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A  R  T  I  C  L  E I  N  F  O 

The cement industry is a major contributor to global CO2 emissions, highlighting the need 

for sustainable supplementary cementitious materials (SCMs) capable of reducing cement 

consumption while maintaining mechanical performance. This study investigated the 

effects of raw rice husk (SH), rice husk biochar (BSH), and calcined rice husk ash (CSH) as 

partial replacements for ordinary Portland cement. Mortar mixtures incorporating 3%, 5%, 

and 8% of each material were evaluated in terms of workability, compressive strength, 

normalized compressive strength, and strength development up to 28 days. In addition, a 

cradle-to-gate life cycle assessment (LCA) was performed to quantify greenhouse gas 

(GHG) emissions, cumulative energy demand (CED), and environmental impacts using 

the ReCiPe endpoint method. The results showed that the processing method of rice husk 

significantly influenced both mechanical and environmental performance. Among the 

investigated materials, CSH improved workability because of its filler effect and fine 

particle size. The mixture containing 3% CSH and BSH achieved the highest 28-day 

compressive strength (43.4 and 41.1 MPa, respectively), corresponding to 143.6% and 

136.0% of the reference mixture's compressive strength (i.e., a 43.6% and 36.0% increase), 

respectively. Biochar enhanced long-term strength through internal curing, whereas SH 

exhibited slower early-age strength development but substantial later-age strength gain. 

The LCA results indicated that replacing 8% of cement with RH reduced CO₂ emissions, 

cumulative energy demand, and the overall ReCiPe endpoint impact by 7.7%, 6.7%, and 

4.8%, respectively, compared with the control mixture, while CSH also provided 

considerable environmental benefits. Overall, SH-derived materials offer an effective 

strategy for producing low-carbon cementitious mortars. The 3% CSH mixture delivered 

the best mechanical performance, whereas the 8% SH mixture achieved the greatest 

environmental benefits, demonstrating the importance of balancing engineering 

performance and sustainability. 
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1. Introduction 

Rice is one of the world's major agricultural products, with an annual production exceeding 750 million tons. Alongside this 

production, approximately 150 million tons of rice husk (SH) are generated as a by-product of rice processing [1-3]. In many rice-

producing regions, including northern Iran, this residue is still predominantly managed through open-field burning or accumulation 

on agricultural lands. Such practices not only contribute to air pollution and particulate emissions but also remove a significant 
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economic opportunity from the production cycle [4]. In recent years, the concept of the bio-circular economy has gained increasing 

attention as a framework for recovering value from agricultural residues. Consequently, SH is no longer regarded as a worthless 

waste material but rather as a valuable feedstock capable of being transformed into a wide range of products for the energy, 

agricultural, and construction sectors [5, 6]. 

Among the industries utilizing agricultural residues, the construction sector represents one of the primary destinations for such 

by-products due to its extensive consumption of raw materials and substantial contribution to greenhouse gas emissions. Portland 

cement, the most widely used binder in mortar and concrete, remains the most consumed manufactured material worldwide because 

of its compatibility, low maintenance requirements, and abundant raw material availability. However, it is also responsible for 

approximately 7-8% of global anthropogenic carbon dioxide emissions [7, 8]. It has been reported that the production of one ton of 

Portland cement clinker releases approximately 0.8 tons of CO2 into the atmosphere [9]. This environmental concern has driven 

researchers toward the development of supplementary cementitious materials (SCMs), which can partially replace cement while 

maintaining or even enhancing the mechanical performance and durability of the final product [10-12]. Owing to their abundance, 

renewability, and relatively low production cost compared with other cement replacement materials such as metakaolin or blast 

furnace slag, agricultural waste-derived products have emerged as attractive SCM candidates [13]. 

SH, in particular, has long been recognized as a promising source for the production of supplementary cementitious materials 

due to its naturally high silica content. However, the conversion of this raw agricultural residue into a cementitious material can be 

achieved through different thermochemical pathways, each yielding products with distinct physicochemical characteristics and 

performance mechanisms. The most common route is calcination (controlled combustion in the presence of oxygen), which produces 

calcined rice husk ash (CSH). The pozzolanic quality of CSH is highly dependent on the calcination temperature, as processing 

parameters such as temperature, duration, and atmospheric conditions directly influence the amount of amorphous silica, specific 

surface area, and particle morphology of the resulting ash [14]. Previous studies have demonstrated that combustion within a 

temperature range of approximately 500-700°C preserves silica predominantly in its amorphous form and results in the highest 

pozzolanic activity. In contrast, higher temperatures promote the gradual crystallization of silica (forming cristobalite), leading to a 

reduction in pozzolanic reactivity [15-17]. 

Conversely, pyrolysis conducted under oxygen-limited or oxygen-free conditions produces rice husk biochar (BSH) instead of 

ash. BSH is a carbon-rich, porous, and stable material that, in addition to its well-established applications in soil amendment and 

carbon sequestration, has recently attracted attention for use in cementitious composites [18, 19]. Unlike CSH, whose contribution 

is primarily pozzolanic, the role of biochar within the cement matrix is largely physicochemical. Its influence is exerted through 

mechanisms such as particle-filling effects, internal curing resulting from water absorption and gradual release, and serving as 

nucleation sites for hydration products, thereby affecting both the microstructure and mechanical properties of mortar [20, 21]. 

Numerous studies have independently investigated the mechanical performance of these two rice husk-derived products; 

however, the reported findings remain relatively scattered and, in some cases, contradictory due to differences in processing 

conditions, particle size, and replacement levels. For CSH, several studies have reported compressive strength increases exceeding 

50% at replacement levels of 15-25%, attributed to the formation of additional C-S-H and C-A-S-H gels, microstructural 

densification, and improvement of the interfacial transition zone (ITZ) [22]. Similarly, for rice husk biochar, a range of results has 

been documented in the literature, varying from approximately 12-14% improvements in compressive strength at replacement levels 

of 5-10%, attributed to filler effects and reduced pore connectivity [18], to strength reductions in mixtures characterized by high 

porosity or low contents of reactive silicon and aluminum oxides [23]. This variability indicates that the selected thermochemical 

processing route for rice husk plays a decisive role in determining its effectiveness as a cement replacement material. In addition to 

its mechanical and environmental performance under ambient conditions, rice husk ash-modified concrete has also been shown to 

exhibit favorable behavior under thermal exposure, with water re-curing partially recovering strength losses following exposure to 

elevated temperatures of 300-700°C [24]. 

Although numerous investigations have focused on the mechanical and durability performance of rice husk-derived 

supplementary cementitious materials, structural performance alone is insufficient to determine their overall sustainability. For 

instance, recent studies have shown that rice husk ash-modified concrete exhibits favorable resistance to thermal degradation, with 

water re-curing partially recovering strength losses following exposure to elevated temperatures [24], and a complementary life 

cycle assessment of the same material further confirming its favorable environmental profile under such exposure conditions [25]. 

