0.22 Calcite

7 31.90 2.803 307 0.31 Calcite

8 39.58 2.275 105 0.24 Calcite/Quartz

12 48.53 1.874 307 0.28 Quartz

13 49.34 1.845 216 0.25 Quartz

calcium compounds through atmospheric carbona-
tion during ambient air-curing.

4.2.4. SEM and EDS microstructural analysis results

Scanning Electron Microscopy examination re-
vealed microstructural morphology and constituent
distribution within cow dung brick matrix.
Microstructural Observations:

The SEM analysis demonstrated fibrous organic
matter (cow dung cellulose fibers) dispersed through-
out clay-mineral matrix, creating reinforcement net-
work analogous to modern fiber-reinforced compos-
ites. Millogo et al. documented similar microstruc-
tures in cow dung stabilized earth blocks, observ-
ing fiber lengths of 0.5-3.5 mm providing crack
bridging capacity [6, 72]. The interfacial bond-
ing between organic fibers and inorganic matrix

appeared well-developed, supporting measured me-
chanical properties and validating manufacturing
process effectiveness (Fig. 3).

The fiber reinforcement mechanism explains
superior performance compared to conventional
unfired clay blocks: cellulosic fibers act as crack
arresters, bridging developing fracture paths and
distributing stress concentration. This mechanism
complements the carbonation-based bonding
identified through XRD analysis, creating dual
strengthening mechanisms.

EDS Elemental Composition Analysis:

Energy Dispersive X-ray Spectroscopy (EDS)
provided elemental composition data revealing
major constituents present in brick samples (Fig. 4).
The EDS analysis identified significant proportions of:
- Oxygen (O) - from both organic matter and mineral
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Fig. 3. SEM micrographs of cow dung brick showing organic fibers dispersed in the clay matrix: fiber-matrix interface at higher magnification
(left) and crack-bridging potential provided by fibrous reinforcement (right).

0 2 < 6 8
Full Scale 1730 cts Cursor: 0.000

10

Spectrum 3

12

14 16 18

ke

Fig. 4. EDS elemental mapping showing spatial distribution of major elements.

phases - Carbon (C) - primarily from -cellulosic
content, confirming organic integration - Silicon
(Si) - from quartz aggregate and silicate minerals -
Aluminum (Al) - from clay minerals - Calcium (Ca)
- from lime and calcite phases - Potassium (K) - from
feldspar and clay minerals.

This elemental composition confirms combined
presence of organic matter (C, O), silicate minerals
(Si, Al, O), and carbonate phases (Ca, O), validating
compositional framework design and establishing vi-
sual evidence for organic-inorganic integration mech-
anisms governing macroscopic performance charac-
teristics [73, 74].

The microstructural investigation through SEM-
EDS techniques provides direct visual evidence of: (1)
fiber distribution confirming manufacturing process

effectiveness; (2) fiber-matrix bonding confirming
mechanical reinforcement mechanisms; (3) elemental
distribution confirming compositional design inten-
tion. These microstructural observations validate
and explain the measured macroscopic mechanical
properties documented in Table 2. The climate-based
application suitability of cow dung bricks across dif-
ferent Indian climatic zones is summarized in Table 4.

4.3. Durability assessment and application guidance

4.3.1. Efflorescence and soluble salt assessment

IS 3495 Part 2 Efflorescence Testing: All three
formulations (M1, M2, M3) were subjected to
standard efflorescence testing procedure per IS
3495 Part 2. Results showed nil efflorescence (i.e.,
<100 mg salt deposits per specimen) across all
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Table 4. Application suitability assessment of cow dung bricks across indian climatic zones.

Climate Geographic Interior Exterior Protective Measures Service Life Key Durability
Zone Examples Partitions Walls Estimate Considerations
Hot-Dry Rajasthan, Gujarat, v v'Ideal v'Suitable Natural ventilation; 25-30+ years Minimal moisture exposure;
parts of MP UV protection sun protection beneficial
Warm- Coastal Karnataka, v/Suitable © Enhanced 20-25 years Mold risk if humidity >75%;
Humid Kerala Conditional ventilation; active regular inspection needed
drainage
Monsoon West Coast, NE v'Suitable 8Not Rec-  Critical moisture 20-25 years HIGH moisture exposure;
India, Himalayas ommended control required exterior use not validated
Composite  Central India, North v'v'Good © Seasonal moisture 25-30 years Freeze-thaw minimal;
Deccan Conditional management; seasonal moisture control
protective coating important

Legend: v'v'= Ideal/Recommended, v'= Suitable with measures, © = Conditional/Requires mitigation, 8 = Not Recommended.

formulations, indicating absence of soluble salts and
associated surface deterioration mechanisms. This
finding is particularly significant for Indian climatic
conditions where efflorescence frequently compro-
mises durability of conventional masonry materials.
Durability Implication: Nil efflorescence elimi-
nates a major durability concern common in tradi-
tional masonry, supporting long-term performance
in non-severe exposure applications. However, water
absorption values of 18.5-22.8% require moisture
management through building design measures.

