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Abstract

Cement production is one of the largest industrial sources of carbon dioxide, which has intensified
interest in binders that are renewable and low in embodied carbon. Cellulose nanofibers (CNF), fine
fibrils extracted from wood, bind strongly through hydrogen bonding and have long served as adhesives
in wood-based panels, but they had not previously replaced cement entirely in mineral-aggregate
composites. Here we report the first systematic study in which CNF serves as the sole binder for sand,
with no cement present. Twelve compositions were prepared across a broad range of cellulose contents
and cellulose-to-sand ratios. Cohesive solid specimens formed once the cellulose content exceeded a
threshold, and their dry compressive strength ranged from 0.42 to 3.73 MPa, comparable to rammed
earth and adobe. Strength was governed mainly by the total amount of dry cellulose rather than by
packing density. Saturating the specimens with water reduced their strength almost to zero, but re-drying
fully restored, and slightly exceeded the original strength, showing that the binding is a reversible
physical process rather than a permanent chemical set. These results establish the feasibility and basic
property landscape of cement-free CNF-sand composites and point toward lightweight, low-carbon, and
potentially recyclable non-structural materials.

1. Introduction

In the construction industry, concrete is the most widely consumed material, accounting for about 8% of
global CO, emissions [1]. While cement comprises only around 10-15% of concrete by mass, it
contributes over 90% of the total CO, emissions from concrete production [2]. This disproportionate
contribution arises from two approximately equal sources: energy consumption and limestone
decomposition, each contributing approximately 50% to cement’s carbon footprint [1, 2]. In traditional
concrete production, cement plays a critical role as the ‘glue’ that binds the matrix together. When
cement reacts with water, it forms calcium silicate hydrate (C-S-H) and other chemical phases that
provide sufficient bonding to the surrounding aggregates, which are generally considered inert fillers [3].
Current projections show that global cement demand will continuously increase by 48%, from 4.2 billion
tons to 6.2 billion tons by 2050 [4]. While the use of green energy sources offers significant potential for
reducing the carbon footprint of cement production, the direct CO, emissions from the conversion of
limestone to quicklime are unavoidable, creating a significant gap in achieving carbon neutrality within
the construction sector.

In response, growing attention has been paid to the development of new types of ‘concrete’ using
alternative binders, including Portland limestone cement (PLC), magnesium-based cement, ternary blend
cement, geopolymers, limestone calcined clay cement (LC3), and bio-cement [5]. However, none of these
alternatives fully eliminates the use of cementitious materials. Wood-based materials have been
recognized as a sustainable feedstock for various products. The U.S. wood product market reached
$284.7 billion in 2023 and is expected to continue growing [6]. However, complex biological structure
leads to inconsistent quality, particularly in the Northeast region, where over 70—80% of the wood is
considered low-quality, limiting applications to packaging, decoration, landfill disposal, or firewood [7].
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Cellulose nanomaterials (CNMs), including cellulose nanofibers (CNF), cellulose microfibrils (CMF), and
cellulose nanocrystals (CNC), have emerged as valuable products widely utilized across biomedical,
coatings, papermaking, electronics, and agricultural industries [8—11]. Despite this potential, the
application of CNMs in the construction industry remains extremely limited and no commercial-scale
deployment has occurred [12, 13]. Current lab-scale studies suggest that CNMs can be added to
concrete in amounts typically less than 0.75 cwt%, offering modest improvements in mechanical
performance, shrinkage mitigation, rheology modification, and microstructure refinement, but without
fundamentally displacing cement [14-17].

According to the manufacturer’'s Safety Data Sheet (CAS 9004-34-6), the CNFs used in this study exhibit
fiber-like morphology with widths of 5-200 nm, lengths vary from 130 nm to 225 pm, aspect ratios of 14—
23, crystallinity of 67—-88%, thermal stability up to approximately 305°C, neutral pH, zeta potential of -48
to -5 mV, and decomposition temperature above 349°C [18]. These properties, particularly the high
surface area and abundant hydroxyl groups capable of forming extensive hydrogen bonds, suggest
potential as a matrix binder for mineral aggregates.