The thermochemical conversion routes required to produce rice husk ash and rice husk biochar differ considerably in terms of energy 

demand, process emissions, and resource consumption, which may significantly influence their environmental benefits despite 

comparable engineering performance. In recent years, life cycle assessment (LCA) has become one of the most widely accepted 

methodologies for quantifying the environmental impacts of construction materials throughout their life cycle, enabling 

comprehensive comparisons of alternative materials based on indicators such as global warming potential, cumulative energy 

demand, and damage to human health, ecosystems, and natural resources. Consequently, integrating mechanical performance with 

life cycle assessment provides a more reliable basis for identifying sustainable cement replacement strategies and supports decision-

making toward low-carbon construction materials [26-29]. 

Despite the growing body of literature addressing SH or BSH individually  [17, 19, 21], no study has yet simultaneously compared 

all three thermochemical processing routes of SH (SH, CSH, and BSH) within a unified experimental and environmental framework. 

The novelty of the present study lies in this three-way comparison combined with an integrated mechanical-environmental 

assessment: by evaluating compressive strength development at multiple curing ages alongside a cradle-to-gate LCA for each 
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processing route, this study identifies not only which material performs best mechanically, but which replacement level and 

processing route offers the most balanced trade-off between structural performance and environmental sustainability. This integrated 

approach, rather than either aspect alone, provides a more practical basis for material selection in low-carbon cementitious design. 

Therefore, this study aims to comparatively investigate the compressive strength development of mortar incorporating CSH and 

BSH as partial cement replacements at different curing ages. In addition, a cradle-to-gate life cycle assessment is conducted to 

quantify the environmental impacts associated with each processing pathway and to identify the more sustainable alternative 

considering both mechanical performance and environmental criteria. 

2. Methodology 

2.1. Materials 

In the present study, Type II Portland cement produced by Mazandaran Cement Company was used as the primary binder. A 

recycled rice husk-derived material was introduced as a SCM in three different forms, namely SH, BSH, and CSH, for the production 

of low-carbon cement (Fig. 1). As shown in Fig. 1, the three forms of rice husk-derived material exhibit visibly distinct physical 

characteristics: raw rice husk retains its fibrous, light-tan appearance; the biochar exhibits a dark black, porous texture resulting 

from carbonization under oxygen-limited conditions; and the calcined ash presents a fine, light-gray powder consistent with the 

removal of carbonaceous material during high-temperature oxidation. The chemical compositions of the Portland cement, raw rice 

husk, rice husk biochar, and calcined rice husk ash used in this study are presented in Table 1. Chemical compositions were 

determined by X-ray fluorescence (XRF) spectroscopy, and loss-on-ignition (LOI) values were obtained by heating samples at 

1100°C for 2 hours and measuring the resulting mass loss. The SH employed in this research were obtained from Tarom rice 

cultivated in the Sarbaz region of Gilan Province, representing one of the common rice varieties available in northern Iran. As shown 

in Table 1, the SiO₂ content increased progressively from SH (78.8%) to BSH (87.2%) and CSH (91.0%), reflecting the progressive 

removal of organic matter and volatile compounds during thermal treatment. The relatively high K2O content observed in BSH 

(4.7%) compared with the other materials should be noted, as elevated alkali content can potentially influence the risk of alkali-

silica reaction (ASR) when used at higher replacement levels. The low CaO content across all three SH-derived materials (0.6-

1.8%), in contrast to Portland cement (63.2%), confirms their primarily pozzolanic (rather than hydraulic) nature, consistent with 

their role as reactive silica sources rather than independent binders. The CSH was subjected to thermal treatment at a temperature 

range of 500-550°C for one hour. This calcination temperature was selected to prevent incomplete combustion, eliminate residual 

organic matter, and obtain an amorphous silica-rich structure, since the presence of amorphous silica is the primary factor governing 

effective pozzolanic reactions at later curing ages [30]. Calcination temperatures below the optimum range may result in the retention 

of unburned carbon and consequently reduce pozzolanic activity, whereas excessively high temperatures can promote silica 

crystallization and diminish its reactivity. After calcination at 500-550°C for one hour, the resulting ash was ground and sieved to 

pass through a 75 μm (No. 200) sieve, consistent with the particle fineness applied to the biochar and comparable to that of Portland 

cement, to ensure comparable reactivity and particle-filling behavior among the three processing routes. 

   
(a) (b) (c) 

Fig. 1. Physical appearance of the three RH-derived materials: (a) SH; (b) BSH; and (c) CSH. 
 

Table 1. Cementing materials' chemical compositions. 

 SiO2 CaO Al2O3 Fe2O3 MgO Na2O K2O SO3 Ti2O LOI 

Cement 21.3 63.2 4.9 3.4 1.2 0.3 0.6 2.3 - 2.5 

Raw rice husk (SH) 78.8 0.6 0.2 0.5 0.3 0.05 2.1 0.1 0.02 16.9 

Rice husk biochar (BSH) 87.2 1.8 0.9 1.4 0.5 - 4.7 0.15 0.23 3.03 

Calcined rice husk (CSH) 91.0 0.8 1.1 1.3 0.2 - 0.9 - - - 

BSH was produced through a controlled pyrolysis process in a muffle furnace under oxygen-limited conditions at approximately 

450-500°C for about 1-2 hours, with a heating rate of approximately 10°C/min. After pyrolysis, the biochar was ground and sieved 

to pass through a 75 μm (No. 200) sieve to achieve a fineness comparable to that of Portland cement. Owing to its porous structure, 

high specific surface area, and the presence of surface functional groups, this material can influence not only the filler effect but 

also the microstructure of the cement paste and the paste-aggregate ITZ. These SH-derived materials were utilized as partial cement 

replacements for the development of low-carbon cement and concrete. Their primary functions within the cementitious system 

include particle packing and filler effects, nucleation of hydration products, and, in the case of CSH, pozzolanic reactions with the 

calcium hydroxide released during the cement hydration process. 
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2.2. Mortar mix designs 

The details of the reference sand-cement mortar mixture and the mortars incorporating SH in its raw, biochar, and calcined forms 

are presented in Table 2. In these mixtures, SH-derived materials were used as partial cement replacements at replacement levels of 

3%, 5%, and 8% by weight of the cementitious binder. These replacement levels were selected to maintain adequate workability 

while enabling a systematic evaluation of the progressive effects of cement substitution on the mechanical performance and 

microstructural characteristics of the mortar. The selected dosage range also allowed the investigation of both the beneficial and 

potential adverse effects associated with increasing levels of SH-derived materials within the cementitious matrix. In all mix designs, 

the water-to-cementitious materials ratio was kept constant at 0.42, and the sand-to-cementitious materials ratio was fixed at 2.0. 

