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Abstract: Waste eggshell is a biological limestone with the potential to partially replace Portland cement in cementitious 

mixes, in both calcined and uncalcined states. However, the performance of Calcined Eggshells (CES) is strongly 

influenced by thermal treatment, as it removes the organic membrane and may alter the calcite-rich phase. This study 

aims to investigate the influence of calcination temperature and holding duration on the fresh behaviour, 28-day 

compressive strength, hydration, and microstructure of cementitious mixes containing eggshells as a partial cement 

replacement. Eggshells were calcined at 400, 600, and 800 oC for 1, 2, and 3 h and replaced with cement at the 

replacement levels of 5%, 10%, and 15%. The experimental program consisted of two sequential stages, where the first 

stage aimed to select representative mixtures for detailed hydration and microstructural analysis in the second stage. In 

the first stage, flow consistency and 28-day compressive strength were measured for all mixes containing CES, and 

compared with the control mix, mixes with industrial-grade extra pure limestone (LS), and mixes with uncalcined 

eggshells (ES). Based on phase assemblage, mixtures were classified into calcite-rich (undecomposed) and partially 

decomposed calcination regimes. Flow consistency and 28-day compressive strength testing identified CES calcined at 

600 °C for 2 h at 5% replacement (CES5(600-2)) as the best-performing calcite-rich mixture, and CES calcined at 800 

°C for 3 h at 15% replacement (CES15(800-3)) as the best-performing partially decomposed mixture. 

Thermogravimetric analysis (TGA) showed that CES5(600-2) achieved the highest bound-water content (25.13%) among 

calcite-rich mixtures, indicating enhanced hydration, while CES15(800-3) exhibited a markedly elevated calcium 

hydroxide content (21.21%) attributable to the combined contribution of cement hydration and hydration of residual 

CaO from calcination. Scanning electron microscopy corroborated these findings, revealing a well-developed C-S-H-

rich matrix in CES5(600-2) and a highly complex heterogeneous microstructure in CES15(800-3). The results 

demonstrate that the degree of calcination governs the phase assemblage and hydration pathway of CES, offering 

guidance for optimising eggshell-derived materials as sustainable supplementary cementitious materials. 
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1. Introduction 

Limestone (LS) can be used up to 10% replacement without sacrificing the compressive strength [1]. As a partial 

replacement for cement, LS fillers can improve hydration in a low water-to-cement ratio [2]. Eggshell (ES) is a biological 

limestone that contains 94% - 95% Calcite [3,4], and can be used in place of LS in calcium silicate products [5,6]. LS is 

completely reactive up to 5% replacement [7], while some studies also recommend 5% ES replacement for the optimal 

strength gain with OPC [8–16]. Moreover, incorporating ES also reduces setting time [17,18], improves radiation 

shielding properties [19,20], enhances thermal properties [21], and can be used up to a 20 % replacement level under 

elevated temperature conditions [22]. In general, using eggshells either in an uncalcined or calcined state has a positive 

impact on the hydration of cementitious materials [18,23–25]. 

Although cracking and grinding the shell can remove part of the organic membrane [26], the complete removal of 

residual organic matrix is not convenient and practical. The presence of the organic part results in reduced compressive 

strength when used as a cement replacement in cementitious products [3,8,22,27]. Importantly, the chemical interaction 

between Ca2+ and the ES surface is relatively weaker than that of LS due to the presence of the organic membrane, 

resulting in less dense heterogeneous nucleation and lower hydration [28]. Regarding limitations associated with 

rheology, the presence of an organic matrix in eggshells potentially results in hindrance in pumping, spreading, and 

compacting due to higher static yield stress in cement paste [29]. Therefore, removing the organic membrane results in 

the purer form of limestone and with enhanced properties for application as a cement replacement. It can typically be 

done by either heat treatment like calcination [30], or a chemical treatment like a reaction with bleach solution [31]. The 

former method is recommended for its effectiveness [30].  

Many studies have been reported on the use of Calcined Eggshells (CES) as a cement replacement obtained through 

different calcination conditions. Cree and Pliya [22] report 450 oC, and Wei et al. [29] recommend 500 °C to completely 
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remove the organic matrix for cement-based materials. Ngayakamo et al. [32] used eggshells calcined at 800 oC for 1.5 

hours with optimal replacement of 10% for improved microstructure and hydration. CES improves both short-term and 

long-term strength, reduces total porosity, while CaO turns into amorphous Calcium Hydroxide (CH), causing filling of 

pores [27]. However, the presence of CaO is possible only when calcination is performed at higher temperatures. For 

instance, calcination at 900 oC for two hours completely decomposes CaCO3 into CaO [31].  

