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A B S T R A C T

To enhance sustainability in the construction industry, incorporating rice husk ash (RHA) as a 
partial cement replacement is widely encouraged. Additionally, bio-shells, rich in CaCO₃, pose 
environmental challenges when improperly discarded, leading to pollution and negative impacts 
on surrounding communities. This study integrates the beneficial properties of these two waste 
materials for use in construction. While the effects of RHA on cementitious materials have been 
extensively studied, limited research has examined the combined influence of RHA and calcined 
shell powder (CSP) as a partial cement replacement. To explore their potential, RHA and CSP 
were blended in varying proportions to produce RHA-CSP cement mortar. Experimental results 
demonstrated that the R15S10 mix achieved the highest mechanical performance by optimizing 
the balance between pozzolanic reactivity and the filler effect. As hydration progressed, the 
pozzolanic reaction intensified under high pH conditions, increasing the C-S-H dehydration peak 
while reducing the CH decomposition peak. Additionally, the incorporation of CSP and RHA 
refined the pore structure and decreased overall porosity, enhancing mortar compactness. By 
utilizing these waste materials to create an optimized mix, this study supports the sustainable 
application of discarded shells and rice husks in construction.

1. Introduction

Compared to timber, masonry, and steel materials, concrete offers several advantages, including ease of shaping, low cost, 
abundant raw materials, and wide applicability [1,2]. As a result, it has become one of the most widely used materials in civil en
gineering [3–5]. However, cement, a key component in concrete, requires extensive natural resources and energy for production while 
also emitting significant amounts of CO₂ and other pollutants, contributing to environmental degradation and posing risks to human 
health [8]. Addressing these environmental concerns has led to a growing emphasis on sustainability in concrete research and industry 
[9].

One approach to improving sustainability is the incorporation of waste materials from various sources, including agriculture and 
aquaculture, as partial replacements for conventional concrete constituents [5–7,10,11]. Studies have demonstrated that utilizing 
industrial and agricultural by-products can enhance concrete durability while reducing its environmental footprint. For instance, 
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research on basalt fiber-reinforced concrete highlights its potential to improve long-term durability and mechanical performance in 
sustainable construction [12]. Similarly, life cycle assessments of alternative cementitious materials, such as fly ash and silica fume, 
reveal significant reductions in global warming potential and carbon emissions [13]. Even utilization of green or recycled components 
in concrete might reduce the strengths, combining it with stiffening layers in composite constructions offering flexible applications 
[14–16]. Among agricultural by-products, rice husks are rich in active silica and are widely available. However, their disposal remains 
a challenge, as high transportation costs and low nutrient content limit their reuse, leading to widespread open-field burning, which 
contributes to air pollution [17,18]. Similarly, China, the world’s largest shellfish producer, generates approximately 10 million tons of 
discarded shells annually, most of which are landfilled, causing environmental pollution and negatively affecting local communities 
[19]. Bio-shells are abundant in CaCO3, posing environmental pollution problems and negatively impacting residents’ quality of life 
when they are discarded and accumulated haphazardly [20,21]. Additionally, advancements in predictive modeling techniques, such 
as machine learning-based symbolic regression and GRG-optimized response surface methods, have enabled the optimization of mix 
designs for enhanced performance and sustainability [22–24]. These approaches provide valuable tools for assessing the mechanical 
and microstructural properties of novel cementitious composites, including those incorporating RHA and CSP.

The integration of rice husk ash (RHA) and calcined shell powder (CSP) in cementitious materials has the potential to reduce the 
consumption of traditional raw materials while simultaneously mitigating waste disposal issues. Although previous studies have 
investigated the effects of individual waste materials on concrete properties, limited research has explored the combined impact of 
RHA and CSP in cement mortar. Therefore, this pioneer study aims to address this gap by examining the effects of RHA and CSP on the 
properties of cement mortar, offering new insights into the sustainable development of construction materials.

RHA is the solid residue left after burning rice husks, mainly composed of silica [17,25,26]. RHA plays an important role in 
workability and fluidity during early curing because its irregular and porous particle morphology enhances water retention and re
duces paste lubricity [25]. In the hardened state, RHA grains act as micro-fillers, increasing the compactness and reducing the porosity 
of concrete. During medium and long-term hydration, RHA serves as a raw material for the pozzolanic reaction, producing C-S-H gel 
that enhances compressive strength. Due to its small particle size, RHA also provides more nucleation sites for the hydration products, 
accelerating the hydration of cement clinker [27,28]. To obtain RHA with high-activity silica, the combustion temperature of rice 
husks must be strictly controlled. Studies have shown that RHA has the highest pozzolanic activity when the combustion temperature is 
between 500◦C and 800◦C [29]. The cementitious reaction of RHA also depends on its particle size, with finer RHA exhibiting stronger 
reactivity [4,30]. On the other side, among the total shell waste in China, more than 300,000 tons of oyster shells are discarded 
annually, but only 30 % are reused [31,32]. Due to the high CaCO3 content in shells, they decompose into CaO under high-temperature 
calcination, enabling them to substitute part of the cementitious material while also reducing the carbon content within the matrix 
[33]. At high temperatures, CaCO3 transforms into CaO, which reacts rapidly with water to form calcium hydroxide (CH) in 
cement-based mixtures [34]. If the mixtures contain silica, a pozzolanic reaction can occur between the two, forming C-S-H gel that 
increases strength, fills voids, and enhances durability [3,35].