Maintaining these proportions ensures that the observed variations in mortar properties are primarily attributed to the presence and 

type of SH-derived material rather than changes in the fundamental mix design parameters. This approach enables a more accurate 

evaluation of the roles of filler effect, pozzolanic reaction, and microstructural changes induced by the SH. Keeping the sand content 

constant also helps control the influence of rheological variations in the cement paste and maintain consistency in experimental 

conditions. This is particularly important because fine rice husk particles, especially in calcined and biochar forms, can increase 

specific surface area and consequently affect the water demand of the mixture. The particle size distribution of the sand used in this 

study was determined in accordance with ASTM C136 [31] (sieve analysis), and the particle size distribution curve is presented in 

Fig. 2. The curve indicates a well-graded distribution of particles, which can lead to improved particle packing and a reduction in 

capillary porosity in mortar. 

Table 2. Mix design of mortar samples. 

Mix ID. 
Cement SH BSH CSH Water Sand  Density 

(g)  (kg/m3) 

C100 1000 - - - 420 2000  2481 

C97SH3 970 30 - - 420 2000  2093 

C95SH5 950 50 - - 420 2000  2180 

C92SH8 920 80 - - 420 2000  2254 

C97BSH3 970 - 30 - 420 2000  2300 

C95BSH5 950 - 50 - 420 2000  2288 

C92BSH8 920 - 80 - 420 2000  2336 

C97CSH3 970 - - 30 420 2000  2315 

C95CSH5 950 - - 50 420 2000  2260 

C92CSH8 920 - - 80 420 2000  2285 

 

 
Fig. 2. Particle size distribution. 

2.3. Preparation, casting, and curing of mortar specimens 

Mortar mixing was performed in accordance with ASTM C305 [32]. To prepare the sand-cement mortar specimens according 

to Table 2, all materials were mixed using a 10-liter laboratory mixer available in the Concrete Technology Laboratory at Babol 

Noshirvani University of Technology. First, all cementitious materials, including cement and SH-derived material (raw, biochar, or 

calcined), were dry-mixed to achieve a homogeneous blend. Subsequently, the calculated amount of water was added to the mixer 

to form the cement paste. Then, the sand was introduced into the cement paste, and mixing was continued for one minute. When 

necessary, a superplasticizer was added within 20 to 30 seconds of mixing to achieve the desired workability. A polycarboxylate 

ether (PCE)-based superplasticizer was used, at dosages adjusted per mix (as % of binder mass) to achieve comparable workability. 

Superplasticizer was required only for SH mixtures (0.5%, 1.5%, and 2.25% at 3%, 5%, and 8% replacement, respectively), 

reflecting the higher water demand of untreated, fibrous SH. No superplasticizer was needed for BSH or CSH mixtures, indicating 

that thermal processing reduced water/admixture demand relative to SH.  The workability of the fresh mortar mixtures was evaluated 
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using the Flow Table test in accordance with ASTM C230 [33]. According to ASTM C511 [34], curing of mortar specimens is a 

process during which moisture loss is prevented, and an appropriate temperature is maintained. In this study, 24 hours after casting, 

the specimens were demolded and immediately placed in a water tank maintained at laboratory ambient temperature to preserve 

surface moisture. The samples were then cured in this tank for 7, 14, and 28 days (Fig. 3). For each mix design, two cubic specimens 

with dimensions of 50 × 50 × 50 mm were cast and tested at each curing age (a total of six specimens per mix design), and the 

average value is reported. Compressive strength tests were carried out in accordance with ASTM C109 [35], using an ELE 

compression testing machine with a capacity of 200 kN. Prior to testing, the bearing surfaces of each specimen were wiped clean to 

remove any loose material or surface irregularities, ensuring uniform load distribution during testing. Fig. 3a illustrates the casting 

of fresh mortar into oiled steel molds, and Fig. 3b illustrates the subsequent water curing of demolded specimens, carried out in 

accordance with the curing protocol described above. 

  
(a) (b) 

Fig. 3. Casting and curing of mortar specimens. 

A complete summary of the experimental specimens, including mix designations, replacement levels, specimen dimensions, and 

the number of specimens tested at each curing age, is provided in Table 3. In total, 60 cubic specimens (50 × 50 × 50 mm) were cast 

and tested for compressive strength across the ten mix designs and three curing ages, with two specimens tested per age and the 

reported values representing their average. In addition, one flow spread measurement was conducted for each mix design to assess 

fresh-state workability. 

Table 3. Specimen details. 

Mix ID Cement (%) SH (%) BSH (%) CSH (%) 
Specimen 

type/dimensions 
Test Ages/repetitions 

C₁₀₀ 100 – – – Cube, 50×50×50 mm Compressive strength 7, 14, 28 d, 2 specimens/age (6 total) 

C₉₇SH₃ 97 3 – – Cube, 50×50×50 mm Compressive strength 7, 14, 28 d, 2 specimens/age (6 total) 

C₉₅SH₅ 95 5 – – Cube, 50×50×50 mm Compressive strength 7, 14, 28 d, 2 specimens/age (6 total) 

C₉₂SH₈ 92 8 – – Cube, 50×50×50 mm Compressive strength 7, 14, 28 d, 2 specimens/age (6 total) 

C₉₇BSH₃ 97 – 3 – Cube, 50×50×50 mm Compressive strength 7, 14, 28 d, 2 specimens/age (6 total) 

C₉₅BSH₅ 95 – 5 – Cube, 50×50×50 mm Compressive strength 7, 14, 28 d, 2 specimens/age (6 total) 

C₉₂BSH₈ 92 – 8 – Cube, 50×50×50 mm Compressive strength 7, 14, 28 d, 2 specimens/age (6 total) 

C₉₇CSH₃ 97 – – 3 Cube, 50×50×50 mm Compressive strength 7, 14, 28 d, 2 specimens/age (6 total) 

C₉₅CSH₅ 95 – – 5 Cube, 50×50×50 mm Compressive strength 7, 14, 28 d, 2 specimens/age (6 total) 

C₉₂CSH₈ 92 – – 8 Cube, 50×50×50 mm Compressive strength 7, 14, 28 d, 2 specimens/age (6 total) 

2.4. Life cycle assessment (LCA) 

To evaluate the environmental impacts of replacing cement with three SH-derived materials, namely SH, BSH, and CSH, an 

LCA was conducted in accordance with the framework specified in ISO 14040 [26] and ISO 14044 [36] standards. The primary 

objective of this analysis was to compare the greenhouse gas emissions associated with the production of the different mortar 

mixtures and to identify the most environmentally sustainable cement replacement while considering the corresponding mechanical 

performance. Since the cement industry is recognized as one of the largest contributors to global carbon dioxide emissions, reducing 

Portland cement consumption through the incorporation of agricultural by-products has considerable potential to mitigate the 

environmental impacts of cementitious materials. 