Given the relatively better performance of calcined eggshell powder (CES), several studies have investigated the 

influence of calcination conditions, particularly temperature and holding duration, on its behaviour as a cementitious 

material. These processing parameters determine the degree of calcination by controlling the extent of thermal 

decomposition of calcium carbonate (CaCO₃), thereby governing the proportions of residual calcite and dissociated lime 

(CaO and its hydration product, Ca(OH)₂). Şenol and Çalışkan [16] investigated CES calcined at 800°C and 900°C for a 

fixed holding duration of 2 h with cement replacement levels ranging from 5% to 15% and reported that eggshells 

calcined at 900°C exhibited superior mechanical performance at a 5% replacement level. Wang et al. [27] employed 

thermogravimetric analysis to investigate the hydration behaviour of ternary OPC–GGBS–CES blends containing 

eggshells calcined at 900°C for holding durations of 10, 20, and 30 min. Their study demonstrated that the balance 

between residual CaCO₃ and newly formed CaO influenced hydration and compressive strength; however, the 

contribution of CES remained difficult to isolate because of the simultaneous incorporation of GGBS. In a related study, 

Maqsood and Eddie [18] investigated eggshells calcined at 400°C, 600°C, and 800°C for temperature holding durations 

of one, two, and three hours. Nevertheless, their investigation was limited to early-age properties, including setting time 

and heat of hydration. Collectively, these studies demonstrate that calcination conditions substantially influence the 

performance of CES; however, the relationship between the degree of calcination, phase evolution, hydration behaviour, 

and mechanical performance remains insufficiently understood. 

Hydration is a fundamental process governing the development of the cementitious matrix and, consequently, its 

mechanical performance. In calcium-silicate-based cement systems, hydration produces C-S-H and CH together with 

secondary AFt and AFm phases; in calcium-carbonate-containing systems, carbonate can additionally participate in the 

formation of calcium carboaluminate phases [33–36]. Although compressive strength provides an indirect indication of 

hydration development, thermogravimetric analysis (TGA) provides a quantitative means of assessing hydration-related 

mass losses through the determination of chemically bound water and CH contents [34–41]. Previous studies have used 

TGA to distinguish dehydration, dehydroxylation, and decarbonation regions and to evaluate hydration in cementitious 

systems with limestone and SCMs [37–39,41,42]. 

Calcium-carbonate-bearing particles can influence hydration not only through physical filler effects but also by providing 

surfaces for heterogeneous nucleation of hydration products. The extent of this effect can depend on particle size, surface 

characteristics, and the amount of carbonate-containing material [43–50]. Similar nucleation effects have been reported 

for eggshell-derived calcium carbonate, indicating that eggshell particles can provide additional surfaces for hydration-

product formation [51]. Consequently, the effect of calcination on eggshell hydration may arise from the combined 

influence of organic-matrix removal, changes in particle characteristics, and progressive transformation of CaCO₃ into 

dissociated lime. However, the transition from predominantly calcite-rich eggshell powder to partially decomposed 

systems containing residual calcite together with dissociated lime has received limited systematic investigation within a 

common cementitious system. Previous hydration studies have considered eggshells and calcined eggshells, but the 

influence of intermediate calcination states on later-age hydration and mechanical performance remains insufficiently 

resolved [18,51]. 

Accordingly, this study establishes the relationship between the degree of calcination of eggshell powder, the resulting 

phase assemblage, and the hydration, microstructural evolution, and mechanical performance of cementitious systems. 

Calcination temperature and holding duration are treated as processing variables used to generate different degrees of 

calcination. Eggshell powders produced under different calcination conditions were initially evaluated through flow 

consistency and compressive strength testing to identify representative mixtures from the calcite-rich and partially 

decomposed calcination regimes. Detailed hydration and microstructural characterization were subsequently carried out 

using Thermogravimetric Analysis (TGA) and Scanning Electron Microscopy (SEM) to elucidate the mechanisms 

governing the observed performance. The findings provide new insight into the role of the degree of calcination in 

controlling the reactivity of calcined eggshell powder and contribute to the development of sustainable cementitious 

materials through the effective valorisation of waste eggshells. 

 

2. Materials and Methods 
2.1. Materials 

The binder used in this study was CEM I 52.5 N conforming to the specifications of BS EN 197-1 [52]. Eggshells were 

collected from different restaurants, cleaned with water, air-dried, and then ground in a ball mill under a constant weight 

of 12 kg for the duration of 6 hours.  
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To get the CES, ground eggshells were calcined in an electric furnace at 400oC, 600oC and 800oC for the temperature 

holding duration of one, two, and three hours. In this way, nine different types of calcined eggshells were obtained, as 

shown in Table 1 below. Both ES and CES were sieved through an ASTM No. 200 sieve before incorporation in mixes.  

Industrial-grade extra pure limestone (LS) was also used to compare the results associated with ES and CES. Simple tap 

water was used for the preparation of mixes, while CEN standard sand, as explained in BS EN 196-1, was used for 

mortar specimens [53]. 

Table 1: Details of calcined eggshells 

Designation Description Colour Photo 

CES-400(1) Eggshells calcined at 400oC for one hour 

Light beige or off-white 

 

CES-400(2) Eggshells calcined at 400oC for two hours 

 

CES-400(3) Eggshells calcined at 400oC for three hours 

 

CES-600(1) Eggshells calcined at 600oC for one hour 

Darker grey or gunmetal 

 

CES-600(2) Eggshells calcined at 600oC for two hours 

 

CES-600(3) Eggshells calcined at 600oC for three hours 

 

CES-800(1) Eggshells calcined at 800oC for one hour 

Silver-grey or ash grey 

 

CES-800(2) Eggshells calcined at 800oC for two hours 

 

CES-800(3) Eggshells calcined at 800oC for three hours 

 
 

2.2. Materials Properties and Characterisation 

The chemical compositions of OPC, limestone (LS), eggshell powder (ES), and the calcined eggshell powders (CES) 

were determined using X-ray fluorescence (XRF) analysis. The corresponding oxide compositions are summarized in 
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Table 2. Based on the oxide composition, the Bogue phase composition of OPC was calculated, consisting of 62.89% 

C₃S, 9.06% C₂S, 9.73% C₃A, and 9.52% C₄AF. These values indicate that the cement was predominantly composed of 

alite (C₃S), which is characteristic of CEM I 52.5 N cement. 

