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This study investigates the mechanical, microstructural, and economic performance of 

concrete incorporating calcined fish scale powder (FSP) as a partial replacement for 

Portland cement. Fish scales, an abundant organic waste byproduct, were thermally 

treated at 250℃ and added to concrete mixes at 0%, 0.5%, 1%, 1.5%, 5%, 10%, and 15% 

replacement ratios. Compressive, splitting tensile, and flexural strengths were evaluated 

at 3, 7, 28, and 90 curing days to capture early and long-term performance trends. The 

highest mechanical performance was recorded at a 10% replacement level, achieving 

compressive, tensile, and flexural strengths of 42 MPa, 2.3 MPa, and 4.3 MPa 

respectively at 90 days, representing significant improvements over the control. SEM 

analysis at 7 and 28 days confirmed substantial microstructural densification due to 

enhanced C–S–H gel development and better interfacial bonding from the 

hydroxyapatite-collagen composite structure of FSP. Workability peaked at 1.5% FSP 

content, with higher dosages negatively impacting flowability. Furthermore, a cost-

benefit evaluation revealed that the 10% FSP mix offers not only improved mechanical 

performance but also material cost savings and reduced CO₂ emissions. These findings 

highlight the potential of fish scale powder as a sustainable cement substitute that 

enhances structural performance and environmental efficiency, supporting its application 

in green construction practices.  
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1. INTRODUCTION

Concrete is a prevalent material in the worldwide building 

industry. It is a mixture of aggregates, water, and a binder such 

as lime or cement [1, 2]. The characteristics of concrete, 

including economic viability, inherent reliance, and 

adaptability, have become this material the most prevalent 

choice among building industry professionals [3-5]. The rise 

in population and urbanization necessitates infrastructure 

development, which demands the services of the construction 

industry. This business's traditional processes and materials 

have been identified as contributors to greenhouse gas 

emissions, leading to environmental pollution [3, 6]. 

Consequently, researchers worldwide endeavor to minimize 

the consumption of raw resources used in concrete production, 

with cement being the principal component among these 

elements. Cement production is internationally attributed to 5-

10% of CO2 emissions, adversely impacting our ecosystem [7-

9]. Therefore, it is essential to diminish both the demand and 

production of cement to decrease energy consumption and 

mitigate environmental pollution [10-12]. A strategy proposed 

to diminish the consumption and production of raw materials 

for concrete involves using waste materials with pozzolanic 

and cementitious features. Various wastes [13, 14], including 

Sewage Sludge Ash, Biomass Combustion Ash, Palm Oil Fuel 

Ash [12], Waste Lime Sludge, Rice Husk Ash [15], Steel Slag, 

Ground Granulated Blast Furnace Slag [8], Fly Ash [16, 17], 

and Coal Ash, were employed by researchers in the 

manufacture of concrete to diminish binder utilization, 

enhance waste management, promote environmental 

sustainability, and enhance concrete features [18-21]. 

Furthermore, the augmentation of concrete strength using 

extra cementitious materials and fibers was a longstanding 

practice [22]. 
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Fish scales, byproducts of the food and fishing sectors, pose 

a significant economic and environmental challenge [23]. A 

portion of generated fish scales are utilized in the manufacture 

of collagen [24], biomaterials [25, 26], adsorbents [27], food 

[28], fertilizers [29], animal feed [30], guanine [31], and 

hydroxyapatite [32-37]. The primary components of fish 

scales are proteins, primarily minerals, and collagen. The 

primary ingredient of the inorganic mineral components of 

fish scales is hydroxyapatite [18]. The predominant techniques 

for splitting inorganic and organic ingredients include 

converting fish scale components into a soluble form by 

heating and treatment with organic solvents, alkalis, acids, or 

enzymes [38]. These procedures are protracted (up to two 

weeks), involving substantial use of detergents and 

considerable energy expenditure. 

Despite prior research on using fish scales and natural 

materials in composites, significant gaps still need to be in 

their application as sustainable blending materials in concrete. 

