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Abstract

Valorizing agricultural residues in cementitious materials can reduce Portland cement demand while creating a
productive pathway for biomass waste. This study evaluated coconut shell char (CSC), produced by pyrolysis at
750 °C for 2 h, as a partial cement-replacement constituent in mortar. CSC had a specific gravity of 2.20, a
median particle size (D50) of 18.4 um, and a carbon content of 88.0 wt.%. Mortars containing 5-30 vol.% CSC
of the combined cement—CSC solids were assessed for fresh unit weight, flowability, setting time, and 28-day
compressive and flexural strength. Increasing CSC decreased fresh unit weight from 2282.8 to 2177.3 kg/m? and
flow from 114.0% to 84.0%, while initial/final setting times increased from 185/228 to 270/339 min. The 5%
mixture achieved the highest compressive and flexural strengths, 38.1 and 3.5 MPa, respectively, compared with
31.6 and 3.2 MPa for the control. Higher dosages caused progressive strength loss. Overall, 5—10% CSC
provided the best balance between cement displacement, fresh-state performance, and mechanical response,
supporting coconut-shell waste valorization in sustainable mortar.

Keywords: coconut shell char; biomass waste valorization; biochar; cement replacement; sustainable mortar;
mechanical performance; resource efficiency

1. Introduction

Portland-cement production is associated with substantial greenhouse-gas emissions and intensive consumption
of mineral resources, creating strong interest in lower-impact binder systems and circular use of waste-derived
materials (Lin et al. 2023; Liu et al. 2022; Senadheera et al. 2023). Biomass residues can be thermochemically
converted into carbon-rich char and incorporated into cement-based materials, providing a potential route to
combine waste valorization with partial displacement of conventional constituents (Lin et al. 2023; Liu et al.
2022; Maljaee et al. 2021b; Murali and Wong 2024; Senadheera et al. 2023). However, the environmental
relevance of such substitution depends on achieving acceptable engineering performance at realistic dosages
rather than assuming that the presence of biochar alone guarantees a lower-impact material.

The fresh-state response of biochar-containing cementitious materials is governed largely by particle
morphology and water interaction. Rough surfaces, irregular geometry, internal porosity, and high specific
surface area can increase water demand and interparticle friction, thereby reducing flowability (Gupta and Kua
2018; Salem and Fen-Chong 2025). Porous char can also retain part of the mixing water and modify early
hydration conditions, which may alter setting behavior (Li et al. 2025; Salem and Fen-Chong 2025). These
effects are particularly important when biochar is used as a cement-replacement constituent because excessive
water demand can offset practical benefits.

Mechanical performance is typically dosage dependent. At low contents, fine biochar particles may contribute
through micro-filling, local packing improvement, nucleation-related effects, or enhanced particle-matrix
interaction; at higher contents, cement dilution, porosity, and weaker matrix continuity can dominate (Chen et
al. 2022; Chen et al. 2023; Gupta and Kua 2018; Hylton et al. 2024; Maljaee et al. 2021b; Murali and Wong
2024; Salem and Fen-Chong 2025; Tan et al. 2020; Zaid et al. 2024; Zhao et al. 2024). Consequently,
identifying a practical dosage window is central to evaluating whether a waste-derived char can provide both
material efficiency and acceptable structural performance.

Coconut shell is a relevant biomass feedstock in tropical regions because it is abundant, lignocellulosic, and
capable of producing carbon-rich char after pyrolysis (Sarkar and Wang 2020). Previous studies have examined
coconut- and wood-waste biochar in mortar (Gupta et al. 2020), coconut-shell-biochar-based biocomposites
(Anoop and Palanisamy 2025), and coconut shell biochar in recycled aggregate concrete (Arandara et al. 2024).
Recent work on biochar-modified cementitious systems also confirms that pyrolysis conditions, particle size,
moisture state, and dosage strongly influence fresh, hydration, mechanical, and durability behavior (Chen et al.
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2023; Chin et al. 2025; Hylton et al. 2024; Li et al. 2025; Lin et al. 2023; Liu et al. 2022; Maljace et al. 2021b;
Murali and Wong 2024; Tan et al. 2020; Wu et al. 2025; Zaid et al. 2024; Zhang et al. 2023).

Despite this growing literature, limited information is available on coconut shell char produced under one
clearly defined high-temperature condition and evaluated over a broad replacement range using a consistent
mortar mixture design. In particular, simultaneous assessment of fresh unit weight, flowability, setting behavior,
compressive strength, and flexural strength is needed to identify a performance window that is relevant to waste
valorization and cement displacement rather than to isolated strength optimization.