 

Table 2: Oxide compositions of OPC, ES, LS, and CES 
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% % % % % % % % % % % % 

MgO 0.96 0.55 1.08 1.06 0.87 1.16 1.07 0.82 1.02 1.22 1.20 1.12 

Al2O3 5.67 0.10 0.10 0.08 0.14 0.13 0.13 0.10 0.22 0.11 0.11 0.10 

SiO2 19.70 1.10 1.42 1.46 1.26 1.29 1.49 1.27 2.21 1.28 1.15 1.28 

P2O5 0.14 0.10 0.50 0.49 0.46 0.48 0.50 0.49 0.48 0.48 0.52 0.52 

SO3 3.86 0.03 0.83 0.44 0.47 0.49 0.40 0.41 0.56 0.55 0.55 0.55 

K2O 0.71 0.06 0.16 0.16 0.16 0.15 0.16 0.16 0.19 0.15 0.14 0.16 

CaO 65.40 97.90 95.80 96.20 96.50 95.90 96.10 96.60 95.20 95.70 95.90 96.20 

Fe2O3 3.13 0.04 0.06 0.05 0.06 0.05 0.05 0.06 0.06 0.04 0.04 0.04 

Others 0.43 0.11 0.04 0.07 0.08 0.35 0.11 0.10 0.07 0.48 0.39 0.03 

 

The physical characteristics of the powders were evaluated by determining their specific surface area and particle size 

distribution. The specific surface area was measured using the Brunauer–Emmett–Teller (BET) method, while the 

particle size distribution (PSD) was determined by laser diffraction using ethanol as the dispersing medium. The PSD 

curves are presented in Figure 1, whereas the BET specific surface areas and characteristic particle sizes, including 

D[4,3], D(50), and D(90), are summarized in Table 3. 

 

 
Figure 1: Particle size distribution of OPC, limestone, eggshells and calcined eggshells 

 

Table 3: Details of D[4,3], D(50), and D(90) particle sizes of OPC, LS, ES, and CES  

Material 
BET Surface Area D[4,3] D(50) D(90) 

m2/kg m m m 

OPC 1.40 17.530 11.564 42.865 

LS 1.53 8.544 6.202 18.468 

ES 1.91 7.801 4.032 18.077 

CES-400(1) 5.38 15.555 9.245 39.748 
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CES-400(2) 5.41 18.550 9.966 49.270 

CES-400(3) 5.44 13.980 8.114 35.872 

CES-600(1) 1.87 21.016 12.763 53.368 

CES-600(2) 2.22 15.532 7.687 41.876 

CES-600(3) 2.44 14.428 7.059 38.641 

CES-800(1) 2.11 22.512 15.035 53.139 

CES-800(2) 2.80 14.385 9.067 34.856 

CES-800(3) 3.44 60.945 15.551 67.225 

 

Thermogravimetric analysis (TGA) was performed to investigate the thermal decomposition behaviour of ES and LS and 

to determine their calcium carbonate contents. Based on the TGA results, the raw ES contained approximately 96.58 

wt.% calcium carbonate (calcite), whereas the remaining fraction mainly consisted of volatile and organic constituents. In 

contrast, LS contained approximately 99.62 wt.% calcium carbonate, indicating negligible amounts of volatile and 

organic matter. A representative TGA thermogram of ES is presented in Figure 2. 

The mineralogical compositions of ES and CES were characterized using X-ray diffraction (XRD), and quantitative 

phase analysis was performed by the Rietveld refinement method. The XRD patterns of ES and CES, together with that 

of limestone (LS), are presented in Figure 3 for comparison. The crystalline phases identified in the calcined eggshell 

powders included calcite (CaCO₃), calcium hydroxide (CH), and calcium oxide (CaO). Since CaO readily reacts with 

atmospheric moisture to form CH during sample handling and storage [54–56], accurately distinguishing between these 

two phases may introduce uncertainty. Therefore, the combined amount of CaO and CH is also referred to as dissociated 

lime throughout this study. 

 

  
(a) (b) 

Figure 2: Typical thermogram for eggshell (a) weight loss associated with volatile/organic and mineral part [3], (b) 

Differential Thermogravimetric Curve (DTG). Adapted from [3]. 

 

   
(a) (b) (c) 

Figure 3: XRD spectrum indicating the presence of calcite, CaO and CH: (a) eggshells calcined at 400oC, (b) eggshells 

calcined at 600oC and (c) eggshells calcined at 800oC 
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The Rietveld refinement indicated that CES800(1) consisted of 63% calcite and 37% CH, whereas CES800(2) contained 

48% calcite and 52% CH. CES800(3) comprised 38% calcite, 55% CH, and 7% CaO. These quantitative phase 

assemblages were subsequently used to determine the degree of calcination of the CES samples.  

 

2.3. Mix Proportion  

Two types of cementitious mixtures, namely mortar and cement paste, were prepared to evaluate the influence of the 

calcination state of eggshell powder on the performance and hydration of cementitious materials. 