Previous studies by Tajvidi et al. demonstrated the feasibility of using CNF as the sole binder, without
synthetic adhesives, for wood-based particleboard, for which a patent was granted [19-21]. However,
extension of this binding concept from wood particles to mineral aggregates such as sand has not
previously been explored. No peer-reviewed study has reported the complete replacement of cement
with CNF as the sole binder for sand-based composites. The present study therefore provides the first
systematic, published investigation into cement-free composites where CNF entirely replaces cement as
the matrix binder for sand aggregates. Given the complete absence of prior data in the open literature,
the study was designed as an exploratory program to map the broadest possible composition space and
identify governing parameters, providing a foundation for subsequent optimization.

2. Results and Discussion

2.1. Dimensional stability and drying behavior

All 12 primary compositions produced cohesive specimens. Sample S317-15 (15:85 ratio) disintegrated,
establishing ~ 25% (0.75 eff%) CNF as the minimum for cohesion. Weight loss ranged from 24.1% to
49.0%, correlating with CNF content (Pearson correlation: r = 0.989, p < 0.001). Dimensional shrinkage
was strongly ratio-dependent: 25% CNF showed 1.3% average length decrease; 50% CNF showed 12%
length, 11.3% width, and 10.7% height reduction (Supplementary Table S2). This is consistent with
volumetric contraction behavior of nanocellulose gels [22]. Photographs of all specimens are provided in
Supplementary Figures S1-S2.

2.2. Repeatability and effect of sand grain size

Replicate batches (S317-25R/40R/50R) showed CS differences of 14.1% and 8.1% for 40:60 and 50:50
ratios (two-sample t-test: p = 0.39, 0.34, not significant). The 25:75 ratio showed a significant difference
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(two-sample t-test: p = 0.018), attributable to lower absolute CNF content increasing sensitivity to mixing
variability. Mean CV across all CS measurements: 5.9% (range 0.9-20.7%). Fine sand specimens (S317-
25F/40F/50F) showed consistently higher CS (+ 3.5-44.4%) but without statistical significance (two-
sample t-test: p = 0.097-0.358). Both sets were excluded from the primary factorial analysis but are
reported in Supplementary Table S3.

2.3. Compressive strength of dry specimens

Dry CS ranged from 0.42 + 0.03 MPa (S317-25) to 3.73 £ 0.10 MPa (S587-50) (Table 2, Fig. 1). One-way
ANOVA confirmed CNF content as the dominant factor (F=11.50, p = 0.003). Post-hoc t-tests: 25% vs.
40% (p = 0.007), 25% vs. 50% (p = 0.004), 40% vs. 50% (p = 0.096). CNF solids alone was not significant
(one-way ANOVA: F=0.575, p =0.647).

Table 2

Compressive strength (CS, n = 3, mean + SD) and flexural strength (FS, n=1)
of dry specimens.

Sample CNFeff[%] CSx*SD[MPa] CV[%] FS[MPa] FS/CS
S300-25 0.75 0.53+0.01 1.1 0.13 0.25
S300-40 1.20 1.16+0.04 3.3 0.35 0.30
S300-50 1.50 1.85+0.09 4.6 0.67 0.36
S317-25  0.79 0.42+0.03 6.3 0.07 0.17
S317-40 1.27 1.23+0.06 49 0.42 0.34
S317-50 1.58 1.92+0.10 5.3 0.79 0.41
S398-25 0.99 0.66+0.07 10.8 0.13 0.20
S398-40 1.59 1.43+£0.06 4.4 0.40 0.28
S398-50  1.99 245+0.14 5.8 0.85 0.35
S587-25  1.47 0.53+0.11 20.7 0.03 0.06
S587-40  2.35 2.20+0.02 0.9 0.56 0.25
S587-50 2.94 3.73+0.10 2.6 1.17 0.31

Multiple regression: CS = - 2.84 + 0.077 x CNF o 1nt + 0.348 x CNFi4s (R? = 0.886, adjusted R? = 0.86).