Accordingly, this study investigates coconut shell char produced at 750 °C for 2 h as a partial cement-
replacement constituent in mortar at nominal levels of 5-30 vol.% of the combined cement-CSC solid phase.
The objectives are to (i) characterize the physical, elemental, and morphological properties of CSC; (ii) quantify
its effects on fresh unit weight, flowability, and setting time; (iii) evaluate 28-day compressive and flexural
strength; and (iv) identify a dosage range that balances engineering performance with resource-efficiency
considerations.

The study emphasizes waste valorization and reduced cement use while avoiding unsupported claims of carbon
negativity or life-cycle benefit. Environmental implications are therefore discussed in terms of measured cement
displacement and material performance, while the need for future life-cycle, durability, and hardened-matrix
characterization is stated explicitly.

2. Materials and methods

2.1. Materials and CSC preparation

Ordinary Portland cement (OPC) conforming to ASTM C150/C150M (ASTM International 2024b) was used as
the primary binder. Natural river sand was used as fine aggregate; it had a maximum particle size of 4.75 mm,
complied with ASTM C33/C33M (ASTM International 2024a), and had a fineness modulus of 2.75 and specific
gravity of 2.62. The sand was used in an air-dry condition. Potable tap water was used for mixing and curing.
The particle-size distribution of the sand is shown in Fig. 1.
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Fig. 1 Particle-size distribution of natural river sand used as fine aggregate

Coconut shells were cleaned and pyrolyzed under limited-oxygen conditions at 750 °C for 2 h to produce CSC
(Anoop and Palanisamy 2025; Sarkar and Wang 2020). The resulting material is shown in Fig. 2.
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Fig. 2 Coconut shell char produced by pyrolysis at 750 °C for 2 h

After pyrolysis, the CSC was cooled to room temperature, mechanically ground, sieved through a No. 200 sieve,
oven-dried at 105 + 5 °C to constant mass, and stored in sealed containers before use. The processed CSC was
therefore introduced as a fine carbon-rich powder rather than as an oxide-rich ash.

Table 1. Physical properties of CSC produced at 750 °C for 2 h.

Property Value
Specific gravity 2.20
Dry bulk density (kg/m?) 750
Loss on ignition (%) 4.6
Median particle size, D50 (um) 184

2.2. Characterization of coconut shell char
2.2.1. Physical and chemical properties

The physical and chemical characteristics of CSC were evaluated after oven drying at 105 + 5 °C to constant
mass. The characterization was intended to establish the material features most relevant to its role as a
lightweight carbon-rich filler in mortar (Anoop and Palanisamy 2025; Senadheera et al. 2023).

The specific gravity of CSC was measured with a Le Chatelier flask following ASTM C188 (ASTM
International 2025). CSC had a specific gravity of 2.20, compared with 3.15 for OPC, indicating a substantially
lighter solid phase. This difference is consistent with the porous carbonaceous structure of biomass-derived char
and provides a physical basis for the expected reduction in mortar unit weight (Anoop and Palanisamy 2025;
Sarkar and Wang 2020; Senadheera et al. 2023).

Loss on ignition (LOI), determined using a procedure adapted from ASTM C311/C311M (ASTM International
2024e), was 4.6%. The relatively low LOI indicates extensive removal of volatile constituents during pyrolysis,
although LOI alone does not quantify the chemical reactivity of CSC in cementitious systems.

Laser-diffraction analysis gave a median particle size (D50) of 18.4 um, within the same order of magnitude as
Portland cement particles. This size range can support a physical filler contribution. Because the material was
predominantly carbonaceous and no pozzolanic activity test was performed, CSC is treated in this work
primarily as a carbon-rich physical constituent rather than as a conventional supplementary cementitious
material.

SEM-EDS was used to examine elemental composition. Table 2 shows that carbon dominated the measured
spectrum (88.0 wt.%), whereas oxygen and residual inorganic elements (K, Na, Ca, Mg, Si, P, S, and Cl) were
present at much lower levels. The composition supports classification of the processed material as a carbon-rich
char rather than a mineral ash.

Table 2. Elemental composition of CSC determined by SEM-EDS.