In this study, a cradle-to-gate system boundary was adopted, encompassing raw material extraction, transportation, and mortar 

production processes [37]. The use phase and end-of-life stage were excluded from the assessment, consistent with the scope 

commonly adopted in material-oriented mortar LCA studies. The functional unit was defined as 1 m³ of mortar, allowing 

environmental impacts to be expressed in terms of kg CO2-eq/m³ and other environmental indicators [38]. The environmental 

assessment was carried out using SimaPro software, while the life cycle inventory (LCI) data were primarily obtained from the 

Ecoinvent database using global and regional datasets (GLO/RoW) [39]. Transportation impacts were estimated using the "market 

for" datasets available in Ecoinvent, which incorporate representative transportation distances and average vehicle emission factors 

based on global conditions. 
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The life cycle impact assessment (LCIA) was performed using the Greenhouse Gas (GHG) Protocol to quantify carbon dioxide 

emissions and the 100-year Global Warming Potential (GWP100). In addition, the ReCiPe impact assessment method was employed 

to evaluate aggregated endpoint indicators related to human health, ecosystem quality, and resource depletion [40, 41]. Furthermore, 

the cumulative energy demand (CED) associated with the production of each mortar mixture was quantified and reported. 

Within the LCA model, SH was considered an agricultural residue. Following the cut-off allocation approach, no environmental 

burdens associated with rice cultivation, harvesting, or primary production were assigned to SH, since it is regarded as a by-product 

rather than the primary product of the agricultural system. In contrast, BSH was modeled as a product generated through the 

pyrolysis process. This process involves the thermochemical conversion of rice husk under oxygen-limited conditions and requires 

both electrical and thermal energy inputs, which were included in the life cycle inventory. Similarly, CSH was modeled by 

incorporating the calcination process into the production system. The thermal energy required to heat the SH and convert it into 

amorphous silica-rich ash was included in the inventory to accurately represent the environmental burdens associated with CSH 

production. For transparency, the main LCI assumptions are summarized as follows: functional unit, 1 m³ of mortar; system 

boundary, cradle-to-gate (raw material extraction, transportation, and mortar production); software, SimaPro; background database, 

Ecoinvent v3.4; impact assessment methods, the GHG Protocol (GWP100) and ReCiPe Endpoint (H/A), covering Human Health, 

Ecosystems, and Resources categories, alongside cumulative energy demand (CED); and allocation approach, a zero-burden (cut-

off) allocation was applied to SH, consistent with its status as an agricultural residue. 

3. Results 

3.1. Flow table 

The workability of the fresh mortar mixtures was evaluated using the Flow Table test in accordance with ASTM C230 [33], 

using a truncated cone mold (100 mm base diameter, 70 mm top diameter, 50 mm height) subjected to 25 drops within 15 seconds. 

The obtained flow spread values, expressed as a percentage increase in average base diameter, are presented in Fig. 4. The reference 

specimen (C100) exhibited a flow spread of approximately 170 mm. With the incorporation of SH, the workability of the mortar was 

found to be dependent on the replacement level. At a replacement ratio of 3%, no significant change was observed compared to the 

reference mixture. However, increasing the replacement level to 5% resulted in an increase in flow spread to approximately 200 

mm, indicating improved fluidity of the mixture. Nevertheless, at an 8% replacement level, the flow spread decreased to about 160 

mm, becoming even lower than that of the reference specimen. This behavior can be attributed to the higher specific surface area 

and greater water absorption capacity of SH particles at elevated replacement levels, which reduce the amount of free water available 

in the mixture and consequently decrease workability. A similar trend was observed in mortars containing BSH. The incorporation 

of 3% biochar increased the flow spread to approximately 195 mm. However, at replacement levels of 5% and 8%, the flow spread 

stabilized at around 180 mm. The porous structure of biochar promotes the absorption of a portion of the mixing water; nevertheless, 

its surface roughness and particle morphology may improve particle distribution and fluidity at low replacement levels. At higher 

contents, the water absorption effect becomes dominant, limiting any further enhancement in workability. The highest flow spread 

values were obtained in mixtures containing CSH. Replacing 3% of cement with CSH increased the flow spread to approximately 

235 mm, while replacement levels of 5% and 8% further increased it to about 250 mm. This remarkable improvement can be 

attributed to the fine particle size of the ash, its favorable particle size distribution, and the filler effect. The ultrafine particles of 

calcined rice husk ash fill the voids between cement grains, thereby reducing internal friction within the mixture and facilitating the 

movement of the cement paste. Furthermore, the relatively more uniform particle shape of CSH compared with SH and BSH plays 

a significant role in enhancing mortar fluidity. 

 
Fig. 4. Flow table test results. 

Overall, in terms of workability performance, the materials can be ranked as follows: CSH > BSH > SH. Specifically, CSH 

increased the flow spread by approximately 38-47% compared to the control specimen, whereas BSH resulted in a modest increase 

of about 6-15%. In contrast, SH exhibited satisfactory performance only at the 5% replacement level, while an 8% replacement led 

to a reduction in workability. The Flow Table test results demonstrated that the processing method of SH has a decisive influence 

on mortar workability. While the use of SH and BSH provided only limited improvements in mixture fluidity, CSH significantly 
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enhanced the flow spread. This behavior is primarily attributed to the filler effect, improved particle size distribution, and reduced 

internal friction within the mixture. It was also observed that increasing the replacement level of SH beyond the optimum value 

reduced mortar workability due to its higher water absorption capacity and larger specific surface area. Overall, from the perspective 

of fresh-state performance, the incorporation of 5-8% CSH provided the most favorable workability among all investigated mixtures. 

3.2. Compressive strength 

Table 4 presents the mean and standard deviation (SD) of compressive strength for each mix design at 7, 14, and 28 days of 

curing, based on two specimens per condition. Fig. 5 presents the compressive strength development of mortar specimens 

incorporating SH, BSH, and CSH at curing ages of 7, 14, and 28 days. As expected, all mixtures exhibited a continuous increase in 

compressive strength with curing time due to the progressive hydration of cement and the formation of additional cementitious 

products. However, the rate of strength development and the ultimate compressive strength were significantly influenced by both 

the form of SH utilized and its replacement level. At the age of 7 days, most modified mixtures exhibited lower compressive 

strengths than the control specimen, indicating that the partial replacement of cement initially reduced the amount of readily 

available hydraulic binder. This effect was particularly pronounced for mixtures containing SH, where the incorporation of untreated 

lignocellulosic particles delayed strength development due to their limited pozzolanic reactivity and relatively high-water absorption 

capacity. Nevertheless, mixtures containing CSH showed comparatively higher early-age strengths, suggesting that the amorphous 

silica generated during the calcination process contributed to early pozzolanic reactions and enhanced particle packing. A substantial 

increase in compressive strength was observed between 7 and 14 days for all mixtures. This improvement can be attributed to the 

continuation of cement hydration as well as the gradual activation of supplementary cementitious reactions. 

Table 4. Standard deviations of mortar compressive strength results. 