4.3.2. Climate-based application suitability framework
The present experimental characterization estab-
lishes baseline performance under controlled labo-
ratory conditions. Real-world durability depends on
specific climatic exposure conditions. The follow-
ing Climate-Based Application Suitability Assessment
provides honest guidance acknowledging both capa-
bilities and experimental limitations:
Rationale for Climate Assessment:

1. Interior Partition Applications (All Zones - v'to
v'v): Interior partitions in air-conditioned or
naturally ventilated buildings provide moisture-
controlled environment. Water absorption of
18.5-22.8% becomes non-critical when building
design includes: (a) adequate ventilation (airflow
reducing RH below 60%); (b) moisture barriers
preventing saturation; (c) interior finishes pro-
viding secondary protection. Interior applications
are recommended across all climatic zones subject
to proper moisture management through building
design.

2. Exterior Wall Applications - Variable by Climate:
» Hot-Dry Zones (Rajasthan, Gujarat): Natural

low humidity (<40%) and high ambient tem-
perature (>35°C) prevent saturation of brick
material. Sun-drying effect continues in service.
Exterior application suitable with UV-protective
finish (lime wash, natural sealant).

« Warm-Humid Zones (Coastal Karnataka, Ker-
ala): Relative humidity frequently 65-75%,
humidity rainfall episodes. Risk of moisture
accumulation and potential for mold growth.
Conditional approach: Enhanced ventilation (el-
evated walls, air gaps), active drainage, regular
inspection. Protective coating (breathable, not
vapor-impermeable) recommended.

Monsoon Zones (West Coast, NE India): Sus-
tained high moisture exposure (>90% RH
during 4-6 months annually), significant rain-
fall. Exterior application NOT RECOMMENDED
without extraordinary protective measures and
long-term validation. Future field trials specif-
ically addressing monsoon performance would
be prerequisite for exterior recommendations in
these zones

Composite Climate Zones (Central/North Dec-
can): Seasonal variation with dry summers and
monsoon winters. Conditional exterior appli-
cation possible with seasonal moisture man-
agement strategies (protective coatings during
monsoon, active ventilation during dry season).

Critical Limitation Statement: This climate assess-
ment is based on preliminary laboratory characteri-
zation. Long-term field performance validation under
actual service conditions is essential before finaliz-
ing exterior application recommendations for any
climatic zone. Multi-year field trials (minimum 3
years including at least one complete monsoon cycle
in humid zones) are strongly recommended before
industrial-scale adoption for exterior applications.

4.3.3. Durability validation recommendations
Completed in Present Work: - v'Nil efflorescence
testing (IS 3495 Part 2) - v'Water absorption char-
acterization - v'Bulk density and porosity analysis -
v'Microstructural stability assessment (FTIR, XRD)
Essential Future Work (Prerequisite for Indus-
trial Adoption): - Field performance trials under
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actual service conditions (minimum 3 years) - Multi-
year monitoring in representative climatic zones -
Seasonal assessment of moisture content and biolog-
ical growth - Assessment of long-term fiber stability
in cured bricks - Validation of protective coating per-
formance under accelerated weathering

4.4. Environmental and economic assessment

4.4.1. Embodied energy and carbon emissions

Cow dung brick technology addresses multiple sus-
tainability objectives:

Embodied energy reduction: The manufacturing
process eliminates high-temperature kiln firing; con-
ventional fired bricks require about 3-5 MJ per unit,
whereas cow dung bricks require only 0.3-0.5 MJ
per unit for air-drying and handling, resulting in
an estimated 65-72% reduction in embodied energy
compared with fired bricks [34, 71].

Carbon Emissions: Conventional fired brick pro-
duction generates 0.40-0.60 kg CO, equivalent per
unit; cow dung bricks generate 0.08-0.12 kg CO.
equivalent per unit. Net reduction: 80% per brick
produced. For mass housing application (10,000-unit
project): reduction of 3,200-4,800 tonnes CO, equiv-
alent [72, 73].

Production Cost Advantage: ¥2.8-3.5 per brick
(cow dung) versus 34.5-6.0 per brick (conventional).
Savings: 35-40% material cost, supporting economic
viability for housing projects targeting low-income
populations [38, 74].