Bigi et al. [39] examined calcium phosphate cement with fish 

scales, improving mechanical features through controlled 

porosity and microstructural changes, but did not explore 

traditional concrete or long-term performance. Zhu et al. [40] 

focused on fish scales' mechanical behavior and 

microstructure without applying this knowledge to concrete 

mixtures. Bhat et al. [41] studied animal bone powder as a 

coarse aggregate replacement, identifying optimal 

compressive strength with 50% substitution, yet their work 

still needs to address fish scales or cement replacement. 

Similarly, Sridhar et al. [42] investigated fish scales in fiber 

composites with vinyl ester but needed to consider their 

potential in concrete. When used as a cement replacement at 

various ratios and curing ages, these studies fail to examine 

fish scales' impact on vital concrete features—compressive, 

tensile, and flexural strength. Therefore, the need for further 

research on fish scales as a sustainable material in concrete is 

evident, particularly regarding their mechanical performance 

as a partial cement substitute. This study addresses these gaps 

by evaluating concrete blended with fish scales across 

different replacement levels. 

This study aims to evaluate the feasibility of utilizing 

calcined fish scale powder as a sustainable partial replacement 

for Portland cement in structural concrete, with a focus on 

enhancing mechanical performance, promoting 

microstructural refinement, and reducing environmental 

impact. The investigation encompasses the incorporation of 

fish scale powder, thermally treated at 250℃, at various 

replacement levels ranging from 0% to 15%, and assesses its 

influence on compressive, splitting tensile, and flexural 

strengths at curing ages of 3, 7, 28, and 90 days. In addition to 

mechanical characterization, the study incorporates scanning 

electron microscopy (SEM) to elucidate the microstructural 

development and hydration mechanisms associated with fish 

scale inclusion. The experimental program also evaluates the 

workability of fresh concrete and the effect of organic additive 

content on slump behavior. Through a comprehensive cost-

benefit analysis, the research further examines the economic 

and ecological viability of fish scale powder as a cement 

substitute by quantifying material cost savings and carbon 

footprint reductions. Ultimately, this work seeks to identify an 

optimal replacement ratio that maximizes structural integrity 

while aligning with the principles of circular economy and 

sustainable construction, thereby offering an innovative waste 

valorization pathway within the civil engineering sector. 

2. EXPERIMENTAL PART

2.1 Materials characteristics 

The characteristics of the materials utilized in the current 

study were chemical and physical analysis and the particle size 

grading for fish scales waste, coarse aggregates, sand, and 

cement. 

2.1.1 Cement utilization and properties 

This research utilizes ordinary Portland cement (class I), 

produced at the Almas Cement Factory in Iraq, to refer to 

normal concrete beam samples. Tables 1 and 2 demonstrate 

the cement's chemical analysis and physical test findings, 

respectively. The test findings indicated that the cement 

utilized conformed to Iraqi Requirement No. 5/1984.  

Table 1. Cement physical characteristics 

Character Magnitude 
Limit of IQS NO. 

5/1984 

Setting Time (min) 

Initial 123 ≥45 

Final 195 ≤600 

Fineness (Blaine), m2/kg 315 ≥230 

Compressive Strength 

(MPa) 

3days 27.52 ≥15 

7days 38.4 ≥23 

Table 2. Chemical analysis and main cement components 

Oxide Composition 
By 

Weight % 

Limitations of IQS 

NO. 5/1984 [43] 

CaO 62.77 - 

SiO2 20.54 - 

Al2O3 5.60 - 

Fe2O3 3.29 - 

SO3 2.34 
if C3A ＜ 5% ≤2.5% 

if C3A ＞ 5% ≤2.8% 

MgO 2.80 ≤5% 

L.O.I. 1.95 ≤4% 

L.S.F. 0.91 0.66-1.02 

I.R. 1.21 ≤1.5 

Main compounds 

(Bouge's eq.) 
by weight of cement (%) 

Tricalcium silicate 

(C3S) 
50.14 - 

Diacalcium siliccat 

(C2S) 
19.05 - 

Tricalcium aluminate 

(C3A) 
3.25 ≤3.5% 

Tetracalcium 

aluminoferrite (C4AF) 
10.11 - 

Figure 1. Fine aggregate grading 
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2.1.2 Fine aggregate (sand) 

Figure 1 shows the natural sand used, with a max particle 

size of 4.75 mm. The sand was repeatedly cleansed and 

purified with water, then spread out and allowed to air dry 

before use to avert moisture buildup that may substantially 

impact the water amount in the concrete mixture. Table 3 

shows the physical and chemical features of fine sand. 