Mortar mixtures were prepared for the determination of flow consistency, compressive strength, and pore structure 

through Mercury Intrusion Porosimetry (MIP). All mortar mixtures were proportioned in accordance with BS EN 196-1, 

maintaining a binder-to-sand ratio of 1:3 and a constant water-to-binder ratio of 0.50. Ordinary Portland cement (OPC) 

was partially replaced by limestone (LS), eggshell powder (ES), and the nine calcined eggshell powders (CES) at 

replacement levels of 5%, 10%, and 15% by mass of cement. A control mixture containing only OPC was also prepared. 

The detailed mortar mix proportions are presented in Table 4. 

 

Table 4: Mix Proportion for mortar specimens as per BS EN 196-1 

Mix 
OPC Replacement Fine Aggregates W/B A/B 

(g) (g) (g)   

Control 900 - 2700 0.5 3 

5% Replacement 855 45 2700 0.5 3 

10% Replacement 810 90 2700 0.5 3 

15% Replacement 765 135 2700 0.5 3 

 

Cement paste specimens were prepared for thermogravimetric analysis (TGA) to investigate the hydration characteristics 

of the selected mixtures. A constant water-to-binder ratio of 0.30, corresponding to the standard consistency of the OPC 

used in this study, was adopted for all paste mixtures. The paste mixtures contained the same binder compositions as the 

corresponding mortar mixtures but without the addition of fine aggregate. 

The mixtures were designated as M-XR(T-H), where M denotes mix, X represents the replacement material (LS, ES, or 

CES), R is the cement replacement level (%), T is the calcination temperature (°C), and H is the temperature holding 

duration (h). For example, M-CES5(400-2) denotes a mix containing calcined eggshell powder (CES) prepared by 

calcination at 400°C for 2 h and incorporated as a 5% replacement of cement. 

 

2.4. Test Methods 

2.4.1. Flow Consistency 

The consistency of fresh mortar was determined immediately after mixing in accordance with BS EN 1015-3. The 

measured flow values were used to evaluate the influence of calcination temperature and replacement level on the 

workability of the mortar mixtures. 

2.4.2. Compressive Strength 

Mortar specimens having dimensions of 40 × 40 × 40 mm were prepared following BS EN 196-1. After casting, the 

specimens were covered to prevent moisture loss and demoulded after 24 h. The specimens were subsequently cured in 

lime-saturated water at 20 ± 2 °C until the designated testing ages. 

Compressive strength tests were conducted at 28 days using a universal testing machine. The reported values represent 

the average compressive strength obtained from three specimens for each mixture. 

2.4.3. Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) was carried out to evaluate the hydration behaviour of the selected cement pastes. 

The paste specimens were prepared using a water-to-binder ratio of 0.30 and cured for 28 days. Hydration was 

terminated prior to testing using solvent exchange with ethanol. 

The dried samples were ground to pass a 75 μm sieve before testing. Samples were put into 20mg alumina crucible, and 

Al2O3 powder was used as reference material. Each sample was heated from ambient temperature to 1000°C at a heating 

rate of 10°C/min under an argon atmosphere. 
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The derivative thermogravimetric (DTG) curves were used to identify the decomposition regions associated with 

hydration products. The contents of calcium hydroxide and chemically bound water were determined from the 

corresponding mass losses using the tangent method to calculate the degree of hydration. 

2.4.4. Scanning Electron Microscopy 

The morphology and microstructure of the hydrated cement matrix were examined using Scanning Electron Microscopy 

(SEM). Twenty-eight-day-old mortar specimens were selected for analysis. Small fragments were collected from the 

interior of the specimens to avoid surface contamination and immediately immersed in ethanol to terminate cement 

hydration through the solvent exchange method. The specimens were subsequently dried in an oven at 60 °C for 24 h and 

coated with a thin layer of gold by sputter coating to improve electrical conductivity during imaging. 

SEM observations were performed using secondary electron (SE) imaging at an accelerating voltage of 20 kV and a 

magnification of 10,000x. 

 

2.5. Experimental Program 

The experimental programme consisted of two sequential stages, as illustrated in Figure 4. 

 

 
Figure 4: Scope of experimental work 



8 
 

In Stage I, mortar mixtures containing LS, ES, and CES were prepared to identify the optimum replacement level and 

representative calcination conditions through flow consistency and compressive strength testing. Based on the 

mechanical performance, one representative mixture from the calcite-rich calcination regime and one representative 

mixture from the partially decomposed calcination regime were selected for detailed investigation. 

In Stage II, the selected mixtures were subjected to comprehensive hydration and microstructural characterization. TGA 

was performed on cement paste specimens to quantify hydration products and chemically bound water, whereas scanning 

electron microscopy (SEM) was conducted on mortar specimens to examine the morphology and microstructural 

development of the hydrated matrix. The combined results were used to relate the calcination state of eggshell powder to 

hydration behaviour and mechanical performance. 

 

3. Results and Discussions 
3.1. Flow Consistency 

Figure 5 below depicts the flow consistency of mortar mixes containing LS, ES, and CES at different replacement levels, 

compared to the control mix with consistency of 169mm. Both ES and LS produced a replacement-dependent response, 

while LS depicted a good flowability response ranging from 180 mm at 5% replacement to 214 mm at 15% replacement. 

This is justified by the previous studies, which report that LS can improve fluidity or reduce the water demand required 

to achieve a given flowability [57–60]. The lower flowability of mixes containing ES is due to the presence of organic 

members, which results in difficulty in spreading [29].  