The most parsimonious predictor was CNF . (linear regression; Pearson r = 0.928, R?=0.86, p<0.001 ):
CS =1.428 x CNF — 0.683 (Fig. 2). This indicates that the total dry cellulose available for hydrogen

bonding fundamentally governs mechanical performance. The observed values (0.42-3.73 MPa) are
comparable to rammed earth (0.5-5 MPa) and adobe (1-4 MPa) but below ordinary Portland cement
(OPC) concrete (> 20 MPa) [3, 23, 24]. The strength trajectory shows no plateau with increasing CNF

suggesting further improvements are achievable. Higher CNF; values were not explored here because
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solids contents above ~ 6.0 wt% were unattainable under the present formulation methodology (see
Methods); accessing this regime will require alternative dewatering or shaping routes.

2.4. Cellulose nanofiber alignment and mechanical
anisotropy

Loading specimens perpendicular to the tamping direction (CS, standard) and parallel to it (CSp;¢tpi,)
gave systematically different strengths. Across all 12 compositions, CSpj¢p;; €xceeded the standard CS
by a mean factor of 1.47 + 0.29 (paired t-test: p = 0.0003), confirming that the composites are
mechanically anisotropic (Supplementary Figure S3). The effect is consistent with preferential alignment
of the high-aspect-ratio fibrils within the compaction plane: during tamping, fibrils reorient perpendicular
to the applied force, so that loading along the fibril plane mobilises more inter-fibril hydrogen bonds than
loading across it [25, 26]. Similar densification-driven strengthening through inter-fibril hydrogen bonding
has been reported for binderless, compression-molded cellulose materials [25, 27]. This directional
dependence should be considered when orienting these materials in use, and is a factor that future
component-scale studies will need to control.

2.5. Effect of water: evidence for hydrogen bonding
mechanism

Water saturation (WA + CS) reduced CS to 0.03-0.14 MPa with mean retention 5.8 + 2.2% (Table 3,
Fig. 3). This near-total loss confirms hydrogen bond-dependent binding: water molecules compete for
hydroxyl groups on cellulose chains, dissolving the bonding network [28].
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Table 3

Effect of water and drying cycles on CS. Ret. = retention (WA + CS/CS x 100%); Rec. =
recovery (WA+Ovengg/CS x 100%). All values in MPa unless noted.

Sample CS WA+CS Ret.[%] WA+Ovencsg Rec.[%] H+WA+Oven
S300-25 0.53 0.04 7.6 0.68 129 0.75
S300-40 1.16 0.05 4.3 1.47 126 1.55
S300-50 1.85 0.07 3.8 2.62 142 2.86
S317-25 0.42 0.05 11.9 0.35 83 0.74
S317-40  1.23 0.07 5.7 1.30 106 1.44
S317-50  1.92 0.1 5.7 2.19 114 2.82
S398-25 0.66 0.04 6.1 0.85 129 1.11
S398-40 1.43 0.08 5.6 1.47 103 1.99
S398-50 245 0.12 49 2.83 116 2.96
S587-25  0.53  0.03 5.6 0.34 64 0.63
S587-40  2.20 0.11 5.0 2.17 99 2.52
S587-50  3.73  0.14 3.8 3.97 106 425

After re-drying (WA+Oven.g), CS recovered to 109.7 + 21.6% of original values (paired t-test: p = 0.033).