 

Table 3. Chemical and physical features of the utilized 

fine aggregate 

 
Features Test Findings 

Specific gravity 2.64 

Fineness modulus 2.70 

Absorption proportion 0.74 

Sulfate amount (SO3) % 0.12 

 

2.1.3 Gravel 

The research used a max size of 10 mm for semi-crushed 

gravel. It was said that gravel was washed with water to 

eliminate dust and then allowed to air dry to get a saturated 

surface dry condition. Figure 2 and Table 4 illustrate the sieve 

analysis and the chemical and physical features of the gravel, 

respectively. 

 

 
 

Figure 2. Grading of the utilized gravel 

 

Table 4. Physical and chemical features of the utilized 

gravel 

 
Features Test Findings 

Sulfate (SO3) amount % 0.08 

Specific gravity 2.65 

Absorption percent 0.77 

 

2.1.4 Utilization of fish scales in biodegradable polymers 

Fish scales are a rigid substance that encases the fish skin. 

Substantial quantities of fish waste are routinely discarded. 

These fish scales have been chosen to convey biodegradable 

polymer. One challenge is to collect a sufficient quantity of 

these scales and transport them to the handling laboratory. Fish 

scale is often used as a biopolymer across several industries 

due to its exceptional biocompatibility and biodegradability. 

The current study extracted fish scales from fish waste as an 

alternative source. Figure 3 outlines a detailed process for 

transforming raw fish scales into a refined powder suitable for 

advanced applications. The fish scales are thoroughly washed 

and centrifugated, removing excess moisture. Subsequently, 

the scales undergo a specialized treatment with ice and salt, 

followed by a secondary washing to eliminate residual 

impurities. The scales are soaked in a salt solution to enhance 

the preparation and then washed again. The treated scales are 

then carefully dried to ensure optimal moisture content before 

grinding. The drying step is crucial as it facilitates the 

subsequent high-speed grinding phase, where the scales are 

processed into a coarse powder. Finally, the coarse powder is 

refined through vibration sieving, which ensures uniform 

particle size and consistency. 

 

 
 

Figure 3. Fish scales preparing process 

 

Figure 4 illustrates XRD pattern diffraction peaks indicating 

the crystalline structure of fish scales conducted in Al-Khura 

company/ Baghdad/ Iraq. A sharp peak near 2θ = 31-32° 

suggests the presence of hydroxyapatite, a common mineral in 

fish scales. Smaller peaks at 16-18°, 22-23°, 39-41°, and 48-

50° indicate other crystalline components. The broad 

background suggests amorphous or less-ordered structures, 

likely collagen. The pattern reflects a semi-crystalline 

composite of organic (collagen) and inorganic (minerals) 

materials, characteristic of fish scales. Circles mark critical 

peaks, likely corresponding to specific crystalline phases. 

Figure 5 shows the chemical composition of the fish scale 

based on energy-dispersive X-ray Spectroscopy (EDS) results. 