The CES-based mixes showed variation compared to ES-based mixes in the flow consistency, which depicts the change 

in the rheological behavior due to combined changes in physical and chemical characteristics of eggshells induced by 

thermal treatment. Unlike mixes containing LS and ES, CES-based mixes exhibited a non-monotonic variation in flow 

consistency with calcination conditions and replacement level. Overall, thermal treatment slightly improves the rheology 

and eliminates the limitations associated with the presence of organic matrix. Thermal treatment removes the organic 

matrix, modifies the surface characteristics, particle packing, and ultimately the quantity of water available to flow [16].  

In summary, LS incorporation improved the workability of the mortar mixtures, whereas the presence of the organic 

membrane reduced the flowability of ES-based mixtures. Calcination altered and improved the flow behavior of eggshell 

powder, resulting in a more variable rheological response. 

 

 
Figure 5: Flow consistency of mixes with LS, ES, and CES compared with the control mix 

 

3.2. Compressive Strength 

3.2.1. Effect of Replacement Level and Calcination Regime 

For comparison, excluding the control mixture, the mixtures were broadly divided into two categories according to the 

degree of calcination: calcite-rich (predominantly undecomposed) mixtures and partially decomposed mixtures. The 

former comprises limestone, uncalcined eggshells, and eggshells calcined at temperatures below 800 °C, whereas the 

latter comprises eggshells calcined at temperatures above 800 °C. As shown in Figure 6, the limestone-containing 

mixtures exhibited higher compressive strength than the uncalcined eggshell mixtures, which can be attributed to the 

higher purity of limestone and the absence of the organic membrane present in eggshells [8]. Similarly, the calcined 

eggshell mixtures generally exhibited higher compressive strength than the uncalcined eggshell mixtures, indicating the 
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beneficial effect of thermal treatment and removal of the organic matrix. For the calcite-rich mixtures, the highest 

compressive strength was generally obtained at a 5% replacement level. In contrast, the strength response of the partially 

decomposed mixtures was less systematic with replacement level, which may be associated with the more complex phase 

assemblage resulting from the partial decomposition of CaCO₃ and the formation of CaO and its subsequent hydration 

product, Ca(OH)₂. 

 

 
Figure 6: 28th day compressive strength of mortar specimens containing LS, ES and CES at different replacement, 

temperature and temperature holding duration in comparison with the control mix 

 

 

3.2.2. Effect of Calcination Temperature and Holding Duration 

In addition, the effect of temperature holding duration on compressive strength is presented in Figure 7. For the calcite-

rich mixtures, the highest compressive strength was generally obtained after a 2 h holding duration, as shown in Figure 

7(a). In contrast, the mixtures containing CES calcined at 800 °C exhibited their highest strength after a 3 h holding 

duration. This difference indicates that the optimum holding duration may depend on the degree of calcination and the 

resulting phase assemblage of the eggshell powder. Although a broader range of calcination temperatures would be 

required to establish the optimum condition for the partially decomposed regime, the present results indicate that CES 

calcined at 800 °C for 3 h at a 15% replacement level was the highest-performing mixture within the investigated 

partially decomposed regime. Figure 7(b) further compares the highest-performing mixtures obtained at their respective 

optimum holding durations for the calcite-rich and partially decomposed regimes. 

 

  
(a) (b) 

Figure 7: 28th day compressive strength, (a) Comparison of temperature holding duration for mixes with undecomposed 

calcined eggshells, (b) Comparison of mixes with optimal temperature holding duration of all three temperatures 
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The strength development of calcium-carbonate-containing mixtures can be influenced by both physical filler effects and 

the ability of carbonate-bearing particles to provide surfaces for heterogeneous nucleation of hydration products. Fine 

calcium carbonate particles can improve particle packing by occupying voids between cement particles and modifying 

the particle-size distribution, potentially contributing to a denser cementitious matrix [43,61,62]. In the present study, the 

D[4,3] particle sizes of LS and ES were approximately 8.54 µm and 7.80 µm, respectively, compared with 17.53 µm for 
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OPC. Thus, both LS and ES were substantially finer than OPC and could potentially contribute to particle packing and 

filler effects. Nevertheless, the higher strength of LS-containing mixtures compared with ES-containing mixtures 

indicates that particle fineness alone cannot explain the observed strength development. 

For CES in the calcite-rich regime, the D[4,3] particle size ranged from approximately 15 to 22 µm, which was broadly 

comparable to that of OPC. Consequently, the conventional particle-packing contribution associated with the 

introduction of substantially finer particles may be less pronounced for these CES mixtures. The strength development of 

CES may therefore involve additional mechanisms, including the surface-mediated nucleation of hydration products. The 

absence of the organic membrane following thermal treatment may further facilitate interaction between the eggshell-

derived particles and the cementitious matrix, potentially enhancing heterogeneous nucleation [43]. In contrast, the 

interpretation of the strength development of CES in the partially decomposed regime is more complex because the phase 

assemblage includes residual CaCO₃ together with CaO and Ca(OH)₂ generated during and after calcination. Therefore, 

the observed strength cannot be attributed solely to a physical filler effect. 

 

3.3. Selection of Representative Mixtures 

Based on the compressive-strength results presented in Section 3.2, the mixtures selected for detailed hydration analysis 

were determined according to their calcination regime and mechanical performance. For the mixtures containing 

predominantly undecomposed calcite, the 5% replacement level generally provided the highest compressive strength. 

Accordingly, 5% replacement was selected for investigating the effect of calcination conditions within this regime. 