Recovery exceeded 100% for 8 of 12 compositions (range 63.8-141.6%). This is consistent with
observations by Tajvidi et al. on CNF-bonded wood composites [19, 21]. The mechanism represents
annealing: initial rapid drying traps a non-equilibrium fibril arrangement; the wet-dry cycle allows
rearrangement into more favorable bonding configurations. Meng and Shi showed that hydrogen bond
self-healing governs cellulose nanopaper performance [29]. This reversibility differs fundamentally from
cement’s irreversible C-S-H formation and suggests controlled wet-dry cycling as a post-processing
conditioning step [30]. By the same logic, slower drying (e.g., ambient conditions) should approach the
equilibrium fibril configuration directly, potentially achieving higher initial strength without requiring a
wet-dry cycle - a hypothesis that warrants dedicated investigation [31].

To test whether a hydrophobic surface treatment could protect the material during subsequent wetting, a
separate set of specimens was first hydrophobized (RAIN GUARD Eco-Pod) and then subjected to the
same water-saturation and re-drying cycle (H + WA+Oveng protocol). Hydrophobized-then-cycled

specimens (H + WA+Oves) recovered even more strength than their non-hydrophobized counterparts
(paired t-test vs. non-hydrophobized: p = 0.0001). Several 50% CNF specimens reached the machine's
load capacity (~ 52 kN).

2.6. Density-strength paradox
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An inverse correlation was found between density and CS (Pearson correlation: r= - 0.768, p = 0.004).
Density ranged from 1.14-1.54 g/cm?®. Higher CNF content simultaneously reduces density (CNF is
lighter than sand) and increases strength (more binder). This reversal versus conventional concrete
highlights a different paradigm: binding efficiency per unit mass, not packing density, governs
performance [3]. The same principle underlies CNF-bonded wood panels, where panels of lower density
still met strength standards because performance was set by the quality of the hydrogen-bonded CNF
network rather than by densification [32].

2.7. Post-peak ductility under wet conditions

In the standard wet compression protocol (WA + CS), tests were terminated at the first peak. To probe
behaviour beyond this point, an extended protocol (WA+CS,) was applied to 17 water-saturated
specimens, in which loading continued past the first peak up to a 17 mm crosshead extension.
Specimens did not fail catastrophically. Instead, after the initial peak (mean CSg, = 0.10 + 0.05 MPa),
force decreased briefly and then rose monotonically as the specimens compacted. The rising regime
began at a mean compaction strain of 44 + 4% and continued to a mean strain of 56 + 4% at the test
endpoint (range 51-64%). The end-of-test force Fqnq exceeded the first-peak force Fg, by a factor of 4.2
2.9 (range 1.0-9.9), with the largest amplification observed in 50% CNF specimens (mean Fqq4/Fg, = 6.7)

and the smallest in 25% CNF specimens (mean 1.7). Apparent stress recalculated on the deformed
cross-section reached up to 1.46 MPa for S398-50.

This response is qualitatively different from the brittle failure typical of cementitious materials and is
consistent with the reversible hydrogen-bonding mechanism inferred from the wet-dry recovery
experiments. Saturation eliminates the load-bearing CNF-CNF and CNF-sand bonds, causing the initial
drop, but continued compaction expels free water, brings cellulose surfaces back into contact, and re-
establishes the bonded skeleton under load. A comparable sequence, an initial post-peak drop followed
by strengthening as the CNF network densifies and interfibrillar hydrogen bonds break and re-form, has
been reported for compressed bulk CNF materials[33]. The mechanism is therefore inseparable from the
mechanical interlocking discussed above: as bonds re-form, the compacted fibrillar network entraps
sand particles, and the two contributions reinforce one another. Representative force-extension curves
and the full WA+CS, dataset are provided as Supplementary Figure S8 and Supplementary Table S4. The
implication for application is significant: in service conditions where wetting is unavoidable, CNF-sand
composites would not fail catastrophically but would deform and partially recover load-bearing capacity,
a behaviour more characteristic of a tough composite than of a conventional ceramic-bound matrix[34].