Element C O K Na Ca Mg Si P S

Content
(wt.%)

88.0 6.0 1.7 1.0 0.6 0.5 06 06 0.7 04
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2.2.2. SEM-EDS analysis

SEM observations showed irregular CSC particles with a rough and porous surface texture, typical of biomass-
derived char after high-temperature thermal treatment (Anoop and Palanisamy 2025; Sarkar and Wang 2020).

EDS indicated approximately 88.0 wt.% C (92.8 at.%) and 6.0 wt.% O, with minor Na, K, Ca, Mg, Si, P, S, and
Cl. These minor elements are attributable to residual mineral matter retained from the coconut shell after
pyrolysis. Alkali and alkaline-earth species are commonly present in biomass-derived chars and may influence
interfacial chemistry, although their specific role was not isolated in the present study (Anoop and Palanisamy
2025; Arandara et al. 2024; Sarkar and Wang 2020).

The EDS procedure and interpretation followed the general guidance of ASTM E1508 (ASTM International
2019). The high carbon and low oxygen contents are consistent with extensive carbonization; however, SEM—
EDS provides local elemental information and should not be interpreted as direct evidence of cementitious
reactivity.

2.2.3. SEM morphology

SEM micrographs revealed an irregular porous framework with no dominant smooth, dense morphology. The
observed surface and pore features are consistent with thermal decomposition of the original lignocellulosic
structure (Anoop and Palanisamy 2025; Sarkar and Wang 2020). These characteristics can affect density, water
interaction, and mechanical interlocking in mortar, but the present micrographs characterize the CSC particles
only and do not directly demonstrate the microstructure of the hardened cement—CSC interface.
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Fig. 3 SEM micrographs showing the irregular morphology and porous surface texture of CSC produced at 750
°Cfor2 h

From a materials-design perspective, the combination of low specific gravity, fine particle size, rough texture,
and internal porosity suggests competing effects: potential physical filling at low dosage and increasing
dilution/water demand as CSC content rises.

2.3. Mix proportions and specimen preparation

Seven mortar mixtures were prepared: an OPC control and six CSC-modified mixtures with nominal CSC
fractions of 5, 10, 15, 20, 25, and 30 vol.% of the combined cement-CSC solid phase. The nominal volumetric
fractions were calculated from the constituent masses and specific gravities (3.15 for OPC and 2.20 for CSC).
The total mass of cement plus CSC was maintained at 450 kg/m? in the reported mix proportions. The detailed
compositions are given in Table 3.

Table 3. Mix proportions of mortar mixtures incorporating CSC.

Mix ID Cement CSC Sand Water
(kg/m?) (kg/m?) (kg/m®)  (kg/m®)
OPC 450.0 0.0 1237.5 225.0
5CSC 434.0 16.0 1237.5 225.0
10CSC 417.6 324 1237.5 225.0
15CSC 400.6 49.4 1237.5 225.0
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Cement CSC Sand Water

MixID  oims)  (kgm’)  (kgmd)  (kg/m)
20CSC 3831 66.9 12375 225.0
25CSC 365.0 85.0 12375 225.0
30CSC 3463 103.7 12375 225.0

OPC = control mixture; CSC = coconut shell char. Nominal CSC percentage denotes the volumetric fraction of
the combined cement-CSC solids calculated from constituent masses and specific gravities.

Mortar was mixed mechanically following ASTM C305 (ASTM International 2020a). Cement, sand, and the
specified quantity of CSC were first dry blended to promote uniform distribution; water was then added
gradually and mixing continued until a visually homogeneous mortar was obtained.

Fresh mortar was cast into 50 x 50 x 50 mm cubes for compressive strength testing in accordance with ASTM
C109/C109M (ASTM International 2024c) and 40 x 40 x 160 mm prisms for flexural strength testing in
accordance with ASTM C348 (ASTM International 2021). Specimens were compacted in three layers and the
top surfaces were leveled after casting.

After casting, specimens were covered or sealed to limit early moisture loss. They were demolded after 24 + 2 h
and water cured at 28 °C until testing at 28 days (ASTM International 2021; ASTM International 2024c).

2.4. Test methods
2.4.1. Flowability

Flowability was measured with a standard flow table following ASTM C1437 (ASTM International 2020b). The
flow value was calculated as the percentage increase in spread diameter relative to the mold base diameter. The
test setup is shown in Fig. 4.