During the cement hydration process, RHA consumes free CH and forms C-S-H gel due to its high fineness and reactivity. The 
unsaturated surface of RHA grains provides nucleation sites for cement hydration and the formation of hydration products, which 
accelerates the hydration reaction in RHA-cement composites [36–38]. Theoretically, the more RHA added, the more pozzolanic 
reaction products will be produced. However, if the substitution level of RHA is increased to the point where the alkaline activation 
effect of the cement is weakened, the reactivity of RHA may decrease [39]. The amount of CH produced by cement hydration depends 
on the composition of the cement. Replacing part of the cement with CSP can increase the pH value of the matrix, thereby improving 
the overall performance of the mixtures [20]. Besides, under high levels of RHA substitution, the presence of additional CH reduces the 
risk of self-neutralization of the matrix. The presence of CH increases the concentration of calcium ions, contributing to the early 
formation of reaction products. Additionally, the presence of CH increases the concentration of OH- ions, which act to break the 
chemical bonds of RHA, thereby accelerating the pozzolanic reaction [36]. It has been explained that PH has a significant impact on the 
pozzolanic activity of RHA, indicating that the spherical structure of RHA only decomposes extensively when the pH exceeds 
approximately 13.2 or 13.3 [40]. pH can be used to indicate the pozzolanic activity of a substance. A decrease in pH indicates that a 
pozzolanic reaction has occurred in the matrix. The lower the pH, the higher the degree of pozzolanic reaction [41].

This study combines two types of wastes from agriculture and aquaculture to produce highly active and finely sized RHA and CSP 
through controlled temperature-time burning, grinding, and sieving. These green materials aim to partially replace cement in con
struction, thereby reducing the economic and environmental impacts of cement production. Efforts in this study have been made to 
develop sustainable cementitious materials by incorporating wastes into cement mixes. Although previous studies have investigated 
the effects of RHA and CSP individually, limited research has explored their combined influence on cement mortar properties. This 
study specifically examines the synergistic effects of RHA and CSP in optimizing hydration reactions, refining pore structure, and 
improving mechanical performance. Based on analysis tools of mechanical tests, Thermogravimetric Analysis (TGA), Mercury 
Intrusion Porosimetry (MIP), Scanning Electron Microscope (SEM), etc., the key material properties of ultimate strengths, phase 
composition changes, and microstructure developments were extensively explored. To bridge the research gap, this study evaluates the 
interactions between RHA and CSP at different replacement levels, identifying how their combination influences cement hydration and 
mortar densification. The test design aimed to determine the optimal mix ratio of RHA and CSP to maximize cement mortar perfor
mance, clarify the underlying mechanisms governing their pozzolanic and filler effects, and understand the role of RHA and CSP when 
partially replacing cement. By providing comprehensive insights into their combined application, this study contributes to the 
advancement of alternative cementitious materials. It will promote the use of discarded shells and rice husks in the construction 
industry.
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2. Experimental program

2.1. Materials

This study utilized cement, RHA, and CSP as the cementitious materials, with ISO standard sand employed as the fine aggregates. 
To ensure excellent workability, an appropriate quantity of polycarboxylate superplasticizer (SP) was added. The cement was a 42.5 R 
high early strength type from Yan Hong Trading Co., Ltd. The raw rice husks were provided by Tianfu Granary in Dongpo District, 
Meishan City, Sichuan Province, and the oyster shells were supplied by an oyster farming base in Zhanjiang City, Guangdong Province. 
ISO standard sand was produced and supplied by Xiamen ISO Co., Ltd. The polycarboxylate superplasticizer, provided by Muhu Co., 
Ltd., had a solid content of 24 % and achieved a water reduction rate of approximately 25 %. Tap water from the laboratory was used 
for all the mixtures. The chemical compositions of the cement, CSP, and RHA, determined by X-ray fluorescence analysis, are detailed 
in Table 1. Fig. 1 presents the particle size distribution curves of the various powders and aggregates utilized during the specimen 
preparation. RHA has an average particle size of 5.12μm and an amorphous phase content of 70.7 %. CSP is composed of 97.339 % 
CaO, with an average particle size of 8.54μm.

To ensure the high reactivity of RHA and CSP, precise control of burning temperature and duration is essential [3]. While un
controlled combustion is cost-effective and easy to replicate, improper burning can result in RHA with excessive unburned carbon and 
crystalline silica, which negatively affects strength [1]. Supplementary cementitious materials with high carbon content and crys
tallinity are generally considered poor cement replacements. Particle size also plays a crucial role in mortar performance [28]. Larger 
CSP grains slow down dissolution, thereby reducing the pozzolanic reaction rate. Similarly, coarse RHA particles lead to an uneven 
distribution of nucleation sites, hindering reactivity [30]. Moreover, larger RHA grains primarily function as pore fillers rather than 
reactive components, further increasing porosity and decreasing mortar strength and durability [4]. Fig. 2 presents unburned shells 
and raw rice husks.

The pozzolanic activity of RHA is closely linked to its silica content and crystallinity. Crystalline and semi-crystalline silica 
significantly impact the reaction with CH [1]. Fig. 3 displays XRD images of CSP and RHA, showing RHA’s high amorphous content and 
CSP’s high CaO content. Studies indicate that incinerating RHA and CSP between 500◦C and 800◦C yields amorphous silica, while 
temperatures above 800◦C lead to crystallization, reducing pozzolanic efficiency [8]. This phase transformation results in cristobalite 
or tridymite, lowering reactivity [5].