2.8. Flexural strength

FS ranged from 0.03 MPa (S587-25) to 1.17 MPa (S587-50) (Table 2, Supplementary Figure S4). FS
correlated near-perfectly with CS (Pearson correlation: r =0.969, p < 0.001): FS=0.351 x CS — 0.065 (R?
=0.94) (Supplementary Figure S5). The FS/CS ratio (~ 0.30-0.35) exceeds typical OPC concrete (~
0.10-0.15), indicating superior relative tensile performance from the fibrillar CNF network [35]. This
elevated ratio reflects the role of the fibrils in bridging incipient cracks: unlike the brittle calcium-silicate-
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hydrate phase of cement, the high-aspect-ratio CNF network sustains load across forming cracks and
dissipates energy through fibril pull-out and interfibrillar slippage, the same plastic-deformation
mechanism that underlies the ductile, non-catastrophic behaviour described above [34]. The
anomalously low FS of S587-25 (0.03 MPa, CS = 0.53 MPa, CV = 20.7%) indicates marginal integrity at
this composition.

2.9. Water absorption and hydrophobic treatment

Uncoated WA ranged from 23 to 31%, and after hydrophobic treatment from 15 to 22% (Table 4,
Supplementary Figure S6). One-way ANOVA by CNF content was significant (F = 11.93, p = 0.003), with
higher CNF content associated with lower WA, consistent with the denser fibrillar matrix at elevated
binder content. The absorption kinetics were notably rapid: virtually all uptake occurred within the first 60
sec of immersion. This behaviour is characteristic of a highly porous, hygroscopic network. CNF is
intrinsically hydrophilic due to abundant surface hydroxyl groups, and the pore network formed between
sand grains at low CNF contents (25%) provides capillary pathways for rapid wicking [28]. At higher CNF
contents (50%), the more complete fibrillar coating partially occludes inter-granular pores, explaining the
modest but statistically significant reduction in WA. The instantaneous uptake profile also implies that
WA is governed by capillary suction rather than diffusion, a finding with practical relevance, as it
suggests that surface treatments must penetrate the pore network rather than merely coat the surface.

Table 4

Water absorption (WA) before and after hydrophobic treatment (WR).
A = decrease in percentage points.

Sample WA|[%] WAafterWR[%] Alpp] Density[g/cm?]
S300-25 24 18 6 1.54
S300-40 30 18 12 1.36
S300-50 28 20 8 1.24
S317-25 26 17 9 1.45
S317-40 30 22 8 1.29
S317-50 28 21 7 1.14
S398-25 25 15 10 1.50
S398-40 28 22 6 1.25
S398-50 26 22 4 1.20
S587-25 27 18 9 1.53
S587-40 30 24 6 1.38
S587-50 28 21 7 1.20

2.10. Microstructural observations
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Scanning electron microscopy (SEM) at 150x (Fig. 4) revealed the bonding mechanism and its
compositional dependence. In specimens with 25% CNF (S300-25, Fig. 4a), individual sand grains (0.5-5
mm) are clearly distinguishable, with discrete fibrillar bridges spanning inter-granular contact zones. The
CNF matrix forms thin menisci at grain contacts, consistent with a ‘point-bonding’ mechanism in which
strength is governed by the number and cross-sectional area of load-bearing CNF bridges [21, 32]. The
partial exposure of grain surfaces also explains the relatively high-water absorption at low CNF contents,
as un-coated grain surfaces leave open capillary pathways.

At 50% CNF (S300-50, Fig. 4b), the microstructure is qualitatively different: a continuous, dense fibrillar
film envelops the sand particles, forming a coherent binder matrix in which grains are embedded rather
than bridged [21]. This transition from discrete bridging to continuous coating is consistent with the
observed non-linear increase in CS between 25% and 50% CNF and explains why CNF . is a stronger
predictor than either CNF% or solids% alone, it captures the absolute quantity of dry cellulose available
to form this continuous phase. This microstructural picture also explains the lower bound on binder
content: the S317-15 specimen (15% CNF), in which the fibrillar phase was too sparse to bridge and lock
the sand grains, disintegrated on drying, whereas 25% CNF was sufficient to form a load-bearing point-
bonded network. A minimum cellulose fraction of roughly 15-25% is therefore required to establish
mechanical continuity, below which no coherent solid forms.