Mix ID. 

Compressive 

strength (MPa) SD AVG 

Compressive 

strength (MPa) SD AVG 

Compressive 

strength (MPa) SD AVG 

7-days 7-days 14-days 14-days 28-days 28-days 

C100 23.7 22.9 0.49 23.3 28.5 27.5 0.72 28.0 32.6 27.9 3.36 30.2 

C97SH3 8.4 9.0 0.42 8.7 16.8 17.6 0.58 17.2 23.4 24.5 0.74 23.9 

C95SH5 14.3 15.9 1.16 15.1 28.7 28.4 0.26 28.5 35.8 34.6 0.84 35.2 

C92SH8 14.8 16.2 0.94 15.5 35.5 34.0 1.06 34.8 40.7 39.9 0.58 40.3 

C97BSH3 13.5 13.9 0.28 13.7 30.2 32.1 1.32 31.1 41.7 40.5 0.84 41.1 

C95BSH5 15.4 13.1 1.62 14.3 29.0 30.1 0.78 29.5 35.7 37.2 1.02 37.9 

C92BSH8 14.1 13.2 0.66 13.7 28.8 27.9 0.66 28.4 36.7 35.6 0.78 36.2 

C97CSH3 20.4 17.5 2.04 18.9 32.0 30.8 0.88 31.4 44.1 42.8 0.88 43.4 

C95CSH5 13.8 13.5 0.27 13.7 25.9 25.2 0.44 25.5 36.8 33.4 2.37 35.1 

C92CSH8 11.9 12.6 0.44 12.3 19.0 20.0 0.71 19.5 30.9 28.1 1.93 29.6 

The strength gain was particularly evident in mixtures containing higher proportions of SH and BSH, indicating that the internal 

curing effect provided by the porous structure of these materials may have facilitated further hydration. In addition, the fine particles 

generated during the biochar production process likely acted as micro-fillers, reducing pore connectivity and contributing to matrix 

densification. At 28 days, distinct performance trends emerged among the investigated materials. The mixture containing 3% 

calcined rice husk ash (C97CSH3) achieved the highest compressive strength among all specimens, reaching approximately 43.4 

MPa. This represents a significant improvement compared with the control mixture and highlights the effectiveness of CSH as a 

supplementary cementitious material. The superior performance of this mixture is likely attributable to the combined effects of 

pozzolanic activity, filler action, and microstructural refinement, consistent with mechanisms widely reported for similar 

supplementary cementitious materials [12, 42]. It should be noted that the mechanistic explanations discussed throughout this 

section, including internal curing, secondary C-S-H formation, ITZ refinement, pore refinement, and crack-bridging effects, are 

proposed based on established mechanisms reported in the literature for comparable materials, and are not directly verified through 

microstructural characterization (e.g., SEM, XRD, or mercury intrusion porosimetry) in the present study; they should therefore be 

regarded as plausible interpretations consistent with the observed strength trends rather than directly confirmed mechanisms. The 

highly reactive amorphous silica present in the ash is expected to react with calcium hydroxide released during cement hydration, 

potentially producing additional calcium silicate hydrate (C-S-H) gel and enhancing matrix compactness. 

The mixtures containing BSH also demonstrated notable improvements in compressive strength, particularly at the 3% 

replacement level. The best performance among the tested biochar levels, observed for C97BSH3, is consistent with the hypothesis 

that a limited amount of biochar can improve hydration efficiency through internal curing and moisture retention mechanisms, 

although this was not directly verified in the present study. However, increasing the biochar content beyond the optimum level 

resulted in a gradual reduction in strength. This behavior is likely associated with the porous nature of biochar, which may increase 

the overall void content and reduce the effective binder concentration when used at higher dosages. A different trend was observed 

for SH mixtures. Although the 3% replacement level resulted in relatively low compressive strength, increasing the replacement 

ratio led to a substantial improvement in later-age (up to 28 days) performance, with the 8% replacement mixture achieving one of 

the highest strengths among the tested specimens. This behavior may be associated with the delayed contribution of finely dispersed 

silica and a possible gradual improvement of the ITZ over time, although this was not directly examined. It is also possible that the 
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fibrous morphology of SH particles contributed to crack-bridging effects and stress redistribution within the hardened matrix; 

however, this proposed mechanism was not directly verified in this study. Overall, the results demonstrate that the processing 

method of SH plays a decisive role in determining the mechanical performance of cementitious composites. Among the investigated 

materials, CSH exhibited the highest efficiency in enhancing compressive strength due to its strong pozzolanic reactivity, while 

biochar provided beneficial internal curing effects at low replacement levels. The findings indicate that optimizing both the treatment 

method and replacement ratio of SH-derived materials is essential for maximizing the mechanical performance of sustainable 

cement-based composites. 

 
Fig. 5. Compressive strength of mortar samples. 

Fig. 6 illustrates the normalized compressive strength of mortar specimens containing SH, BSH, and CSH relative to the control 

mixture at different curing ages. The normalization process enables a clearer comparison of the effectiveness of each replacement 

strategy independent of the absolute strength values.  At the age of 7 days, all modified mixtures exhibited normalized strengths 

below 100%, indicating that the partial replacement of cement adversely affected early-age strength development. This reduction 

can primarily be attributed to the dilution effect caused by replacing a portion of the hydraulic binder with materials possessing 

lower initial reactivity. The most pronounced reduction was observed in mixture C97SH3, which retained only 37.4% of the 

compressive strength of the control specimen. Similarly, mixtures containing BSH and CSH exhibited normalized strengths ranging 

from approximately 52.8% to 81.3%. These results suggest that the beneficial effects associated with pozzolanic activity, micro-

filler action, and internal curing had not yet fully developed during the first week of hydration. A markedly different trend emerged 

after 14 days of curing. Several mixtures surpassed the performance of the reference specimen, indicating the progressive activation 

of secondary strengthening mechanisms. The normalized strength of C92SH8 increased to 124.2%, while C97BSH3 and C97CSH3 

achieved values of 111.2% and 112.1%, respectively. This substantial improvement reflects the continued hydration of cement and 

the increasing contribution of SH-derived materials to microstructural refinement. In particular, the porous structure of biochar may 

have promoted internal curing by gradually releasing absorbed water, thereby sustaining hydration reactions and reducing self-

desiccation effects. Simultaneously, the fine particles present in CSH likely provided additional nucleation sites for hydration 

products, accelerating the formation of a denser cementitious matrix. 

 
Fig. 6. Normalized compressive strength of mortar samples. 