 

 
 

Figure 4. XRD pattern for fish scales 

 

 
 

Figure 5. Chemical analysis of fish scale 

 

2.2 Mix design 

 

The research includes a study of the impact of adding 

ground fish scales on the flexural, splitting tensile, and 

compressive strengths of the concrete mix as a percentage of 

cement replacement (0, 0.5, 1, 1.5, 5, 10, and 15%) that burned 

at 250 degrees Celsius, in addition to the difference in the test 

age. (7 and 28) days, as the concrete mixture consists of 

(gravel, sand, cement, water, and ground fish scales) as shown 

in Figure 6. The concrete mix ratio of 1:1.5:2 (cement: sand: 
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gravel) was determined to provide a suitable balance between 

strength, durability, and workability, in line with recognized 

civil engineering standards for structural applications. A 

water-to-cement (W/C) ratio of 0.35 was adopted to ensure 

sufficient hydration while minimizing the potential adverse 

effects of excess water on the concrete's compressive strength 

and long-term durability. The 400 kg/m³ blending material 

was selected to supply adequate cementitious material to 

achieve the desired mechanical properties and ensure a strong 

bond within the matrix. The quantities specified in Table 5 

were calculated to promote uniformity, reduce segregation, 

and ensure consistency in the final concrete mixture, meeting 

the technical requirements for its intended use. 

 

Table 5. Mixing design quantities 

 
Mixing ID Fish Scales Ratio Fish Scales kg/m3 Cement kg/m3 Sand kg/m3 Gravel kg/m3 Water kg/m3 

FM1 0.00% 0 400 600 800 140 

FM2 0.50% 2 398 600 800 140 

FM3 1.00% 4 396 600 800 140 

FM4 1.50% 6 394 600 800 140 

FM5 5.00% 20 380 600 800 140 

FM6 10.00% 40 360 600 800 140 

 

 
 

Figure 6. Mixing materials 

 

2.3 Laboratory evaluations 

 

2.3.1 Concrete slump analysis 

The workability of concrete enhanced with fish scales as an 

addition was evaluated using the slump cone test by ASTM 

C143 standards [43]. The slump cone technique is a rapid and 

cost-effective test conducted from batch to batch to assess the 

consistent quality of concrete throughout construction. 

2.3.2 Compressive strength analysis 

The compressive strength test was identified based on 

(ASTM C39-86) [44]. Cubic of (150mm × 150mm × 150 mm) 

were tested by applying a hydraulic compressive machine with 

a capacity of (1600kN) as demonstrated in Figure 7. 

 

 
(a) 

 
(b) 

 

Figure 7. (a) Compression test for cylinder; (b) Splitting 

tensile strength test 

 

2.3.3 Splitting tensile strength assessment 

A splitting tensile strength test has been identified, as 

demonstrated in Figure 7, on cylindrical concrete specimens 

(100 × 200 mm) by (ASTM C496-2004) [45]. 

 

2.3.4 Flexural strength test 

This research tested the rupture modules on prismatic 

concrete specimens (10 × 10 × 40) cm according to ASTM 

C78-10 [46]. 

 

2.3.5 Scanning electron microscopy (SEM) 

The SEM test was conducted to examine the microstructural 

development of concrete containing fish scale powder. It 

provided detailed imaging of the hydration products, pore 

structure, and interface between the cement matrix and 

additive at 7 and 28 days. 

 

 

3. RESULTS AND DISCUSSION 

 

3.1 Fresh concrete results 

 

Figure 8 shows the slump test results showing that 

incorporating fish scales as a partial cement replacement 

significantly influences the workability of concrete. The slump 

value increased with fish scale content up to 1.5%, peaking at 

47 mm for FM4 (1.5% replacement), indicating enhanced 

workability at lower replacement levels. Beyond this point, 
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workability decreased, with slump values dropping to 30 mm 

for FM6 (10% replacement) and reaching the lowest value of 

25 mm for FM7 (15% replacement). These results suggest that 

while small additions of fish scales improve workability, 

higher replacement levels negatively affect the mix's flow 

properties due to increased organic content. 

 

 
 

Figure 8. Slump test results for all selected mixtures 

 

3.2 Mechanical properties of concrete results 

 

Figure 9 presents the compressive strength development of 

concrete samples incorporating varying percentages of fish 

scale powder (0% to 15%) at four different curing ages: 3, 7, 

28, and 90 days. The data indicate a consistent increase in 

strength with curing time across all mixes, affirming the 

progressive hydration and matrix densification. For the control 

sample FM1 (0% fish scales), compressive strength evolved 

from 15.5 MPa at 3 days to 25 MPa at 28 days and peaked at 

27 MPa at 90 days. FM2 (0.5%) exhibited comparatively 

lower early and long-term strengths, reaching only 20 MPa by 

90 days. FM3 (1%) and FM4 (1.5%) showed a steady increase, 

with FM4 achieving 30 MPa at 28 days and 33 MPa at 90 days. 