2.11. Summary of correlations

The Pearson correlation matrix (Supplementary Table S5) revealed: CS-FS near-perfect correlation (r =
0.969); all six CS protocols intercorrelated (r > 0.89); shrinkage as a potential quality indicator (r=0.912
with CS); WA weakly correlated with CS (Pearson correlation: r = 0.333, p = 0.29), confirming different
governing microstructural features.

Taken together, these relationships point to a single load-bearing phase. The near-perfect CS-FS
coupling and the tight intercorrelation among all six compressive protocols indicate that one and the
same hydrogen-bonded CNF network governs both compressive and flexural response, so a single mix
parameter can be used to tune the full mechanical profile. The positive shrinkage—CS correlation is best
read as an indirect effect rather than a causal one: higher CNF content produces both greater drying
shrinkage and higher strength, so shrinkage serves as a convenient, non-destructive proxy for binder
content and adequate consolidation. This contrasts with cast CNF films, where excessive or uneven
drying shrinkage introduces moisture gradients and distortions that reduce mechanical performance; in
the present granular composites the shrinkage instead tracks the amount of bonded cellulose [36].
Finally, the weak, non-significant WA-CS correlation confirms that water uptake and dry strength are
governed by different features: strength by the quality of the bonded network, and water uptake by the
open pore structure and capillary pathways.

3. Conclusions
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This study demonstrates, for the first time, that entirely replacing cement with cellulose nanofibers as
the sole binder in sand-based composites is feasible. The key findings are as follows:

(1) A minimum of ~ 25 wt% CNF is required for cohesion.

(2) Dry compressive strength ranges from 0.42 to 3.73 MPa, governed by CNF (R% = 0.86); multiple
regression explains 88.6% of variance.

(3) Reversible hydrogen bonding: water reduces CS to 5.8%, re-drying restores 109.7% (p = 0.033), with
evidence of matrix consolidation. Mechanical interlocking likely contributes as a complementary
mechanism: upon drying and self-condensation, CNFs form a continuous fibrous skeleton in which sand
particles become physically entrapped, providing a load-transfer pathway that does not depend solely on
the chemical bonding state.

(3a) Saturated specimens do not fail brittlely: under continued loading, force re-amplifies up to 4.2 +2.9
fold (and up to 9.9 fold for 50% CNF) at compaction strains of 51-64%, indicating substantial post-peak
ductility (Supplementary Figure S8, Supplementary Table S4).

(4) Anisotropy ratio 1.47 (p = 0.0003) from preferential fibril alignment during compaction.
(5) FS/CS ratio ~ 0.35 exceeds OPC concrete, indicating superior relative tensile performance.
(6) Hydrophobic treatment reduces water absorption by 7.7 percentage points (p < 0.001).

The observed strength range (0.42-3.73 MPa) is below structural OPC concrete (> 20 MPa) but is well-
suited to a range of non-structural applications where lightweight, low-embodied-carbon materials are
desirable. Specific target niches include: decorative and landscape elements (garden edging blocks,
pathway tiles, planters), where sustained mechanical loads are low and carbon footprint is a primary
selection criterion; non-structural interior partition panels and infill tiles in dry environments;
biodegradable temporary formwork or sacrificial moulds; and educational or demonstration prototypes
in sustainable architecture. In each of these cases, the reversible hydrogen-bonding mechanism, which
recovers and even exceeds original strength on re-drying, can be exploited as a feature rather than a
limitation, for instance in self-healing or recyclable construction elements. Life cycle assessment (LCA)
comparing CNF-sand composites against OPC concrete, rammed earth, and adobe across these
application scenarios is a critical next step to quantify the actual environmental benefit.