Fig. 4 Flow-table test setup for fresh mortar
2.4.2. Setting time

Initial and final setting times were determined using the penetration-resistance principle of ASTM C403/C403M
(ASTM International 2023). Penetration resistance was measured at regular intervals after mixing and the
corresponding setting times were obtained from the resistance—time relationship. The setup is shown in Fig. 5.
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Fig. 5 Penetration-resistance setup used to determine initial and final setting times
2.4.3. Fresh unit weight

Fresh unit weight was determined using a gravimetric procedure adapted from ASTM C138/C138M (ASTM
International 2024d). A container of known volume was filled with compacted fresh mortar and weighed; unit
weight was calculated as mass divided by container volume.

2.4.4. Compressive strength

Compressive strength was measured at 28 days on 50 mm cubes following ASTM C109/C109M (ASTM
International 2024c). Three specimens were tested for each mixture and the mean value was reported. The test
setup is shown in Fig. 6.

Fig. 6 Compressive-strength test setup for 50 mm mortar cubes
2.4.5. Flexural strength

Flexural strength was measured at 28 days on 40 x 40 x 160 mm prisms under three-point bending following
ASTM C348 (ASTM International 2021). Three specimens were tested for each mixture and the mean value
was reported. The setup is shown in Fig. 7.



178 -
179 Fig. 7 Flexural-strength test setup for 40 x 40 X 160 mm mortar prisms

180 Unless otherwise stated, tests were conducted in triplicate. Results are reported as mean + standard deviation
181 and the error bars in Figs. 8—12 represent the standard deviation of three measurements (n = 3). No inferential
182 significance test was reported; comparisons are therefore interpreted descriptively.

183 3. Results and discussion
184 3.1. CSC characteristics and mechanistic relevance

185 CSC produced at 750 °C for 2 h combined a low specific gravity (2.20), fine median particle size (18.4 um),
186 high carbon content (88.0 wt.%), and a rough porous morphology. These characteristics are consistent with a
187 lightweight carbonaceous filler rather than an oxide-rich reactive SCM (Anoop and Palanisamy 2025; Sarkar
188 and Wang 2020; Senadheera et al. 2023). The low density is expected to lower mortar unit weight, while the
189 rough porous surface can increase water demand and interparticle friction.

190 At low dosage, the fine CSC fraction may improve local packing and provide additional solid surface within the
191 binder matrix. At higher dosage, the increasing volume of porous, largely non-reactive particles reduces the

192 proportion of hydraulic cement and can interrupt matrix continuity. Because the hardened mortar was not

193 examined by SEM, XRD, TGA, MIP, or other pore-structure techniques, these explanations are mechanistic
194 interpretations of the measured trends rather than direct microstructural evidence.

195  3.2. Fresh unit weight

196 Fresh unit weight decreased monotonically from 2282.8 kg/m? for the OPC control to 2267.7, 2245.5, 2226.9,
197 2207.5, 2186.1, and 2177.3 kg/m? for SCSC through 30CSC, respectively (Fig. 8). The net reduction at 30CSC
198 was approximately 4.6%.
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The reduction is consistent with replacement of part of the denser cement phase by CSC with lower specific
gravity and internal porosity. Similar density reductions have been reported for biochar-modified cementitious
materials (Anoop and Palanisamy 2025; Chin et al. 2025; Lin et al. 2023; Maljaee et al. 2021a; Maljaee et al.
2021b; Murali and Wong 2024; Senadheera et al. 2023; Tan et al. 2020; Wu et al. 2025). The result confirms
that CSC can reduce material mass per unit volume, although the magnitude is moderate and must be evaluated
together with changes in flow and strength.

The near-linear density response across the dosage series provides a useful practical indicator of the increasing
char fraction, but it does not by itself demonstrate particle dispersion or pore refinement in the hardened matrix.

3.3. Flowability

Flow decreased from 114.0% for the control to 100.0%, 96.0%, 92.0%, 90.5%, 87.5%, and 84.0% as CSC
increased from 5% to 30% (Fig. 9). The 30CSC mixture therefore exhibited a 26.3% reduction relative to the
control.
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Fig. 9 Flow values of CSC-modified mortars. Error bars represent standard deviation (n = 3)

The workability loss is attributed primarily to the rough surface, irregular geometry, and porous structure of
CSC. These features increase friction and the effective surface area that must be wetted, while internal pores can
retain part of the mixing water. Under the fixed water-to-binder ratio used here, less free water is consequently
available for lubrication as CSC dosage increases.