For material preparation, purified rice husks, free from impurities, were heated in a muffle furnace. The temperature was gradually 
raised at 5◦C /min to 500◦C, held for one hour, then increased to 800◦C, where it was maintained for three hours before natural cooling 
[42]. Similarly, cleaned and dried oyster shells were heated at 10◦C /min to 1000◦C and maintained for three hours before cooling 
[43]. After burning, RHA was sieved through a 300-mesh sieve, while CSP was sieved through a 325-mesh sieve. Fig. 4 illustrates RHA 
after combustion and CSP after grinding and sieving.

2.2. Mix design

The mix proportions with different amounts of RHA and CSP are shown in Table 2. The water-to-binder ratio is 0.3 [44,45], 
maintaining the mass ratio of the raw materials as cementitious materials: standard sand: water = 1: 1.6: 0.3. Ten different mix 
proportions with varying replacement levels of RHA and CSP were studied. RHA replaced cement at mass ratios of 0 %, 10 %, 15 %, 
and 20 %, while CSP replaced cement at mass ratios of 0 %, 5 %, 10 %, and 15 %. The amount of SP varied in each mix proportion to 
ensure the slump remained approximately 240 mm.

2.3. Specimens preparation and curing

The specimen materials were prepared using a 20 L mortar mixer to ensure uniformity and consistency. Before mixing, the mixer 
walls and blades were wiped with a damp cloth to create a pre-wetted surface, preventing excessive water absorption during mixing. 

Table 1 
Chemical properties of cementitious materials.

Oxides (%) OPC RHA CSP

Na2O 0.28 0.04 0.73
MgO 6.06 0.55 0.75
Al2O3 10.67 0.37 0.08
SiO2 24.23 93.15 0.17
P2O5 0.13 0.88 0.13
SO3 4.66 0.61 0.44
Cl 0.01 0.09 0.09
K2O 0.93 3.45 0.02
CaO 49.25 0.67 97.34
TiO2 0.91 – –
MnO 0.11 0.12 –
Fe2O3 2.61 0.04 0.07
ZnO – 0.01 0.02
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CSP was first mixed with water and left to stand for 30 min to allow the exothermic reaction to complete. Cement, RHA, and standard 
sand were then sequentially introduced, with fine aggregates placed on top of the cementitious materials to minimize material loss 
during the initial mixing phase. The dry components were mixed at low speed for 3 min to ensure even dispersion of cementitious 
materials and aggregates [46,47]. Subsequently, the fully reacted CSP-water mixture and SP were gradually incorporated and mixed at 
high speed for an additional 3 min to achieve a homogenous mortar. The freshly mixed cement mortar was then poured into 
40 × 40 × 160 mm³ prism triplet molds. After initial setting, the specimens were covered with plastic film and allowed to stand for 
24 h before demolding. Finally, the specimens were cured in water at 20 ± 3◦C, with subsequent tests conducted at 7 and 28 days to 
evaluate performance.

Fig. 1. Particle size distribution of the materials.

Fig. 2. Raw rice husks (a) and shells (b).

Fig. 3. XRD of RHA (a) and CSP (b).
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2.4. Testing

2.4.1. Compressive strength test
The compressive strength tests in this study were carried out in accordance with GB/T 17671–2021 [48]. After reaching the 

designated curing age, four specimens were placed in a 600 KN universal testing machine and subjected to a constant loading rate of 
2.4 KN/s until failure. The maximum load was then recorded.

2.4.2. Scanning electron microscope
A Phenom Prox G6 scanning electron microscope (SEM) was used to analyze microstructural variations in specimens with different 

mix proportions. Backscattered electron (BSE) mode was employed for imaging.

2.4.3. Mercury intrusion porosimetry
Mercury intrusion porosimetry (MIP) was performed using a Micromeritics Autopore IV 9500 to analyze porosity and pore size 

distribution in mortar samples. Specimens were taken from the center, subjected to ultrasonic cleaning, and immersed in isopropanol 
for 24 h to halt hydration. After drying in a vacuum oven at 40◦C, MIP tests generated cumulative porosity curves and differential pore 
size distribution curves to evaluate changes in total porosity and pore structure across different mix proportions and curing ages.

2.4.4. Thermogravimetric analysis
Thermogravimetric analysis (TGA) was conducted using a PerkinElmer STA 8000 to assess mass loss linked to the decomposition of 

chemical components during heating, providing insights into phase changes and hydration product formation over curing ages. 
Samples were collected from a 10 mm depth, ultrasonically cleaned, and immersed in isopropanol for 24 h to halt hydration. After 
drying in a vacuum oven at 40◦C, they were ground, sieved through a 200-mesh sieve, and heated at 10◦C /min up to 1000◦C in a 
nitrogen atmosphere to prevent carbonization.

3. Results

3.1. Fresh state properties

The final column of Table 2 lists the required SP dosage for each mixture to achieve the target slump, as shown in Fig. 5. Fig. 6
presents SEM images of RHA and CSP, revealing their porous, honeycomb-like structures, which indicate high specific surface area and 
porosity. The study found that higher RHA replacement levels increased SP demand to maintain the desired workability of 240 mm 

Fig. 4. RHA after burning (a) and CSP after grinding and sieving (b).

Table 2 
Mixture design.