FM5 (5%) recorded substantial strength gains, progressing 

from 20 MPa at 3 days to 38 MPa at 90 days. The most notable 

enhancement was observed in FM6 (10%), which reached 21.5 

MPa at 3 days and ultimately 42 MPa at 90 days—a 68% 

improvement compared to the control at 28 days. FM7 (15%) 

also showed strength progression but to a lesser extent, with 

final strength plateauing at 32 MPa. These outcomes 

underscore the superior performance of the 10% fish scale 

content, confirming it as the optimal replacement level for 

enhancing compressive strength across all curing stages. 

 

 
 

Figure 9. Compressive strength results after using different 

fish scale ratios (0, 0.5, 1, 1.5, 5, 10, and 15%) at 3, 7, 28 and 

90 curing ages 

The improvement in compressive strength is attributed to 

the pozzolanic and filler effects of calcined fish scale powder, 

which contains hydroxyapatite and collagen. These 

components enhance interfacial bonding between the cement 

matrix and aggregate, promote nucleation of C–S–H gel, and 

contribute to a denser microstructure with reduced porosity. 

As corroborated by SEM observations, FM6 exhibited 

significant microstructural densification at later ages, 

indicating advanced hydration and improved durability 

potential [47]. However, at higher dosages (e.g., 15%), 

excessive organic residue may disrupt cement hydration 

kinetics, leading to a decline in strength efficiency [48, 49]. 

Thus, the 10% replacement level achieves an optimal synergy 

between microstructural refinement and mechanical 

performance. 

Figure 10 illustrates the development of splitting tensile 

strength in concrete samples containing varying proportions of 

fish scale powder (ranging from 0% to 15% by weight) at four 

curing ages: 3, 7, 28, and 90 days. A progressive enhancement 

in tensile strength is evident across all mixes with increasing 

curing time, highlighting the ongoing hydration and 

microstructural refinement. For the control mix FM1 (0%), 

strength increased from 1.3 MPa at 3 days to 1.57 MPa at 28 

days and reached 1.65 MPa at 90 days. FM2 (0.5%) exhibited 

the lowest performance across all ages, with final strength 

plateauing at 1.5 MPa. FM3 (1%) and FM4 (1.5%) showed 

consistent improvement, reaching 1.72 MPa and 1.9 MPa at 

90 days, respectively. FM5 (5%) achieved 2.1 MPa at 90 days, 

while FM6 (10%) demonstrated the highest splitting tensile 

strength across all ages, increasing from 1.7 MPa at 3 days to 

2.3 MPa at 90 days—a notable gain over the control. FM7 

(15%) also performed well, attaining 1.9 MPa at 90 days, 

though slightly below the FM6 result. 

These outcomes confirm that fish scale powder effectively 

enhances the tensile resistance of concrete, particularly at 

replacement levels up to 10%. The improvement is attributed 

to the synergistic role of collagen fibers and hydroxyapatite in 

the fish scales, which promote stronger bonding within the 

cement matrix and contribute to crack-bridging mechanisms. 

Moreover, the increased interfacial adhesion and reduced 

microcracking at later ages—observed in SEM analysis—

further justify the elevated tensile response. Nevertheless, 

higher replacement levels (e.g., FM7 at 15%) may introduce 

excess organic content, which could marginally affect matrix 

cohesion, limiting strength gain beyond the optimal threshold. 