This interpretation is consistent with studies showing that biochar influences fresh-state behavior through water
entrainment, surface texture, dosage, and moisture availability (Chen et al. 2023; Gupta and Kua 2018; Hylton
et al. 2024; Salem and Fen-Chong 2025; Senadheera et al. 2023; Tan et al. 2020). The progressive flow
reduction also identifies workability as a key constraint on using CSC at high dosage unless moisture
conditioning or admixture optimization is introduced.

3.4. Setting time

The control mortar had initial and final setting times of 185 and 228 min, respectively. With CSC incorporation,
initial setting increased to 230-270 min and final setting to 291-339 min (Fig. 10). At 30CSC, the increases
relative to the control were approximately 46% and 49% for initial and final setting, respectively.
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Fig. 10 Initial and final setting times of CSC-modified mortars. Error bars represent standard deviation (n = 3)

The dominant explanation is binder dilution: increasing CSC content reduces the fraction of reactive clinker
available to generate early hydration products. Because CSC was treated as a predominantly carbonaceous, non-
pozzolanic constituent in this study, increasing dosage delays the development of a continuous rigid skeleton.

Water interaction may provide an additional contribution. Porous char can adsorb or retain mixing water,
modifying short-term water availability and the local hydration environment (Chen et al. 2023; Li et al. 2025;
Maljaee et al. 2021b; Salem and Fen-Chong 2025; Tan et al. 2020). The present experiment did not directly
measure sorption kinetics or heat evolution, so the relative contribution of dilution and water retention cannot be
separated.

From an application perspective, the systematic retardation increases the available working time but also delays
finishing and early strength development. The effect is modest at low CSC dosage and becomes progressively
more pronounced as the replacement level increases.

3.5. Compressive strength

The 28-day compressive strength of the OPC mortar was 31.6 MPa. Strength increased to 38.1 MPa at SCSC
(+20.6%), 35.1 MPa at 10CSC (+11.1%), and 32.8 MPa at 15CSC (+3.8%), before falling to 26.7, 25.3, and
22.5 MPa at 20CSC, 25CSC, and 30CSC, respectively (Fig. 11). The response therefore shows a clear low-
dosage optimum followed by dilution-controlled deterioration.
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Fig. 11 Compressive strength of CSC-modified mortars at 28 days. Error bars represent standard deviation (n =
3)



249
250
251
252
253
254

255
256
257
258
259

260
261
262
263

264

265
266
267

268
269
270
271

272
273
274
275
276

277
278
279

280
281

282

283
284
285
286
287
288

At low dosage, fine CSC particles may contribute a micro-filling effect and improve local packing, while the
rough surface can promote mechanical interlocking with surrounding hydration products. These explanations are
consistent with prior biochar studies (Anoop and Palanisamy 2025; Chen et al. 2022; Chen et al. 2023; Gupta
and Kua 2018; Hylton et al. 2024; Maljaee et al. 2021b; Murali and Wong 2024; Tan et al. 2020; Zhao et al.
2024), but they remain inferential here because the hardened matrix and interfacial zones were not directly
characterized.

The observed optimum agrees with the broader dosage-dependent behavior of biochar—cement composites:
limited incorporation can be beneficial, whereas excessive substitution tends to reduce strength (Chen et al.
2023; Chin et al. 2025; Gupta and Kua 2018; Hylton et al. 2024; Maljaee et al. 2021b; Murali and Wong 2024;
Salem and Fen-Chong 2025; Tan et al. 2020; Zaid et al. 2024; Zhao et al. 2024). The SCSC result is therefore
best interpreted as a balance between physical particle effects and retention of sufficient reactive cement.

Beyond 15% CSC, cement dilution and the increasing fraction of porous char dominate. Reduced hydration-
product volume, higher susceptibility to internal voids, and weaker matrix continuity provide plausible
explanations for the decline. The data identify 5—10% as the most favorable range for compressive performance
under the fixed mixture conditions used here.

3.6. Flexural strength

Flexural strength followed the same general dosage response as compressive strength. The control reached 3.2
MPa, while 5CSC achieved the maximum value of 3.5 MPa (+9.4%). Values then decreased to 3.2, 3.0, 2.5, 2.1,
and 1.8 MPa for 10CSC through 30CSC (Fig. 12).

The modest improvement at SCSC is consistent with a limited filler/packing contribution and possible enhanced
mechanical interaction between the rough CSC surface and the hydrated matrix. Direct evidence of crack
bridging or interfacial strengthening is not available because crack paths and the hardened interface were not
imaged.