At 28 days, the superiority of selected mixtures became even more evident. The highest normalized compressive strength was 

recorded for C97CSH3, reaching 143.6% of the reference specimen's strength (i.e., a 43.6% increase). This remarkable enhancement 
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is consistent with a high pozzolanic efficiency of CSH when incorporated at moderate replacement levels. The reactive amorphous 

silica generated during calcination is expected to react with calcium hydroxide liberated from cement hydration, potentially 

producing additional secondary calcium silicate hydrate (C-S-H) gel and contributing to pore refinement, which would be consistent 

with the formation of a denser and mechanically stronger matrix; however, this mechanism was not directly verified through 

microstructural analysis in this study. Mixtures containing BSH also demonstrated favorable later-age performance (within the 28-

day testing period). C97BSH3 and C95BSH5 achieved normalized strengths of 136.0% and 125.5%, respectively, while C92BSH8 

maintained a value of 119.6%. These findings indicate that BSH can effectively enhance later-age strength when used within an 

appropriate dosage range. The observed improvements may be attributable to a combination of internal curing, enhanced hydration 

efficiency, and filler effects arising from the fine carbonaceous particles, consistent with mechanisms reported for similar carbon-

based additives, although these were not directly measured in this study. Nevertheless, the gradual decline in performance with 

increasing replacement level suggests that excessive BSH contents introduce additional porosity and reduce the effective cement 

content, partially offsetting these beneficial mechanisms. The behavior of SH mixtures was particularly noteworthy. Although the 

incorporation of 3% SH resulted in substantial strength reductions throughout the curing period, increasing the replacement ratio to 

5% and especially 8% produced significant later-age benefits. The normalized strength of C92SH8 reached 133.3% after 28 days, 

representing one of the highest values among all investigated mixtures. This result suggests that the influence of SH extends beyond 

simple cement replacement and may involve gradual microstructural enhancement, improved particle packing, and delayed 

pozzolanic interactions associated with the silica-rich composition of rice husk. In contrast, increasing the dosage of CSH beyond 

the optimum level resulted in a reduction in normalized strength. While C97CSH3 exhibited the highest performance, the normalized 

strength decreased to 116.0% and 97.7% for C95CSH5 and C92CSH8, respectively. This behavior indicates that the beneficial 

pozzolanic and filler effects become insufficient to compensate for the reduction in cement content at higher replacement ratios. 

Such a trend is characteristic of supplementary cementitious materials, where an optimum replacement level exists beyond which 

the dilution effect becomes dominant. Overall, the normalized strength analysis demonstrates that both the processing method and 

replacement level govern the mechanical efficiency of SH-derived materials. Among all investigated mixtures, the incorporation of 

3% CSH produced the greatest enhancement in compressive strength, followed by 3% BSH and 8% SH. These findings confirm 

that suitable treatment of SH can transform an agricultural waste into an effective supplementary cementitious material capable of 

significantly improving the later-age mechanical performance of sustainable cement-based composites. Fig. 7 illustrates the typical 

failure pattern of mortar cube specimens under compressive loading. All specimens exhibited a typical shear-cone failure mode 

characteristic of cube compression tests, with diagonal cracking initiating near the loaded faces. No notable differences in failure 

mode were observed among the control and modified mixtures, suggesting that the incorporation of SH-derived materials did not 

alter the fundamental fracture mechanism, despite differences in load-carrying capacity. 

 
Fig. 7. Failure of mortar samples under compressive test. 

3.3. Compressive strength growth 

Fig. 8 presents the contribution of different curing intervals (0-7, 7-14, and 14-28 days) to the overall 28-day compressive 

strength development of the mortar specimens. As expected, the reference mixture (C100) exhibited rapid early-age strength 

development, with approximately 75.8% of its total 28-day strength gain achieved within the first seven days. The contribution of 

the subsequent curing intervals decreased considerably, accounting for only 16.7% and 7.5% during the 7-14 and 14-28 days periods, 

respectively. This behavior is characteristic of ordinary Portland cement, where the rapid hydration of clinker phases, particularly 

C3S, governs early strength development. The incorporation of SH-derived materials significantly altered the kinetics of 

compressive strength development by shifting a larger proportion of strength gain from early ages to later curing periods. 

Mortars containing SH exhibited a pronounced reduction in the contribution of the first seven days, while the proportions of 

strength development during the 7-14 and 14-28 days intervals increased markedly. This delayed strength development can primarily 

be attributed to the dilution effect caused by cement replacement and the limited early reactivity of untreated SH. Furthermore, the 

presence of lignocellulosic constituents in the SH may retard cement hydration by absorbing mixing water and interfering with the 

formation of early hydration products. A similar trend was observed for biochar-containing mixtures, although the redistribution of 

strength gain was more concentrated within the intermediate curing period. In particular, the 3% BSH mixture (C97BSH3) exhibited 

the lowest contribution from the first seven days (19.7%) and the highest contribution during the 7-14 days interval (56%). This 

behavior is associated with the porous microstructure and high specific surface area of BSH, which initially absorbs part of the 

mixing water, thereby slowing early hydration, before the gradual release of this stored water promotes internal curing during the 

intermediate stage, consistent with the mechanism discussed in Section 3.2. 
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Fig. 8. Compressive strength growth of mortar samples. 

Mortars incorporating CSH also demonstrated lower early-age strength contributions than the reference mixture; however, their 

strength development was more evenly distributed throughout the curing period. Notably, the contribution of the 14-28 days interval 

increased substantially, reaching 33.9% in the mixture containing 8% CSH (C92CSH8). This is consistent with the progressive 

pozzolanic reaction mechanism discussed in Section 3.2 for CSH. Overall, the results indicate that replacing cement with SH-derived 

materials modifies the mechanism of strength development rather than simply reducing or increasing compressive strength. While 

the reference mortar derives most of its strength during the first week, the modified mortars continue developing strength during 

later curing ages through a combination of ongoing cement hydration, internal curing effects (in the case of BSH), and secondary 

pozzolanic reactions (particularly in CSH mixtures). These findings suggest that evaluating the performance of SH-modified mortars 

solely based on early-age compressive strength may underestimate their strength development within the tested 28-day period; 

testing beyond 28 days would be required to substantiate any longer-term trajectory. 

3.4. Environmental impact assessment results 

An LCA was conducted to evaluate the environmental performance of mortar mixtures incorporating SH, BSH, and CSH at 

cement replacement levels of 3%, 5%, and 8%, using the reference mixture. The assessment considered GHG emissions, ReCiPe 

endpoint impact categories, and CED. These environmental analyses complement the mechanical performance results and highlight 

the sustainability potential of SH-derived supplementary cementitious materials. 

The carbon footprint and GG emissions of the different mortar mixtures per 1 m³ are presented in Fig. 9. The total GHG 

emissions, expressed as kg CO2-equivalent, decreased with increasing replacement levels for both the SH and CSH mixtures, 

demonstrating the clear environmental benefits of partial cement substitution. The reference mixture exhibited the highest total 

emissions, reaching approximately 667.27 kg CO2-eq/m³. In contrast, the 8% SH mixture (C92SH8) produced the lowest emissions, 

approximately 617 kg CO2-eq/m³, followed by the 8% CSH mixture (C92CSH8) with approximately 623 kg CO2-eq/m³. Mixtures 

containing BSH exhibited comparatively higher total GHG emissions, primarily because of the additional CO2 emissions associated 

with the pyrolysis process and the carbon-rich nature of biochar production. These findings confirm that low-to-moderate cement 

replacement levels, particularly with CSH and SH, can effectively reduce the carbon footprint while maintaining or improving 

mechanical performance, thereby supporting circular economy principles in sustainable construction [43]. 