Mixture design Replacement Cement Sand SP

RHA (%) CSP (%)

R0S0 0 % 0 % 100 % 100 % 0.32 %
R10S5 10 % 5 % 85 % 100 % 0.34 %
R10S10 10 % 10 % 80 % 100 % 0.36 %
R10S15 10 % 15 % 75 % 100 % 0.38 %
R15S5 15 % 5 % 80 % 100 % 0.36 %
R15S10 15 % 10 % 75 % 100 % 0.38 %
R15S15 15 % 15 % 70 % 100 % 0.40 %
R20S5 20 % 5 % 75 % 100 % 0.38 %
R20S10 20 % 10 % 70 % 100 % 0.40 %
R20S15 20 % 15 % 65 % 100 % 0.42 %
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± 5 %. During cement hydration, water absorbed in the pore structure promotes Ca²⁺ accumulation on RHA surfaces, leading to CH 
formation. The amorphous silica in RHA reacts with CH to generate additional C-S-H gel [25]. RHA influences cement hydration 
through dilution, chemical, and internal curing effects. Dilution occurs due to reduced cement content, while the pozzolanic reaction 
between silica and CH enhances cementitious properties. Additionally, RHA gradually releases water, promoting continuous hydration 
[8,26]. As RHA content increases, these effects collectively contribute to a higher SP demand to maintain optimal workability.

As observed in Fig. 5, the higher CSP content, the more SP is required. The reason is that CSP primarily consists of CaO, which reacts 
intensely with free water to produce CH. During the mortar mixing process, the fine CH grains occupy the voids between the cement 
grains, restricting water flow and increasing the water retention of the fresh cement mortar. This indirectly acts as a dispersing agent, 
preventing mortar flocculation and increasing the plasticity of the mixture [36]. Adding RHA and CSP into the mortar can reduce 
workability because they absorb some of the mixing water due to their high reactivity, attracting water molecules to the substance 
grains. Extra SP is required to adjust for the reduced free water to achieve the desired workability [37,38].

3.2. Compressive strength

Table 3 presents the compressive strength of 10 different mixtures with varying RHA and CSP contents at 7 and 28 days of curing. 
At 7 days, all modified mixtures exhibited lower compressive strength than the control, primarily due to the slow pozzolanic reaction 
and reduced cement content [49]. By 28 days, compressive strength increased across all mixtures, with most RHA-CSP blends sur
passing the control. The only exception was R20S15, which, despite achieving 82.21 MPa at 28 days (lower than the control’s 
84.60 MPa), exhibited a 31.39 % strength increase—substantially higher than the control’s 11.81 %.Statistical analysis using one-way 
ANOVA confirmed significant differences among the mixtures (p < 0.05). Post-hoc analysis further revealed that R15S10 exhibited the 
highest mechanical properties at both curing ages, with a compressive strength of 75.40 MPa at 7 days and 98.60 MPa at 28 days. To 
further assess the influence of different replacement levels, R15 and S10 were used as benchmarks in a controlled variable analysis 
(Fig. 7).

Fig. 8 shows the compressive strength and percentage increase of mixtures at different curing ages, considering only the effect of 
changing the amount of CSP on mortar performance. Adding CSP to mixtures containing 15 % RHA can improve compressive strength, 
with the optimal performance observed at a 10 % addition. At 7 days, R15S10 exhibited the highest compressive strength, which was 
still 0.3 MPa lower than the control’s. At 28 days, the added CSP participated in the pozzolanic reaction with RHA, generating C-S-H 
gel, which enhanced the compressive strength of the mixtures. The addition of CSP was observed to be less effective during short curing 
ages, possibly because the CH produced during cement hydration is sufficient to facilitate the reaction of RHA [50]. Furthermore, high 
cement content leads to the formation of a substantial amount of cementitious products during the cement hydration process. 
Consequently, the pozzolanic products generated during short curing ages have a negligible impact on the compressive strength [36, 
51].

R15S10 and R15S5 showed the highest strength gains, reaching 98.6 MPa (30.77 % increase) and 93.2 MPa (31.27 % increase), 
significantly exceeding the control’s 11.81 %. While R15S15 had a lower 7-day strength due to reduced cement content, its strength 
gain at 28 days (31.23 %) was still notable [36,52]. Excessive CSP content, however, may lead to CH leaching during curing, negatively 
impacting strength. As the pozzolanic reaction progresses more slowly than cement hydration, extended curing mitigates CH leaching 
effects and promotes strength development.

Fig. 9 illustrates the effect of RHA content on the compressive strength of cement mortar at different curing ages. Partial 
replacement of cement with RHA enhances compressive strength due to its filler effect, which refines the interfacial transition zone. 
Additionally, the C-S-H gel formed by the pozzolanic reaction improves particle packing and reduces larger pore volumes [53]. At 7 
days, the compressive strength of all RHA-containing mixtures was lower than the control, with the most significant reduction being 

Fig. 5. SP dosage of mixtures to obtain target workability.
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6.2 MPa (90.09 % of the control). However, at 28 days, the pozzolanic reaction significantly improved strength, with percentage 
increases ranging from 29.22 % to 33.53 %. R10S10 exhibited the highest strength gain, increasing from 69.5 MPa to 92.8 MPa, 
surpassing the control by 9.69 %. R15S10 also demonstrated substantial improvement, with a strength increase from 75.4 MPa to 
98.6 MPa (30.77 %). The delayed strength development is attributed to the dormant phase before the pozzolanic reaction initiates, 
during which boundary reactions and diffusion processes occur, leading to a more pronounced contribution to later-stage strength 
development [54].