The sharp decline at higher CSC contents is consistent with increasing matrix discontinuity and cement dilution,
both of which are critical for flexural resistance. Similar dosage-dependent trends have been reported in biochar-
modified cementitious systems (Anoop and Palanisamy 2025; Chen et al. 2023; Chin et al. 2025; Hylton et al.
2024; Li et al. 2025; Lin et al. 2023; Liu et al. 2022; Maljaee et al. 2021b; Murali and Wong 2024; Senadheera
et al. 2023; Tan et al. 2020; Wu et al. 2025; Zaid et al. 2024; Zhang et al. 2023).

The parallel compressive and flexural responses reinforce the interpretation that the useful CSC dosage is
governed by a balance between low-dosage physical benefits and high-dosage loss of continuous load-bearing
cement paste.
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Fig. 12 Flexural strength of CSC-modified mortars at 28 days. Error bars represent standard deviation (n = 3)
3.7. Performance window and practical implications

Across the measured properties, increasing CSC consistently reduced fresh unit weight and flowability and
extended setting time, while mechanical performance exhibited a distinct optimum at low dosage. These trends
are consistent with the low density and porous morphology of biomass-derived char and with the dosage-
dependent behavior reported for biochar-cement systems (Anoop and Palanisamy 2025; Chen et al. 2023;
Hylton et al. 2024; Lin et al. 2023; Liu et al. 2022; Maljaee et al. 2021b; Murali and Wong 2024; Sarkar and
Wang 2020; Senadheera et al. 2023; Tan et al. 2020; Wu et al. 2025; Zaid et al. 2024; Zhang et al. 2023).
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The 5CSC mixture provided the strongest overall mechanical response, whereas 5-10% CSC represented the
most balanced range when cement displacement, workability, setting, density, and strength are considered
together. Above 15%, the negative effects of cement dilution and porous-particle incorporation outweighed the
low-dosage physical benefits.

The results support CSC valorization as a carbon-rich constituent for mortar, but they do not establish carbon
negativity, long-term durability, or a chemical contribution to hydration. Those outcomes require direct
environmental assessment and hardened-matrix characterization rather than inference from fresh and mechanical
properties alone.

3.8. Resource-efficiency and environmental implications

The mix design progressively displaced Portland cement with CSC. Relative to the control cement content of
450.0 kg/m?, cement content decreased to 434.0 kg/m?* at SCSC and 417.6 kg/m?® at 10CSC, corresponding to
reductions of approximately 3.6% and 7.2% by mass per cubic metre, respectively. These two mixtures still
exceeded the control compressive strength by 20.6% and 11.1%. This combination of cement displacement and
maintained or improved mechanical performance is the strongest resource-efficiency outcome supported directly
by the present data.

At higher CSC contents, additional cement displacement was accompanied by substantial loss of strength and
workability, illustrating that waste incorporation alone is not an adequate sustainability criterion. The present
results demonstrate a technically viable valorization pathway for coconut-shell-derived char, but the net
environmental effect cannot be quantified without accounting for pyrolysis energy, grinding, transport, avoided
waste handling, service-life performance, and end-of-life scenarios. Future work should therefore combine
durability testing with life-cycle assessment or an equivalent carbon and resource-accounting framework.

4. Conclusions

Coconut shell char produced at 750 °C for 2 h was a low-density, fine, porous, carbon-dominated material with
a specific gravity of 2.20, D50 of 18.4 um, and carbon content of 88.0 wt.%. These characteristics support its
use primarily as a carbon-rich physical constituent rather than as a conventional reactive supplementary
cementitious material.

Increasing CSC dosage reduced fresh unit weight by up to 4.6%, reduced flow by up to 26.3%, and prolonged
initial and final setting. Mechanical performance was optimized at low dosage: SCSC achieved 38.1 MPa
compressive strength and 3.5 MPa flexural strength, corresponding to increases of 20.6% and 9.4% over the
control. At 10CSC, compressive strength remained 11.1% above the control. Strength decreased once CSC
exceeded 15%, consistent with increasing cement dilution and matrix discontinuity.

Under the fixed mixture conditions used here, 5-10% CSC provides the most practical performance window.
Within this range, cement content was reduced by approximately 3.6-7.2% by mass per cubic metre while
compressive strength was maintained above the control, demonstrating a credible resource-efficiency pathway
for coconut-shell waste valorization. The inferred filler/packing mechanisms require direct verification in
hardened mortar, and any claim of net environmental benefit should be supported by durability testing and life-
cycle assessment.
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