 
Fig. 9. Greenhouse gas (GHG)-based carbon dioxide emission results. 

Similar trends were observed using the ReCiPe endpoint impact assessment method (Fig. 10), which aggregates environmental 

impacts into the three endpoint categories of Human Health, Ecosystems, and Resources. The control mixture exhibited the highest 
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overall environmental impact, with a total score of 6.22 points, mainly attributable to impacts on human health. All mixtures 

incorporating rice husk-derived materials demonstrated reductions in total endpoint scores, with the greatest improvements observed 

for the 8% SH and 8% CSH mixtures. Biochar-containing mixtures showed slightly higher overall endpoint scores because of 

increased ecosystem and resource impacts associated with the pyrolysis process. Nevertheless, these mixtures still offer significant 

environmental advantages through long-term carbon sequestration. Ecosystem damage decreased slightly in mixtures containing 

SH and CSH, while resource depletion followed a trend similar to that of GHG emissions owing to the reduced consumption of 

clinker and Portland cement. These findings are consistent with previous LCA studies on agricultural waste-derived SCMs, which 

have reported reductions in human toxicity, fossil resource depletion, and overall environmental burdens through partial cement 

replacement. Overall, the analysis demonstrates that SH-derived materials not only reduce direct GHG emissions but also provide 

broader environmental benefits across multiple endpoint categories [44]. 

 
Fig. 10. Environmental endpoint impact categories of the investigated mixtures based on the ReCiPe. 

The CED of the investigated mixtures is presented in Fig. 11. The lowest total fossil energy demand was obtained for mixtures 

containing higher replacement levels of SH and CSH, with C92SH8 and C92CSH8 requiring approximately 2795 MJ/m³ and 2864 

MJ/m³, respectively, compared with 2996 MJ/m³ for the control mixture. This reduction is primarily attributed to the lower energy 

requirement associated with clinker production when cement is partially replaced by SH and CSH. In contrast, the BSH mixtures 

exhibited higher cumulative energy demands, reaching 3056 MJ/m³ for C92BSH8, mainly because of the non-renewable energy and 

biomass energy consumed during the pyrolysis process. Overall, the CED results further demonstrate the feasibility of utilizing SH-

derived SCMs to reduce the embodied energy of cementitious mortars, with CSH and SH showing the greatest potential for 

sustainable construction applications [45]. 

 
Fig. 11. Cumulative energy demand (CED) results of the investigated mixtures. 

Overall, the LCA results indicate that replacing 8% of Portland cement with SH provided the greatest environmental benefits 

among all investigated mixtures. Compared with the reference mixture, C92SH8 reduced CO₂ emissions by 7.7%, the overall ReCiPe 

endpoint impact by 4.8%, and the cumulative energy demand by 6.7%. Likewise, the C92CSH8 mixture achieved reductions of 6.8%, 

1.3%, and 4.4%, respectively. Although the C92BSH8 mixture reduced GHG emissions relative to the reference, its overall 

environmental performance was less favorable because of the additional energy consumption associated with the pyrolysis process. 

A sensitivity analysis was performed on four key LCA assumptions: (I) the allocation approach applied to SH, (II) the pyrolysis 

energy input for BSH production, (III) the calcination energy input for ash production, and (IV) transport distances. The relative 

ranking of mixtures (SH8 > CSH8 > BSH8, in order of decreasing environmental benefit) remained robust across all tested scenarios, 

although absolute GHG emissions and energy demand values were most sensitive to the pyrolysis and calcination energy inputs. 

The zero-allocation assumption for SH had a negligible effect (< 2%) on the overall results, since the primary environmental benefit 

derives from cement replacement rather than from the allocation method itself, while transport distance variations produced a 

moderate effect (3-5%). These findings support the robustness of the comparative conclusions drawn in this study, while absolute 



Hosseinzadeh et al. Civil Engineering and Applied Solutions, 2027; 3(3): 22–37 
 

33 

values remain dependent on the underlying model assumptions. It should also be noted that background LCA data were sourced 

from global and rest-of-world (GLO/RoW) Ecoinvent datasets, including default "market for" transport distances based on global 

trade patterns; while Ecoinvent v3.4 provides robust and widely accepted background data, these datasets represent global average 

conditions rather than Iran-specific conditions, and a fully regionalized assessment would require site-specific inventory data. 

Finally, although the mechanical testing in this study did not extend beyond 28 days, biochar-amended mixtures are expected to 

provide an additional, longer-term environmental benefit through carbon sequestration within the biochar's stable carbon structure, 

independent of its mechanical performance. 

3.5. Comparison with previous studies 

To further evaluate the effectiveness of the proposed SH-derived supplementary cementitious materials, the 28-day compressive 

strength obtained in the present study was compared with representative results reported in previous investigations (Table 5). The 

comparison indicates that the mortar incorporating 3% CSH (C97CSH3) achieved the highest compressive strength (43.4 MPa) 

among all mixtures evaluated in the present work, followed closely by the 3% BSH mixture (C97BSH3) with a compressive strength 

of 41.1 MPa. Both mixtures exhibited substantial improvements over the control mortar (30.3 MPa), corresponding to strength 

increases of approximately 43.6% and 35.6%, respectively. Compared with previous studies employing agricultural or industrial 

waste materials as SCM, the proposed mixtures demonstrated competitive and, in several cases, superior mechanical performance. 

Table 5. Comparison of 28-day compressive strength with previous studies. 

References Composition of powder materials Compressive strength (MPa) 

Current Study 

100OPC 30.3 

97OPC + 3BSH 41.1 

97OPC + 3CSH 43.4 

Alamian et al. [42] 

100OPC 32.4 

65OPC + 20RC + 15GG 29.3 

65OPC + 25RC + 10GG 28.0 

Ramezanianpour et al. [46] 

100OPC 49.3 

70OPC + 30CC1 47.3 

70OPC + 20CC1 + 10LS 44.9 

70OPC + 30CC2 44.6 

70OPC + 20CC2 + 10LS 38.4 

Dhandapani and Santhanam [47] 

100OPC 62.1 

70OPC + 30FA 46.6 

55OPC + 30CC + 15LS 43.0 

Mishra et al. [48] 
100OPC 38.8 

55OPC + 30CC + 15LS 36.2 

Note: OPC: ordinary Portland cement; BSH: rice husk biochar; CSH: calcined rice husk ash; RC: recycled calcined clay; GG: ground granulated blast furnace 

slag; CC1/CC2: calcined clay (type 1/type 2); LS: limestone; FA: fly ash. Subscripts denote replacement percentage by mass of binder. 