Figure 11 illustrates the flexural strength development of 

concrete specimens incorporating various percentages of fish 

scale powder (0% to 15% by weight) at four curing ages: 3, 7, 

28, and 90 days. The results show a consistent upward trend in 

flexural strength with curing age across all mixes, reflecting 

progressive hydration and matrix reinforcement. The control 

mix FM1 (0%) achieved modest gains, increasing from 2.4 

MPa at 3 days to 3.2 MPa at 90 days. FM2 (0.5%) exhibited 

lower strength at all ages, peaking at 2.9 MPa at 90 days. 

Mixes FM3 (1%) and FM4 (1.5%) demonstrated steady 

improvements, reaching 3.3 MPa and 3.7 MPa respectively at 

90 days. FM5 (5%) achieved significant enhancement, with 

strength values rising from 3.0 MPa at 3 days to 4.0 MPa at 90 

days. The highest flexural strength was recorded for FM6 

(10%), which progressed from 3.2 MPa at 3 days to 4.3 MPa 

at 90 days, marking the most favorable outcome across all ages. 

FM7 (15%) also displayed a strong flexural response, attaining 

3.8 MPa at 90 days. 

These results confirm that the inclusion of fish scale powder 
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significantly contributes to the flexural performance of 

concrete, especially at 5–10% replacement levels. The 

enhancement is attributed to the bio-mineral composite nature 

of fish scales, particularly the collagen matrix and 

hydroxyapatite content, which improve interfacial bonding, 

reduce porosity, and promote the formation of a denser 

microstructure. These properties support more efficient stress 

distribution and fracture resistance under bending [50, 51]. 

Moreover, the inherent brittleness of the calcined fish scales 

likely contributes to microcrack arrest, thus increasing flexural 

toughness. Supporting literature also highlights that bio-

organic additives can stimulate early C–S–H gel formation and 

improve post-cracking behavior, affirming the role of fish 

scales in strengthening flexural capacity in cementitious 

systems [50-53]. 

 

 
 

Figure 10. Splitting tensile strength results after using 

different fish scale ratios (0, 0.5, 1, 1.5, 5, 10, and 15%) at 3, 

7, 28 and 90 curing ages 

 

 
 

Figure 11. Flexural strength results after using different fish 

scale ratios (0, 0.5, 1, 1.5, 5, 10, and 15%) at 3, 7, 28 and 90 

curing ages 

 

3.3 Microstructure results 

 

Figure 12 shows the microstructural evolution of concrete 

incorporating 10% fish scale powder (FM6) between the 7- 

and 28-day curing ages reveals a significant transformation in 

matrix density, hydration progression, and phase integration. 

At 7 days, the SEM image indicates a heterogeneous and 

porous matrix characterized by partially hydrated cement 

particles, unreacted fish scale residues, and discontinuous 

calcium silicate hydrate (C–S–H) gel formation. These early-

age features reflect an immature microstructure with weak 

interfacial bonding and higher porosity, which are typical of 

initial hydration stages. In contrast, the 28-day microstructure 

exhibits a notably denser and more homogeneous cementitious 

matrix, with extensive development of C–S–H gel and more 

complete encapsulation of fish scale particles within the 

hydrated phases. This densification contributes to reduced 

pore connectivity and enhanced mechanical performance, 

confirming the beneficial interaction between the organic-

mineral phases of fish scales and the cement matrix over 

extended curing periods. The presence of hydroxyapatite and 

collagen in the fish scales likely serves as nucleation sites for 

C–S–H formation, accelerating hydration and promoting 

interfacial densification—a phenomenon supported by Liu et 

al. [38], reported that hydroxyapatite derived from fish scale 

waste significantly improved cement matrix reactivity and 

microstructural compactness in blended systems. Therefore, 

prolonged curing not only advances cement hydration but also 

facilitates the synergistic effects of fish scale additives, leading 

to superior structural integrity and performance of the 

composite material [38]. 