As the RHA content increased from 15 % to 20 %, the 28-day compressive strength of the mortar slightly decreased. The pozzolanic 
activity and filler effect are critical factors in determining the optimal percentage of cement replacement [55]. The excessive addition 
of RHA results in a reduced percentage increase in compressive strength. Due to RHA present in the mixture being higher than the CH 
content in the cement matrix, leading to an accumulation of excess RHA [56]; the increased RHA content results in insufficient cement 
[57]. Comparatively, R15S10 demonstrates optimal overall mechanical properties. The higher the content of RHA and CSP, the greater 
the water demand under identical mixing and casting conditions, requiring an increased amount of SP.

Fig. 6. SEM of RHA (a) and CSP (b).

Table 3 
Compressive strength.

Mixture design Compressive strength (MPa)

7d 28d

R0S0 75.67 84.60
R10S5 65.23 88.07
R10S10 69.53 92.77
R10S15 67.78 86.40
R15S5 70.95 93.16
R15S10 75.40 98.60
R15S15 68.16 89.48
R20S5 69.21 91.13
R20S10 72.90 94.22
R20S15 62.57 82.21

Fig. 7. Compressive strength of seven mixture designs at 7d (a)and28d (b).
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3.3. Thermogravimetric analysis

Thermogravimetric analysis (TGA) is a widely used technique for assessing the thermal stability and composition of materials. 
However, in cement-based materials, its reliability in distinguishing hydration compounds is limited due to overlapping decomposition 
peaks. The decomposition of cement hydrates appears as mass loss on the TG curve and corresponding endothermic peaks on the DTG 

Fig. 8. Compressive Strength Comparison of R0S0, R15S5, R15S10, and R15S15.

Fig. 9. Compressive Strength Comparison of R0S0, R10S10, R15S10, and R20S10.

Fig. 10. Free CH (%) of R0S0, R15S5, R15S10, and-0 R15S15.
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curve [58]. Fig. 11 and Fig. 13 present the TG and DTG curves of mortar at different curing ages. Cement hydrate decomposition occurs 
in three stages: 140–400◦C (C-S-H and other hydrate dehydration, Ldh), 400–520◦C (CH dehydroxylation, Ldx), and 520–1000◦C 
(CaCO₃ decarbonation, Ldc). The relative mass loss of cementitious material from CaCO₃ decomposition between 600–780◦C is 
denoted as Ldca [59]. Table 4 summarizes the relative mass loss values in each decomposition region from cement paste samples. 
Hydration alters the solid matrix due to admixture effects, and DTG/TG analyses help elucidate the influence of external admixtures on 
cement mortar hydration. Following the method of Pane et al. [59], the residual CH content was quantified to determine the extent of 
the pozzolanic reaction involving CSP.

Fig. 10 presents the residual CH content in the hydration system at different curing ages, highlighting the influence of CSP content 
on mortar performance. The results indicate that increasing CSP leads to higher CH content at all curing ages. However, with the 
addition of RHA, CH content decreases over time due to the ongoing pozzolanic reaction. At 7 days, CH content was 12.16 % in R15S5 
(7.16 % higher than the initial CSP content), 12.46 % in R15S10 (2.46 % higher), and 14.01 % in R15S15 (0.99 % lower), suggesting 
that CH from both cement hydration and CSP was consumed by the pozzolanic reaction. The reaction intensity is closely related to pH, 
as RHA exhibits substantial decomposition only when the pH exceeds approximately 13.2–13.3 [60]. At 28 days, R15S15 exhibited 
lower compressive strength and a reduced C-S-H dehydration peak compared to R15S5 and R15S10. This is attributed to excessive CSP, 
leading to surplus CH beyond what is required for the RHA reaction, coupled with a lower cement content. Fig. 11 further reveals that 
despite R0S0 having a higher C-S-H dehydration peak than R15S5 and R15S15, its compressive strength was the lowest. This highlights 
the role of C-S-H gel formation and RHA pore filling in enhancing matrix compactness and compressive strength [36].

Fig. 12 and Fig. 13 illustrate the effect of RHA content on CH consumption and pozzolanic activity. At 7 days, R10S10 exhibited the 
highest CH content (13 %), exceeding the control (10.07 %), while R15S10 and R20S10 had lower CH contents but higher dehydration 
peaks, indicating early pozzolanic activity. The CH contents of R10S10, R15S10, and R20S10 were 13 %, 12.46 %, and 12.16 %, 
respectively, exceeding the CSP dosage by 3 %, 2.46 %, and 2.16 %. At 28 days, CH content decreased to 8.31 %, 5.72 %, and 7.24 %, 
respectively, demonstrating intensified pozzolanic reactions over time. R15S10 exhibited the highest CH consumption, reducing CH by 
42.78 % relative to its initial CSP dosage, leading to substantial C-S-H gel formation. This explains its superior compressive strength 
compared to R10S10 and R20S10, highlighting an optimal balance between pozzolanic activity and filler effects.

At 28 days, the remaining CH in R20S10 was 1.51 % higher than in R15S10. As shown in Fig. 13, the dehydration peak of R20S10 
was almost identical to that of R10S10 at 7 days, but its compressive strength was higher than that of R10S10. It could be attributed to 
the added RHA partially filling the voids and microcracks, which enhances the compressive strength. At 28 days, the dehydration peak 
of R20S10 was higher than that of R15S10, but its compressive strength was lower than that of R15S10. This is due to the produced C-S- 
H gel being relatively loose, as well as the low cement content.