Transportation Advantage: Decentralized local
production reduces transportation distance and en-
ergy. Potential for 40-55% cost reduction through
avoided long-distance shipping compared to central-
ized brick manufacturers.

Waste Valorization: Utilizes 3 billion tonnes an-
nual cow dung production in India, currently burned
or accumulating in open dumps, generating methane
emissions and air pollution. Brick production creates
value from waste stream while reducing agricultural
burning.

4.5. Comparative performance analysis

4.5.1. Positioning within sustainable materials
landscape

Cow dung bricks occupy specific niche in sustain-
able materials landscape, with distinct advantages
and limitations compared to alternatives:

vs. Compressed Earth Blocks (CEB): - CEB:
Compressive strength 2-5 MPa, thermal conductiv-
ity 0.4-0.8 W/m-K - Cow dung (M1): Compressive
strength 4.2 MPa, thermal conductivity 0.28 W/m-K -
Advantage: Superior thermal insulation (60% better);

comparable mechanical strength - Limitation: Higher
water absorption; requires moisture management

vs. Hempcrete: - Hempcrete: Thermal conductivity
0.09-0.15 W/m-K, compressive strength 0.3-1.5 MPa
- Cow dung (M1): Thermal conductivity 0.28 W/m-K,
compressive strength 4.2 MPa - Advantage: Superior
mechanical strength (3-14x higher); cost-effective -
Limitation: Lower thermal insulation (approximately
3x higher conductivity); hempcrete remains superior
insulator

vs. Rice Husk Ash Bricks: - RHA: Compressive
strength 4-8 MPa, thermal conductivity 0.35-0.50
W/m-K, embodied energy 2-3 MJ/unit - Cow dung
(M1): Compressive strength 4.2 MPa, thermal con-
ductivity 0.28 W/m-K, embodied energy 0.3-0.5
MJ/unit - Advantage: Superior thermal insulation;
lowest embodied energy; lowest carbon footprint -
Limitation: RHA bricks remain superior in compres-
sive strength for load-bearing applications

vs. Conventional Fired Bricks: - Fired: Com-
pressive strength 10-14 MPa, thermal conductivity
0.6-1.0 W/m-K, embodied energy 3-5 MJ/unit - Cow
dung (M1): Compressive strength 4.2 MPa, thermal
conductivity 0.28 W/m-K, embodied energy 0.3-0.5
MJ/unit - Advantage: 60-70% superior thermal insu-
lation; 80% lower carbon emissions; 35-40% lower
cost; suitable for non-load-bearing applications - Lim-
itation: Lower compressive strength (not suitable for
load-bearing walls); requires moisture management

4.5.2. Integrated multi-dimensional performance
assessment

While cow dung bricks exhibit lower absolute me-
chanical metrics relative to conventional standards,
integrated evaluation considering thermal efficiency,
resource utilization, environmental impact, economic
viability, and application-specific suitability demon-
strates substantial merit for non-structural construc-
tion applications within Indian building practice
aligned with sustainable development objectives.

Optimal Application Domain: Interior partitions,
boundary walls, infill panels in residential construc-
tion where thermal insulation and sustainability take
priority over maximum compressive strength.

5. Conclusions

The present investigation systematically evalu-
ated mechanical and microstructural properties of
cow dung bricks through comprehensive experi-
mental characterization, establishing their viability
as sustainable construction materials for specific
non-load-bearing applications in Indian building
construction.
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5.1 Key findings

Mechanical Performance: Mix 1 containing 70%
cow dung achieved compressive strength of 4.2 + 0.3
MPa (n = 6, p = 0.002), satisfying IS 1077 specifica-
tions for Class I common building bricks designated
for non-load bearing masonry applications. Water ab-
sorption of 18.5 &+ 1.2% remained within acceptable
limits per IS 3495 standards. Critically, all formula-
tions exhibited nil efflorescence, addressing common
durability concerns in traditional masonry.

Thermal Performance: Thermal conductivity of
0.18-0.28 W/m-K demonstrated 60-70% superior
insulation compared to conventional fired bricks
(0.6-1.0 W/m-K), supporting energy-efficient build-
ing design particularly for India’s diverse climatic
zones.

Microstructural Validation: FTIR spectroscopy
confirmed molecular-level integration of organic cow
dung components with mineral constituents through
hydrogen bonding networks. XRD analysis identi-
fied calcite (CaCOs3) as primary strength-development
phase with intensity peak of 501 cps at 26 =
29.49°, validating carbonation-based strength devel-
opment during ambient air-curing—eliminating need
for high-temperature kiln firing. SEM revealed fibrous
organic matter effectively embedded in clay-mineral
matrix, providing fiber-reinforcement mechanism
complementing carbonation-based bonding.