CES400-2 and CES600-2 were considered representative calcite-rich conditions, allowing the influence of calcination 

temperature on hydration to be examined while maintaining the same replacement level and holding duration. For the 

partially decomposed regime, the replacement-level response was less systematic; therefore, CES15(800-3), which 

exhibited the highest compressive strength under the investigated 800 °C conditions, was selected as the representative 

mixture. 

The hydration behaviour of the selected CES mixtures was evaluated in comparison with the control mixture, 5% LS, and 

5% uncalcined ES. This comparison allows the influence of progressive calcination of eggshell powder on the hydration 

products and thermal stability of the hydrated cementitious matrix to be examined. 

 

3.4. Thermogravimetric Analysis (TGA) and Hydration Mechanism 

3.4.1. Identification of Thermal Decomposition Regions and Hydration Products 

The TG curves for representative mixtures presented in Figure 8-10 can be broadly divided into three principal regions: 

dehydration (𝐿𝑑ℎ), dehydroxylation (𝐿𝑑𝑥), and decarbonation (𝐿𝑑𝑐). The dehydration region, approximately 50–380 °C, 

is primarily associated with the removal of chemically and physically bound water from hydration products, including C-

S-H, AFt, and AFm phases. The dehydroxylation region between approximately 380 and 550 °C is predominantly 

associated with the decomposition of calcium hydroxide (CH), whereas the decarbonation region above approximately 

550 °C is mainly related to the decomposition of calcium carbonate. 

The DTG curves show several characteristic thermal events within these regions. The first two major endothermic peaks, 

occurring at approximately 85 and 125 °C, can primarily be associated with the dehydration of C-S-H/AFt and AFm 

phases, respectively. In calcium-carbonate-containing cementitious systems, the AFm phase may include calcium 

carboaluminate phases formed through the reaction of calcium carbonate with tricalcium aluminate [63]. At 28 days, 

these phases may occur as a combination of hemicarboaluminate and monocarboaluminate [64,65], although the 

formation of predominantly monocarboaluminate has also been reported [51]. 

The third major peak, located at approximately 420 °C, corresponds primarily to the dehydroxylation of CH. The 

associated mass loss provides an indication of the CH content present in the hydrated system. However, this 

interpretation requires particular consideration for the CES-containing mixtures. In the case of highly calcined eggshells, 

particularly CES800, CaO generated during calcination can subsequently react with water to form Ca(OH)₂. Therefore, 

the CH detected by TGA in these mixtures may originate from both cement hydration and hydration of CaO initially 

present in the calcined eggshell powder. Consequently, a higher CH content does not necessarily indicate a 

proportionally greater degree of cement hydration. 

Two additional thermal events are observed in the decarbonation region. The peak around 600 °C may be associated with 

the decomposition of metastable calcium carbonate polymorphs, particularly vaterite and aragonite, whereas the peak 

around 670 °C is primarily associated with calcite decomposition. These carbonate phases may originate from residual or 

unreacted calcium carbonate in the eggshell powder or from carbonation of the hydrated cementitious matrix [42,66–71]. 

Therefore, the mass loss in this region should be interpreted as the combined contribution of residual carbonate and 

carbonation products rather than being attributed exclusively to one source. 
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(a) (b) 

Figure. 8: TGA for the control specimen with CES400 for two-hour calcination duration at the rate of 5% replacement in 

comparison with the control specimen containing 100% OPC, specimen with 5% LS, and the specimen with 5% ES (a) 

weight loss (b) DTG 

 

  
(a) (b) 

Figure. 9: TGA for the control specimen with CES600 for two-hour calcination duration at the rate of 5% replacement in 

comparison with the control specimen containing 100% OPC, specimen with 5% LS, and the specimen with 5% ES (a) 

weight loss (b) DTG 

 

  
(a) (b) 

Figure 10: TGA for the control specimen with CES800 for three-hour calcination duration at the rate of 15% replacement 

in comparison with the control specimen containing 100% OPC, specimen with 5% LS, and the specimen with 5% ES (a) 

weight loss (b) DTG 

 

A further thermal event at higher temperature may be associated with calcium metasilicate (CaSiO₃), or wollastonite [72–

74]. Wollastonite is a calcium silicate mineral containing approximately 48.3% CaO and 51.7% SiO₂ and has been 

investigated as a relatively low-reactivity mineral addition in cementitious systems [75–77]. Nevertheless, the 
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corresponding mass loss in the present mixtures was only approximately 0.87–1.52%; therefore, its contribution to the 

overall hydration behaviour is considered negligible. 

3.4.2. Effect of Calcination on Bound Water and Calcium Hydroxide 

The quantitative mass losses obtained from the TG curves and the calculated bound-water and CH contents are presented 

in Table 5. The results show that the bound-water contents of the LS and CES containing mixtures were generally 

comparable to or higher than that of the control mixture. The control mixture exhibited a bound-water content of 23.59%, 

whereas the 5% LS mixture showed a slightly higher value of 24.21%. In contrast, the uncalcined ES mixture exhibited 

the lowest bound-water content among the reference mixtures, at 22.93%. This lower value is consistent with the 

comparatively poorer hydration and mechanical performance observed for the uncalcined ES mixture. 

The lower bound-water content of ES5 may be associated with the presence of the residual organic membrane, which can 

interfere with the interaction between the eggshell particles and the cementitious matrix. Following calcination, the 

bound-water contents generally increased. Among the calcite-rich mixtures, CES600-2 exhibited the highest bound-water 

content, reaching 25.13%, compared with 23.59% for the control and 24.21% for LS5. This result indicates a greater 

development of water-bearing hydration products in CES600-2 and is consistent with its superior compressive-strength 

performance. 