3.4. Mercury intrusion porosimetry

The MIP test can obtain cumulative porosity curves and differential pore size distribution curves, allowing for the analysis of 
changes in total porosity and pore size distribution of mortars with different mix ratios at various curing ages. Based on their impact on 
the comprehensive properties of mortar, pore sizes are classified into four categories: harmless pores (<20 nm), few-harm pores 
(20–50 nm), harmful pores (50–200 nm), and multi-harm pores (>200 nm) [34]. MIP tests were conducted on ten groups of mix 
design specimens at 7 and 28 days, and the total porosity and the porosity of each type of pores are shown in Table 5.

From Table 5, it can be observed that the addition of CSP and RHA reduces the total porosity. This is due to the continuous for
mation of pozzolanic reaction products that fill the pores, and RHA effectively refines the pore space. It can be observed that R15S10 is 
more effective in improving pore structure compared to others. At 28 days, the multi-harm pores (>200 nm) decreased from 2.48 % to 
1.54 %, which was 53.25 % lower than the control. The total porosity became the smallest at 9.7 %, and the main pore diameter 
reduced from 26.77 nm to 18.54 nm. Due to the high compressive strength and optimal pore distribution of R15S10 at 28 days, R15 

Fig. 11. TG and DTG curves of R0S0, R15S5, R15S10, and R15S15.
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Fig. 12. Free CH (%) of R0S0, R10S10, R15S10 and R20S10.

Fig. 13. TG and DTG curves of R0S0, R10S10, R15S10, and R20S10.

Table 4 
Thermogravimetric mass loss (%) and free CH (%) of mixtures over different curing ages.

NO. Mixture design Ldh(%) Ldx (%) Ldc (%) Ldca (%) CH (%)

1 R0S0–7d 6.9012 0.9132 5.2924 1.5305 10.0730
2 R0S0–28d 7.9758 0.7533 6.0015 1.5305 10.6076
3 R10S5–7d 7.3404 1.2046 5.2257 1.4329 11.3229
4 R10S5–28d 7.6993 0.8379 5.5871 1.4329 10.4226
5 R10S10–7d 5.5413 1.6580 5.1456 1.4636 13.0003
6 R10S10–28d 6.8310 0.5763 5.0015 1.4636 8.3120
7 R10S15–7d 7.7780 1.8252 5.3415 1.4941 13.9651
8 R10S15–28d 8.4845 0.8698 5.4511 1.4941 10.2227
9 R15S5–7d 6.3108 1.5675 4.7721 1.3689 12.1598
10 R15S5–28d 7.4142 0.5418 4.4898 1.3689 7.4698
11 R15S10–7d 6.7852 1.6460 4.7893 1.3995 12.4600
12 R15S10–28d 9.2972 0.3698 3.9007 1.3995 5.7220
13 R15S15–7d 5.7042 2.0753 4.6928 1.4301 14.0107
14 R15S15–28d 6.8890 0.5377 4.2358 1.4301 6.9236
15 R20S5–7d 7.1070 1.1817 4.6864 1.3048 10.5377
16 R20S5–28d 6.9848 0.5870 4.1488 1.3048 7.1906
17 R20S10–7d 6.1750 1.5999 4.6583 1.3354 12.1579
18 R20S10–28d 9.4502 0.5807 4.2221 1.3354 7.2361
19 R20S15–7d 7.2002 2.1983 4.4779 1.3660 14.2628
20 R20S15–28d 7.8458 0.8096 4.3464 1.3660 8.3343
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and S10 were used as benchmarks to apply the control variable method to observe the effects of replacement levels on mortar pores. 
Fig. 14 shows the porosity distribution of the mixtures, comparing the proportion of each value to the total.

Fig. 14(a) and Fig. 15 illustrate the effect of CSP content on mortar porosity. The mixture with 10 % CSP exhibited the lowest total 
porosity and the fewest multi-harm pores (>200 nm) at both curing ages. In the control group, total porosity decreased minimally from 
11.61 % at 7 days to 10.19 % at 28 days due to the absence of pozzolanic reactions. In contrast, CSP-containing mixtures showed 
greater reductions, attributed to pozzolanic activity enhancing matrix densification and reducing capillary pore volume and con
nectivity [58]. Increasing CSP content decreased total porosity and refined pore structure, shifting pores towards a harmless size range. 
R15S15 had the highest total porosity and largest primary pore size but still exhibited lower multi-harm pore values than the control, 
with reductions of 0.54 % at 7 days and 0.68 % at 28 days. The primary pore size decreased from 35.21 nm to 32.48 nm, representing 
reductions of 42.35 % and 35.84 %, respectively, compared to the control. Although higher CSP content led to more pores and larger 
main pore diameters, these values remained lower than the control at the same curing age.

Fig. 14(b) and Fig. 16 illustrate the effect of varying RHA content on mortar performance. The main pore diameters of R10S10, 
R15S10, and R20S10 decreased to 27.48 nm, 18.54 nm, and 28.28 nm, respectively, with R15S10 showing the most significant 
reduction. Total porosity decreased by 16.15 %, 17.08 %, and 15.76 %, aligning with compressive strength results, explaining why 
R15S10 outperformed R10S10 and R20S10. CSP enhances RHA dissolution, increasing amorphous silica and promoting high-density 
C-S-H gel formation, which refines pores and improves microstructure. This reduces pores > 200 nm, lowering the Ca/Si ratio 
internally while increasing it externally, altering CH crystallization and weakening its microstructure[8,61]. Increasing RHA from 
10 % to 15 % reduced multi-harm pores by 0.94 % and total porosity by 1.99 %, improving compactness. However, raising RHA to 

Table 5 
Total porosity and pore distribution of various pore types in the mixtures.