Durability Assessment: Laboratory efflorescence
testing demonstrated nil salt deposition, support-
ing long-term durability in non-severe exposure
applications. Climate-based application framework
established that while interior applications are uni-
versally suitable across all Indian climatic zones,
exterior applications require climate-specific de-
sign measures and field validation, particularly for
monsoon-exposed regions.

Biosafety Protocols: Sun-drying for 48-72 hours
achieves 90-99% pathogen inactivation per litera-
ture. Comprehensive microbiological testing is rec-
ommended as critical prerequisite for industrial-scale
production before use in public buildings.

Environmental & Economic Viability: Embodied
energy reduction of 65-72% and carbon emissions
reduction of 80% compared to conventional bricks,
combined with production cost advantage of 35-
40%, support economic viability for mass housing
initiatives while addressing waste valorization and
agricultural sustainability objectives.

5.2. Scope clarifications and honest limitations

This investigation provides comprehensive
laboratory-based characterization. Important
limitations acknowledged:

1. Field Performance Validation: Laboratory testing
under controlled conditions cannot fully replicate
multi-year service exposure under actual cli-
matic conditions, particularly in monsoon-prone
regions. Long-term field trials (minimum 3 years)
are essential prerequisite before finalizing exterior
application recommendations.

2. Microbiological Characterization: While sun-
drying protocols are documented based on
published literature, comprehensive microbiolog-
ical testing (ISO 5887 for E. coli, ISO 6579 for
Salmonella) was not conducted within present
project scope. Detailed biosafety wvalidation
through CSIR/NEERI laboratories is strongly
recommended before industrial-scale adoption.

3. Durability Under Extreme Conditions: Testing did
not include extended freeze-thaw cycles or salt
spray exposure under severe climatic conditions.
Material performance in extreme environments
(coastal salt spray, prolonged freeze-thaw) re-
quires dedicated investigation.

4. Application Scope: This work establishes feasibil-
ity for non-structural interior partitions and infill
panels in residential construction. Claims beyond
this scope (load-bearing applications, extreme ex-
posure) are not supported by present evidence.

5.3. Future research directions

To advance cow dung brick technology from labo-
ratory proof-of-concept toward commercial adoption,
the following research is strongly recommended:

1. Field Performance Trials: Establish multi-year
field monitoring program in representative cli-
matic zones (hot-dry, warm-humid, monsoon,
composite) measuring: moisture content evolu-
tion, biological growth assessment, dimensional
stability, mechanical property retention. Mini-
mum duration: 3 years including full monsoon
cycle in humid zones.

2. Industrial-Scale Biosafety Validation: Conduct
comprehensive microbiological characterization
per ISO and IS standards, including: baseline
pathogen assessment, post-sun-drying validation,
final product testing. Establish production pro-
tocols ensuring microbiological safety for public
building applications.

3. Protective Coating Development: Investigate
breathable, vapor-permeable protective coat-
ings enhancing moisture resistance without
compromising environmental benefits. Validate
performance under accelerated weathering.

4. Supplementary Material Optimization: Explore
pozzolanic fiber additions or supplementary
binders (fly ash, rice husk ash) improving
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mechanical strength and durability while main-
taining environmental advantages.

5. Standardization and Specifications: Develop stan-
dardized testing protocols and specification re-
quirements specifically addressing bio-composite
masonry materials, facilitating regulatory accep-
tance and commercial adoption in Indian con-
struction codes.

6. Life Cycle Assessment: Conduct comprehensive
LCA including transportation, installation, main-
tenance, and end-of-life scenarios, establishing
environmental credentials under realistic com-
mercial production conditions.

5.4. Final assessment

Cow dung bricks constitute technically viable,
environmentally sustainable, and economically com-
petitive alternative to conventional fired bricks for
specific non-structural applications including par-
tition walls, boundary walls, and infill panels in
residential buildings. The integration of traditional
knowledge with modern materials characterization
techniques establishes scientific foundation support-
ing transition toward circular economy principles in
construction sector.

The present research demonstrates that when ap-
propriately positioned for non-load-bearing interior
applications in moisture-controlled building envi-
ronments, cow dung bricks deliver: (1) Adequate
mechanical performance meeting IS standards; (2)
Superior thermal insulation supporting energy effi-
ciency; (3) Environmental benefits through 60-70%
embodied energy reduction and waste valorization;
(4) Economic advantages supporting affordable hous-
ing objectives.

However, honest acknowledgment of limitations—
regarding field durability validation, microbiological
characterization, and application scope—is essential.
Future research addressing these gaps will establish
cow dung brick technology as credible, evidence-
based sustainable material worthy of commercial
adoption and regulatory standardization in Indian
construction industry.
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