The CH contents show a similar but not identical trend. The control, LS5, and ES5 mixtures exhibited CH contents of 

15.48%, 16.58%, and 15.86%, respectively. The CES400 and CES600 mixtures generally exhibited somewhat higher CH 

contents, with CES600-2 reaching 17.68%. The relatively high CH content of CES600-2, together with its highest bound-

water content, suggests enhanced hydration within the calcite-rich regime. 

However, the interpretation becomes more complex for the partially decomposed mixture. CES15(800-3) exhibited a CH 

content of 21.21%, substantially higher than that of the control and calcite-rich mixtures. This increase cannot be 

attributed solely to enhanced cement hydration because calcination at 800 °C promotes partial decomposition of CaCO₃ 

and formation of CaO. The subsequent hydration of this CaO can produce additional Ca(OH)₂, which contributes directly 

to the measured CH content. Consequently, the CH value obtained for CES15(800-3) represents the combined 

contribution of cement hydration and hydration of CaO originating from the calcined eggshell. 

 

Table 5: Weight loss during TGA, bound water and calcium hydroxide content for all mixes 

Specimen 

Dehydration 

(𝑳𝒅𝒉) 
Dehydroxylation 

(𝑳𝒅𝒙) 
Decarbonation(𝑳𝒅𝒄) Bound 

Water (H) 
Calcium Hydroxide 

(CH) 
(50 oC – 380 oC) (380 oC – 550 oC) (550 oC – 1000 oC) 

(%) (%) (%) (%) (%) 

M-C 14.66 3.77 2.74 23.59 15.48 

M-LS5 14.97 4.03 4.88 24.21 16.58 

M-ES5 14.29 3.86 4.34 22.93 15.86 

M-CES5(400-2) 14.43 4.01 5.55 23.46 16.49 

M-CES5(600-2) 15.15 4.30 6.27 25.13 17.68 

M-CES15(800-3) 13.14 5.16 6.47 23.15 21.21 

 

3.5. Microstructural Observations 

Following the TGA analysis, scanning electron microscopy (SEM) was performed on selected representative mixtures to 

examine the morphology of the hydration products and overall microstructural development. Three mixtures were 

selected for comparison: the control mixture (M-C), CES5(600-2), and CES15(800-3). These mixtures represent the 

reference cement system, the comparatively favourable calcination condition within the undecomposed-calcite regime, 

and the decomposed-calcite regime, respectively. Attention was given to the morphology of the C-S-H-rich matrix, 

calcium hydroxide (CH)-like crystalline features, and carbonate-related phases. Because the phase assignments are based 

primarily on morphology in secondary-electron images without complementary chemical or crystallographic analysis, 

they are considered qualitative. 

As shown in Figure 11(a), the control mixture exhibited a relatively continuous C-S-H-rich matrix accompanied by 

distinct plate-like and needle-like crystalline features. The plate-like features are morphologically consistent with CH, 

whereas the needle-like features may be associated with AFt-type hydration products. The relatively dense distribution of 

hydration products provides the reference microstructure against which the CES-containing mixtures can be compared. 

In calcium carbonate-containing cementitious systems, carbonate-bearing particles may also provide additional surfaces 

for the nucleation and precipitation of hydration products through heterogeneous nucleation [51,78,79]. 
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A comparatively well-developed hydration-product morphology was observed for CES5(600-2), as shown in Figure 

11(b). The microstructure contained an extensive C-S-H-rich matrix with numerous fine fibrous, or needle-like features 

distributed throughout the hydrated regions, together with plate-like crystalline features. Although the individual phases 

cannot be definitively identified from secondary-electron morphology alone, the overall appearance suggests a relatively 

well-developed hydration-product network. This observation is particularly relevant because CES5(600-2) exhibited the 

highest bound-water content among the investigated undecomposed-calcite CES mixtures, reaching 25.13%, together 

with a relatively high CH content of 17.68%. The SEM observations therefore provide qualitative microstructural support 

for the greater hydration development indicated by the TGA analysis. The comparatively favourable microstructure is 

also consistent with the higher compressive-strength performance of the CES600 condition. 

The morphology of CES15(800-3), representing the decomposed-calcite regime, is shown in Figure 11(c). The specimen 

exhibited a highly heterogeneous but well-developed hydration-product matrix, with numerous fine fibrous/needle-like 

features and relatively large plate-like crystalline regions. The latter are morphologically consistent with CH-like 

features. However, interpretation of the CH morphology in this mixture requires particular caution because calcination at 

800 °C promotes the decomposition of CaCO₃ and formation of CaO, which can subsequently hydrate to form Ca(OH)₂. 

Therefore, the CH observed in the CES15(800-3) specimen may originate from both cement hydration and hydration of 

CaO initially present in the calcined eggshells. This interpretation is consistent with the substantially higher CH content 

measured by TGA for this mixture (21.21%) and explains why CH content alone cannot be considered a direct measure 

of cement hydration in highly calcined CES systems. 

 

   
(a) (b) (c) 

Figure 11: Microstructural characterization through SEM, (a) Homogenous morphology of control mix, (b) Well-

developed heterogenous C-S-H-rich matrix with abundant crystalline feature of CES5(600-2) mortar mix,  (c) Highly 

complex heterogeneous morphology of CES15(800-3) mortar mix. 