Pore size distribution (%)

No. Mixture design Total porosity (%) Harmless pores few-harm pores harmful pores multi-harm pores
(20 <nm) (20–50 nm) (50–200 nm) (>200 nm)

1 R0S0–7d 11.6108 2.3045 3.6640 1.9492 3.6931
2 R0S0–28d 10.1918 1.6096 3.1298 2.1628 3.2896
3 R10S5–7d 13.2706 2.7601 4.2490 2.9974 3.2641
4 R10S5–28d 10.0230 2.1903 2.8099 2.4250 2.5978
5 R10S10–7d 12.4337 2.9181 4.2278 2.4718 2.8160
6 R10S10–28d 10.4257 2.3566 3.5493 2.2633 2.2565
7 R10S15–7d 12.8893 4.2970 2.5054 2.7913 3.2956
8 R10S15–28d 10.8316 2.8941 3.5641 1.5357 2.8377
9 R15S5–7d 12.5918 3.3743 3.9505 2.3550 2.9119
10 R15S5–28d 10.4754 2.7746 3.3959 2.1577 2.1472
11 R15S10–7d 11.6937 3.2688 4.0485 1.8943 2.4821
12 R15S10–28d 9.6967 3.1958 2.5203 2.4418 1.5388
13 R15S15–7d 12.2706 2.6881 3.8320 2.5950 3.1555
14 R15S15–28d 10.1806 2.6958 2.5697 2.3017 2.6134
15 R20S5–7d 12.5328 2.5151 4.5185 2.4389 3.0604
16 R20S5–28d 10.5395 3.5340 1.9038 2.6725 2.4293
17 R20S10–7d 12.2648 4.2515 3.2675 2.0341 2.7116
18 R20S10–28d 10.3359 2.8521 2.9887 2.6333 1.8618
19 R20S15–7d 13.4847 2.4717 4.5522 3.0395 3.4214
20 R20S15–28d 11.2967 3.8502 2.0510 2.3371 3.0584

Fig. 14. The porosity distribution of mixtures as a function of curing ages.
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Fig. 15. Pore size distribution curves of R0S0, R15S5, R15S10, and R15S15.

Fig. 16. Pore size distribution curves of R0S0, R10S10, R15S10, and R20S10.

Fig. 17. The relationship between predicted compressive strength and tested compressive strength of mixtures.
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20 % resulted in higher porosity (10.34 %) and a larger primary pore size (28.28 nm), reducing refinement efficiency. Excess RHA 
leads to unreacted silica forming H₄SiO₄, which reacts with Ca²⁺, increasing silicate chain polymerization. This promotes C-S-H 
network formation but also enlarges total porosity and primary pore size, diminishing overall structural improvement[25].

According to the macroscopic mechanical properties and TGA results detailed in Sections 3.2 and 3.3, there is a strong correlation 
between the pore distribution and compressive strength of different mixtures. A quantitative correlation fitting was performed for the 
compressive strength and pore distribution of ten mixtures, as shown in Fig. 17. The results indicate a good linear relationship between 
the pore distribution and compressive strength of the mixtures. The coefficient for multi-harm pores (X4) is − 12.2, indicating that a 
higher quantity of such pores leads to a lower compressive strength of the mortar, consistent with the experimental results.

3.5. Scanning electron microscope

To investigate the changes in the internal microstructure of cement mortar with different RHA and CSP contents, Scanning Electron 
Microscope (SEM) analyses were conducted at 7 days and 28 days of curing. SEM-BSE images are grayscale, where the grayscale value 
of each pixel is positively correlated with the atomic number of the element at that point. The higher the atomic number, the greater 
the grayscale value of the pixel. In the images, areas from bright to dark represent unhydrated cement, hydration products, fine ag
gregates, and pores. From the SEM images at 7 and 28 days, it can be observed that the cement matrix of the different mixtures becomes 
denser over time. Since R15S10 has the best mechanical properties and pore distribution at 28 days, we used R15 and S10 as 
benchmarks and employed the control variable method to observe the impact of different admixture amounts on the microstructure of 
the mortar. For each mixture ratio in these figures, (a) represents 7 days and (b) represents 28 days.

In Fig. 18, microcracks and pores in R10S10 were primarily observed at the aggregate-cement paste interfacial transition zone at 7 
days. This can be attributed to the slow pozzolanic reaction and the small amount of C-S-H gel formation, resulting in lower strength in 
the interfacial transition zone, coarsening of pores and blurred defect boundaries [36]. The RHA grains have smooth surfaces and 
remain undissolved, absorbing water during mixing and curing, which reduces the degree of cement hydration at the early stage. 
Consequently, a large number of unhydrated cement grains with significant volume are observed. At 28 days, the quantity and volume 
of unhydrated cement grains decreased and RHA gradually dissolved, increasing the solubility of amorphous silica in the matrix [5]. 
This significantly increases the amount of high-compactness C-S-H gel, which greatly reduces the number of pores and ultimately 
lowering the Ca/Si ratio and enhancing the microstructure of internal hydration products.

Fig. 19 illustrates that in R15S5, RHA initially acts as a filler, partially occupying pores at 7 days. However, its increased content 
raises mortar viscosity, trapping air voids within the matrix and around RHA particles. As curing progresses, RHA reacts with CH in a 
pozzolanic reaction, forming C-S-H gel, which, along with unreacted or partially reacted RHA, fills these voids. This process refines the 
pore structure and enhances compressive strength in later stages. However, some fine RHA particles remain unreacted, likely due to 
insufficient CH availability [36,55].