  

 

 
 

Figure 12. SEM images for sample FM6 (with 10% fish 

scales) at 7 and 28 curing ages 

 

The current study confirms that incorporating 10% fish 

scale powder significantly enhances the compressive strength 

of concrete—reaching 40 MPa at 28 days, a 60% improvement 

over the control mix—it also presents microstructural 

evidence supporting potential durability gains. SEM analysis 

of the FM6 sample revealed a denser, less porous matrix at 28 

days, characterized by extensive C–S–H gel formation and 

effective encapsulation of fish scale particles. Such 

microstructural densification is closely associated with 

reduced permeability, which is a key factor in enhancing 

resistance to chloride ingress and moisture transport, as 

established by Gallegos-Villela et al. [53], demonstrated that 

natural additives improve concrete durability through pore 

structure refinement. Furthermore, the improved interface and 

diminished microvoid content observed at 28 days are likely 

to improve freeze–thaw resistance by minimizing internal 

water expansion and cracking, consistent with findings by 

Olusunle et al. [49], linked organic waste-based densification 

with enhanced thermal durability. Additionally, the 

incorporation of hydroxyapatite—a major component in fish 
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scales—may offer buffering capacity against pH drop and 

reduce CO₂ diffusivity, thereby improving carbonation 

resistance, as supported by Liu et al. [38], found that 

hydroxyapatite from fish scales enhanced cement matrix 

stability and microstructural compactness. Therefore, both the 

mechanical performance and SEM-based densification 

strongly suggest improved long-term durability, which should 

be validated through permeability, freeze–thaw, and 

carbonation resistance testing. 

To ensure the practical applicability of fish scale powder as 

a sustainable cement replacement, it is essential to investigate 

its performance under varying environmental temperatures 

and humidity levels. The current study demonstrates that 10% 

fish scale powder significantly enhances compressive strength 

(40 MPa at 28 days) and promotes microstructural 

densification, as confirmed by SEM analysis. However, these 

results were obtained under controlled laboratory conditions, 

which do not fully replicate the diverse climatic stresses 

encountered in real-world construction environments. 

Concrete's hydration rate, strength development, and 

durability properties are highly sensitive to ambient 

temperature and relative humidity—factors that influence pore 

structure evolution, moisture transport, and long-term phase 

stability. 

At elevated temperatures, for example, hydration may 

accelerate but lead to microcracking and reduced long-term 

durability, while low temperatures can retard hydration and 

compromise early-age strength. Similarly, high humidity may 

sustain hydration and improve curing outcomes, whereas dry 

conditions can lead to shrinkage and poor matrix formation. 

Prior studies [54, 55] have shown that environmental exposure 

conditions markedly affect both mechanical and transport 

properties of blended concretes. 

Thus, evaluating the performance of fish scale–modified 

concrete under controlled temperature-humidity chambers 

simulating tropical, arid, and temperate climates would 

provide critical insights into its robustness and service life 

prediction. This step is vital for validating its feasibility in 

infrastructure projects exposed to thermal cycling, wet-dry 

conditions, or coastal environments. 

 

3.4 Cost-benefits analysis 

 

From a civil engineering perspective, the economic and 

functional viability of fish scale powder as a supplementary 

cementitious material hinge on its dual advantage of 

performance enhancement and cost mitigation. As a waste by-

product, fish scales present a virtually zero raw material cost, 

significantly reducing the economic barrier to sustainable 

integration in concrete formulations. The associated 

processing cost, primarily driven by thermal calcination at 

250℃ and subsequent grinding, is moderate (estimated at 20–

35 USD/ton) and could be further optimized through localized 

sourcing and batch energy management. 

The replacement of 10% cement, a high-cost and high-

emission component, results in a direct material cost saving of 

up to 8–10 USD per ton of concrete. Beyond economics, the 

+60% increase in compressive strength (from 25 MPa to 40 

MPa), as empirically demonstrated in the FM6 mix, 

substantiates the efficacy of fish scale powder in enhancing 

structural performance, as demonstrated in Table 6. 

Furthermore, SEM analysis confirms that matrix densification 

and pore refinement contribute to improved durability 

indicators such as reduced permeability and long-term 

mechanical stability—key to minimizing maintenance 

interventions in aggressive service environments. 