 

Carbonate-related crystalline features were also observed in selected CES-containing specimens. Vaterite-like 

morphologies were observed in highly calcined CES mixtures, as shown below in Figure 12. The presence of vaterite 

may be associated with the carbonation of calcium-containing hydration products or with the transformation and 

recrystallization of calcium carbonate phases during hydration and subsequent exposure to atmospheric CO₂ [42,66–71]. 

Similarly, the limited occurrence of calcite-like features may represent residual or unreacted CaCO₃ originating from the 

eggshell powder or carbonate formed through carbonation of the hydrated matrix. Therefore, these features should be 

regarded as indicative carbonate-related morphologies rather than definitive phase identifications based solely on SEM. 

 

   
(a) (b) (c) 

Figure 12: Some traces of vaterite-like carbonates in CES15(800-3) 

Candidate Vaterite 
Candidate Vaterite 

Candidate Vaterite 

C-S-H 

CH 

AFt 

CH C-S-H C-S-H 
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Overall, the SEM observations indicate that calcination of eggshells did not fundamentally alter the general morphology 

of the hydration products, which remained dominated by a C-S-H-rich matrix accompanied by plate-like and 

fibrous/needle-like crystalline features. Nevertheless, the degree and distribution of hydration products varied with 

calcination condition. Among the undecomposed-calcite mixtures, CES5(600-2) exhibited a comparatively well-

developed hydration morphology, consistent with its highest bound-water content and favourable compressive-strength 

performance. In contrast, the morphology of CES15(800-3) reflects the more complex chemistry associated with highly 

calcined eggshells, particularly the contribution of CaO-derived Ca(OH)₂. Thus, the SEM results provide qualitative 

morphological evidence supporting the strength and TGA findings, while phase identification beyond morphological 

attribution would require complementary techniques such as EDS or XRD. 

 

4. Conclusions 

This study investigated the influence of the degree of calcination of waste eggshell powder on the fresh behaviour, 28-

day compressive strength, hydration characteristics, and microstructural development of cementitious mortar. Eggshells 

were calcined at 400, 600, and 800 °C for holding durations of 1–3 h, and the resulting powders were evaluated at 

different cement-replacement levels. The main conclusions are as follows: 

• Flow consistency was strongly influenced by the state of the eggshell powder. Limestone generally increased mortar 

flow, whereas uncalcined eggshell reduced flow relative to the control, which is attributed primarily to the presence 

of the residual organic membrane. Calcination modified the rheological response of the eggshell powder and 

removed the limitation associated with the organic matrix; however, the CES mixtures exhibited a non-monotonic 

response with calcination condition and replacement level. 

• The compressive-strength response depended on both replacement level and calcination regime. Mixtures containing 

predominantly undecomposed calcite generally achieved their highest strength at 5% replacement. In contrast, the 

response of partially decomposed CES was less systematic because of the more complex phase assemblage 

containing residual CaCO₃ together with dissociated lime. Under the investigated conditions, CES calcined at 800 °C 

for 3 h with 15% replacement exhibited the highest strength within the partially decomposed regime, whereas CES-

600(2) represented the most favourable condition within the calcite-rich regime. 

• TGA/DTG analysis demonstrated that calcination condition altered the hydration characteristics of CES-containing 

systems. The thermal response was associated with dehydration, dehydroxylation, and decarbonation processes 

corresponding broadly to hydration products, calcium hydroxide, and carbonate phases. Among the calcite-rich 

mixtures, CES-600(2) exhibited the highest bound-water content (25.13%), exceeding both the control (23.59%) and 

limestone-based mixturs (24.21%), and this result was consistent with its favourable compressive-strength 

performance. 

• The interpretation of calcium hydroxide content depended strongly on the calcination regime. CES-600(2) exhibited 

a relatively high CH content (17.68%) together with the highest bound-water content, supporting a comparatively 

favourable hydration state within the calcite-rich regime. In contrast, CES-800(3) with 15% replacement level 

exhibited a substantially higher CH content (21.21%), but this value cannot be interpreted solely as evidence of 

greater cement hydration because CaO generated during calcination can subsequently hydrate to Ca(OH)₂. 

• SEM observations provided qualitative microstructural support for the mechanical and thermal analyses. The control 

and CES-containing mixtures exhibited C-S-H-rich matrices accompanied by plate-like and needle-like crystalline 

features. CES after showed a comparatively well-developed hydration-product morphology consistent with its higher 

bound-water content and favourable strength, whereas CES-800(3) exhibited a more complex morphology consistent 

with the altered phase assemblage associated with higher calcination severity. Carbonate-rich, vaterite-like 

morphologies were also observed in the highly calcined mixture; however, these assignments remain indicative 

because phase-specific chemical or crystallographic confirmation was not performed. 

Overall, the results demonstrate that the degree of calcination is a key parameter governing the performance and 

hydration behaviour of eggshell powder used as a cement replacement. The transition from predominantly calcite-rich 

eggshell to partially decomposed material changes the balance between residual CaCO₃ and dissociated lime, thereby 

influencing fresh behaviour, strength development, and hydration characteristics. Within the investigated conditions, 

CES-600(2) provided the most favourable combination of hydration and mechanical performance in the calcite-rich 

regime, while the behaviour of the partially decomposed regime was more complex and requires broader investigation to 

establish a general optimum. 
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