Fig. 20 shows that in R15S10, RHA undergoes pozzolanic reactions with CH, forming needle-like C-S-H on its surface by 7 days. 
However, larger RHA particles remain intact. By 28 days, finer RHA particles dissolve, producing substantial C-S-H gel that fills pores, 
while larger RHA grains begin reacting, forming filamentous hydration products. The interfacial transition zone between the cement 
matrix and aggregate becomes more compact and seamless. RHA promotes CH consumption, further accelerating pozzolanic activity 
by reducing calcium ion concentration and dissolving calcium-rich phases [29,36]. The cement matrix exhibits increased density over 
time, with fewer unhydrated cement particles, aligning with reduced porosity and improved compressive strength.

Fig. 21 illustrates the R15S15 mortar at 7 days features numerous large-diameter, elongated, and interconnected deep pores, with a 
considerable amount of unhydrated cement grains remaining. Due to the 15 % CSP content, a large amount of CH is present in the 
matrix, which weakens the strength of the interfacial transition zone. At 7 days, the resulting C-S-H was relatively loose and flocculent, 
not fully occupying the entire pores, which corresponded to the low early strength and high porosity [29]. At 28 days, RHA gradually 
dissolved and formed honeycomb-like hydration products to fill the pores. The amount of C-S-H increases, enhancing the matrix 
compactness, although residual CH can still be observed.

At 7 days, R20S10 exhibits an uneven microstructure with many unreacted or partially reacted RHA. Some RHA spherical grains are 

Fig. 18. SEM-BSE images of R10S10.
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firmly embedded in the microstructure, indicating that the strength of the unreacted or partially reacted RHA and their bonding with 
the matrix may significantly affect the overall strength of the concrete [30]. As the curing ages increase, the images exhibit a denser 
microstructure, corresponding to its improved mechanical properties. Due to ongoing hydration and pozzolanic reactions, C-A-S-H and 
C-S-H gels coexist, increasing the packing compactness within the microstructure [27]. C-S-H fills the voids in the interfacial transition 
zone between the cement and RHA, thereby enhancing its strength (Fig. 22).

3.6. Sustainability indicator calculation

The total carbon emissions, embodied energy, and production costs for four specimen groups—R0S0, R15S5, R15S10, and 
R15S15—were evaluated. Baseline values for raw material carbon emissions, embodied energy, and production costs were referenced 
from [62,63]. Using R0S0 as the benchmark, the percentage change in these indicators was calculated for each specimen over its life 
cycle. This analysis determined the carbon emissions, embodied energy, and production costs associated with producing 1 m³ of 

Fig. 19. SEM-BSE images of R15S5.

Fig. 20. SEM-BSE images of R15S10.

Fig. 21. SEM-BSE images of R15S15.
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cement mortar at varying CSP replacement levels. The results are presented in Fig. 23.
As illustrated in Fig. 23, increasing the CSP content reduces the carbon emissions, embodied energy, and production costs asso

ciated with producing 1 m³ of cement mortar. Regarding carbon emissions, although CSP releases CO₂ during production, its emissions 
are significantly lower than those of cement. Thus, replacing cement with CSP effectively reduces the overall carbon footprint of 
cement mortar. With a constant RHA dosage, increasing the CSP content from 5 % to 15 % lowers carbon emissions from 679.7 kg to 
652.7 kg, equating to a reduction of approximately 1.7 kg of CO₂ per 1 % cement replacement by CSP. Similarly, embodied energy 
analysis reveals that CSP production consumes significantly less energy than cement. As a result, incorporating CSP into the mix 
substantially decreases the energy demand of mortar production. When CSP and RHA are both used at 15 %, the embodied energy 
required to produce 1 m³ of mortar decreases by 20 %. Although CSP reduces cement mortar production costs, the impact is modest 
due to the high price of silica sand. A cost comparison indicates that the production cost of 1 m³ of R0S0 cement mortar (cement only) 
is 372.5 yuan, whereas for 1 m³ of R15S15 cement mortar (cement + RHA + CSP), the cost is 337.7 yuan—a 9.34 % reduction. These 
findings highlight the economic and environmental benefits of utilizing biomass waste in cement mortar production.

4. Conclusions

This study explored the integration of two sustainable materials, rice husk ash (RHA) and calcined shell powder (CSP), to assess 
their effects on strength development, phase composition, and microstructural evolution in cement mortar. Among the tested mixtures, 
R15S10 demonstrated the most balanced performance. The key findings are as follows. 

(1) Partial cement replacement with RHA and CSP significantly enhanced compressive strength, particularly at later curing stages. 
R15S10 exhibited the highest mechanical performance at 28 days.

Fig. 22. SEM-BSE images of R20S10.

Fig. 23. Carbon emissions, embodied energy, and production cost of different specimens.
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(2) The high reactivity and porosity of RHA and CSP increased water demand, requiring additional superplasticizer to maintain 
target workability (240 mm ± 5 %).

(3) TGA revealed that residual CH content varied with different RHA and CSP proportions and curing ages, directly affecting the 
extent of the pozzolanic reaction. R15S10 exhibited the highest C-S-H dehydration peak and the lowest residual CH, contrib
uting to its superior performance.

(4) The addition of CSP and RHA reduced overall porosity and refined the pore structure. R15S10 achieved the greatest 
improvement, with a notable reduction in multi-harm pores and primary pore diameter, enhancing mortar compactness.

(5) Microcracks and pores primarily formed in the interfacial transition zone between the aggregate and cement paste, particularly 
in early curing stages.
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