Alamian et al. [42] reported compressive strengths ranging from 28.0 to 32.4 MPa for mortars incorporating recycled calcined 

clay and ground granulated blast furnace slag, indicating that relatively high replacement levels (30%) resulted in a noticeable 

reduction in strength due to the dilution effect. Similarly, the mortars developed by Mishra et al. [48] achieved a maximum 

compressive strength of 38.8 MPa, which remained lower than that obtained for both optimized mixtures in the present study. The 

results reported by Ramezanianpour et al. [46] and Dhandapani and Santhanam [47] reached higher absolute compressive strengths, 

with maximum values of 49.3 MPa and 62.1 MPa, respectively. However, these studies were conducted using different binder 

systems, replacement materials, mixture proportions, and water-to-binder ratios, making direct numerical comparisons 

inappropriate. More importantly, increasing the replacement ratio in those studies generally resulted in a gradual reduction in 

compressive strength, whereas the present study demonstrated that carefully optimized low replacement levels (3%) can not only 

compensate for the reduction associated with cement replacement but also produce a significant improvement in mechanical 

performance. The superior performance of the optimized mixtures can be attributed to the synergistic interaction of several 

mechanisms. In the case of CSH, the high content of amorphous silica promotes secondary pozzolanic reactions, potentially leading 

to additional C-S-H formation, pore refinement, and a denser cementitious matrix. Meanwhile, BSH may contribute through internal 

curing, enhanced hydration, and heterogeneous nucleation of hydration products. These proposed mechanisms, consistent with those 

reported for comparable materials in the literature (though not directly verified in this study through microstructural 

characterization), may collectively help explain why the best-performing mixtures outperformed many previously reported 

sustainable cementitious composites. Overall, the comparison presented in Table 5 demonstrates that the strategy adopted in this 

study, combining low replacement levels with appropriate SH processing techniques, is more effective than simply increasing the 

replacement ratio. The findings suggest that optimizing the physicochemical characteristics of SH-derived materials is more critical 

than maximizing their dosage, providing an efficient pathway for producing sustainable cement-based materials with enhanced 

mechanical performance. 
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4. Conclusions 

This study evaluated the effects of SH, BSH, and CSH as partial cement replacement materials on the fresh and mechanical 

properties of mortar. The results demonstrate that the processing method of SH plays a decisive role in determining the performance 

of cementitious composites by influencing both hydration behavior and microstructural development. 

• Among the investigated materials, CSH exhibited the most beneficial overall performance. Its incorporation significantly 

improved mortar flowability owing to its fine particle size and filler effect, while also producing the highest 28-day 

compressive strength. The mortar containing 3% CSH (C97CSH3) achieved approximately 143.6% of the reference 

mixture's compressive strength (i.e., a 43.6% increase), consistent with the combined effects of pozzolanic reactivity, 

nucleation, particle packing, and pore refinement, which are proposed as plausible contributors to the observed mechanical 

performance, although not directly verified in this study. 

• Although all SH-derived materials reduced the proportion of early-age strength development compared with the reference 

mixture, they promoted a more sustained strength gain at later curing ages. This finding confirms that replacing cement 

with SH-derived materials modifies the hydration kinetics and shifts strength development from rapid early hydration 

toward progressive reactions at later ages (within 28 days). The contributions of secondary pozzolanic reactions, continued 

hydration, and, in the case of BSH, internal curing is proposed to become increasingly significant as curing progresses, 

consistent with mechanisms reported for similar materials, though not directly measured here. 

• Biochar proved to be an effective supplementary cementitious material at low replacement levels. In particular, the mixture 

containing 3% BSH (C97BSH3) exhibited favorable later-age mechanical performance (within 28 days), suggesting that a 

limited amount of BSH can improve hydration efficiency through internal curing while promoting a denser cementitious 

matrix. However, increasing the BSH dosage beyond the optimum level diminished these benefits because of the dilution 

effect and increased porosity. 

• The SH mixtures exhibited the slowest early-age strength development but continued to gain strength throughout the curing 

period. Notably, the mixture containing 8% SH (C92SH8) showed one of the greatest late-age strength growth rates, 

demonstrating that untreated SH can contribute to continued strength development at later ages within the tested 28-day 

period. Nevertheless, its overall mechanical performance remained inferior to that of the best-performing CSH mixture 

(C97CSH3) among the tested levels. 

• The LCA demonstrated that incorporating SH-derived materials substantially improved the environmental performance of 

mortar by reducing GHG emissions, CED, and overall environmental impacts. Among the investigated mixtures, the 8% 

SH mixture (C92SH8) exhibited the greatest environmental benefits, achieving reductions of approximately 7.7% in CO2 

emissions, 4.8% in the ReCiPe endpoint score, and 6.7% in CED compared with the reference mixture. Similarly, the 8% 

CSH mixture (C92CSH8) also showed considerable environmental improvements, whereas the BSH mixtures exhibited 

comparatively higher embodied impacts because of the additional energy required during the pyrolysis process. 

Nevertheless, BSH remains an attractive low-carbon supplementary cementitious material owing to its long-term carbon 

sequestration potential and favorable mechanical performance at low replacement levels. 

Overall, the findings demonstrate that SH-derived materials offer an effective strategy for simultaneously improving the 

sustainability and engineering performance of cementitious mortars. Among the investigated mixtures, C97CSH3 delivered the best 

overall mechanical performance, whereas C92SH8 achieved the greatest reduction in environmental impacts. Consequently, the 

optimum replacement level should be selected according to the primary design objective, prioritizing low CSH contents for 

mechanical performance and higher SH contents for environmental sustainability. These results provide a practical basis for 

designing low-carbon cementitious materials with reduced clinker consumption while maintaining satisfactory engineering 

performance.  The findings should, however, be interpreted in light of two limitations. First, compressive strength was determined 

from two specimens per mixture at each curing age, limiting the statistical robustness of the comparisons. Second, the proposed 

mechanisms are supported by established literature rather than direct experimental evidence, as no microstructural characterization 

(XRD, SEM, BET/Blaine surface area, TGA, and MIP/porosity) or particle size analysis was performed. Future research should 

incorporate comprehensive microstructural analyses and a larger number of test specimens to validate the proposed mechanisms 

and enable more rigorous statistical evaluation. In addition, a constant water-to-binder ratio (0.42) was applied across all mixtures 

without correction for the water absorption of the rice husk-derived materials or pre-saturation of these materials prior to mixing. 

As a result, the effective water available for cement hydration may have varied between mixtures in an uncontrolled manner, which 

should be considered when interpreting the reported strength differences. Future studies should incorporate water absorption 

measurement and corresponding mixing water adjustment (or material pre-saturation) to isolate this effect. 
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