Lastly, the carbon offset potential through cement emission 

reduction (~90 kg CO₂ per ton avoided) positions fish scale 

concrete favorably within the green construction paradigm, 

enabling potential qualification for environmental 

certifications and regulatory incentives. Hence, the combined 

financial and environmental return supports its overall 

economic feasibility, encouraging broader industry adoption. 

 

 

Table 6. Cost-benefit comparison between traditional vs fish scale concrete 

 
 Parameter Traditional Concrete Fish Scale Concrete (10% Replacement) 

1 Raw Material Cost Cement ~100-120 USD/ton Fish scales: low to zero cost (waste product) 

2 Processing Cost None (cement used directly) 20-35 USD/ton (washing, grinding, calcination) 

3 Cement Replacement None Savings of 8-10 USD/ton concrete 

4 Compressive Strength (28 days) 25 MPa 40 MPa (+60% vs. control) 

5 Durability and Maintenance 
Standard durability, regular maintenance 

cycles 

Enhanced durability, reduced lifecycle 

maintenance 

6 
Environmental Impact (CO2 

Emissions) 
∼ 900 kgCO2 /ton cement ∼ 810 kgCO2/ ton binder (10% reduction) 

7 Overall Economic Feasibility 
Neutral - no added sustainability or cost 

savings 

Positive - cost-effective, high strength, eco-

beneficial 

 

 

4 CONCLUSIONS 

 

The experimental findings demonstrate that incorporating 

fish scale powder calcined at 250℃ as a partial cement 

replacement significantly enhances the mechanical, 

microstructural, and economic performance of concrete. 

Compressive strength increased progressively across all 

curing ages, with the 10% FSP mix (FM6) achieving a peak 

value of 42 MPa at 90 days—approximately 68% higher than 

the control. Similar trends were observed for splitting tensile 

and flexural strengths, both of which reached optimal values 

in the 10% mix, confirming enhanced matrix cohesion and 

crack-bridging mechanisms. SEM analysis further revealed 

improved hydration and microstructural refinement at 28 days, 

attributable to the nucleation potential of hydroxyapatite and 

collagen residues. 

In terms of workability, fish scale inclusion improved 

flowability up to 1.5% replacement but reduced it at higher 

levels due to increased organic content. The densified matrix 

observed in SEM images suggests improvements in long-term 

durability, including reduced permeability and potential 

resistance to carbonation and freeze–thaw cycles. The cost-

benefit assessment established that using 10% FSP can reduce 

material costs by up to $10/ton of concrete and cut CO₂ 
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emissions by approximately 90 kg/ton of cement replaced. 

Therefore, a 10% fish scale powder replacement represents 

an optimal balance between mechanical strength, durability, 

and sustainability. Future research should investigate the 

effects of varying calcination temperatures and environmental 

exposures to further refine the material's behavior under field 

conditions. 

To comprehensively establish the optimal processing 

conditions and maximize the reactivity and bonding potential 

of fish scale powder, it is imperative to expand the 

experimental scope to include a range of calcination 

temperatures (e.g., 300℃, 400℃, 500℃, and 600℃). 

Variations in temperature can significantly alter the 

decomposition of organic matter, the crystallinity of 

hydroxyapatite phases, and the degree of thermal activation, 

which directly influence the particle morphology, surface area, 

and reactivity of the additive. 

Future investigations are recommended to explore the 

optimal dosage of fish scale powder under varying water-to-

binder ratios, as this parameter critically influences the 

hydration process, workability, and overall compatibility of 

blended cementitious matrices. In parallel, it is essential to 

examine the impact of fish scale incorporation on the alkalinity 

of the cementitious system, given its direct implications for the 

corrosion protection of embedded steel reinforcement and the 

preservation of passivating conditions over extended service 

life. Moreover, research should focus on the combined 

utilization of fish scale powder with supplementary 

cementitious materials and chemical admixtures—such as 

silica fume, fly ash, or superplasticizers—to evaluate potential 

synergistic interactions that may enhance mechanical strength, 

durability performance, and rheological behavior, thereby 

advancing the development of high-performance, 

environmentally sustainable concrete composites. 
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