Strengths of this study include its systematic factorial design, the first published characterisation of the
CNF-sand system across a broad composition space, and the mechanistic interpretation supported by
statistical analysis and microstructural observation. Limitations include non-standard specimen
geometry (limiting direct comparison with standardised test data), limited FS replication (n = 1), the
absence of cement-based reference specimens tested under identical conditions, and the restriction to a
single sand gradation (0.5-5 mm). Future work should address: higher CNF solids (> 6%), larger
standardised specimens, direct cement comparison at matched specimen geometry, long-term durability
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(freeze-thaw, UV, biological degradation), life cycle assessment, WAXS for fibril orientation quantification,
multi-cycle wet—dry conditioning, yCT for pore network characterisation, and nanoindentation for local
mechanical property mapping. Alternative drying routes also warrant investigation: freeze-drying, by
removing water via sublimation, bypasses the capillary forces that drive fibril consolidation during
evaporative drying [31]. It would therefore be expected to preserve a more open, porous network rather
than a dense bonded one, and comparative studies on bacterial nanocellulose have shown that freeze-
dried samples are markedly less consolidated and mechanically weaker than oven- or air-dried
counterparts [37]. Freeze-drying would thus serve as an informative control, clarifying how much of the
strength reported here depends on capillary-driven consolidation rather than on the intrinsic fibril
network, and how the drying pathway itself governs the final bonded structure. Hierarchical or layered
architectures also merit dedicated study: a preliminary attempt to overlay a 4 mm pure-CNF layer (5.87
wit% solids) on a S300-40 base produced pronounced curvature on drying (a ‘boat’ shape with raised
ends), indicating that differential shrinkage between the binder-rich layer and the bulk composite must
be controlled before such designs can be exploited.

A further route to improved water resistance is the incorporation of a reactive silicate phase. Sodium
silicate (water glass) can be hardened by exposure to gaseous CO,, precipitating a silica gel that binds
the grains while permanently sequestering CO, as sodium carbonate. Combining a CNF binder with a
CO,-cured silicate phase could therefore address the water sensitivity observed here while adding a
carbon-storage function. We note, however, that incompletely carbonated sodium silicate can itself be
moisture-sensitive owing to residual sodium ions; realising this approach would thus require ensuring
complete carbonation or stabilising the silicate phase. This hybrid CNF-silicate system represents a
promising direction for future work [38].

This work opens a new and promising research direction in sustainable, bio-based construction
materials.

4. Materials and Methods
4.1. Materials

Cellulose nanofibers (CNF) were obtained from The Process Development Center, University of Maine.
Per the manufacturer’'s SDS (Version 2, 2022-07-05): CAS 9004-34-6, particle width 5-200 nm, length 130
nm-225 um, aspect ratio 14-23, crystallinity 67-88%, zeta potential - 48 to -5 mV, pH 7, decomposition >
349°C, thermal stability ~ 305°C [18]. As-received solids: 3.00 wt%. Additional solids (3.17%, 3.98%,
5.87%) were achieved by evaporative drying. Solids > 6.00% were unachievable under the adopted
methodology. Sand fractions used: fine (0.1-2 mm) and coarse (0.5-5 mm).

4.2. Sample nomenclature and experimental design

Samples are designated S[solids]-[CNF%]; e.g., S300-25 = 3.00% solids, 25% CNF (Table 1). The primary
matrix comprised 12 compositions - 4 solids x 3 ratios, all using 0.5-5 mm sand. Additionally: 3 fine-
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sand variants (suffix F), 3 replicates (suffix R), and 1 disintegrated composition (S317-15) were tested.

Table 1

Sample nomenclature and compositions. All primary samples
use 0.5-5 mm sand. CNF ¢ = CNF% x solids%/100.

New name Solids [%] CNF[%] Sand[%] CNF[%]
S300-25 3.00 25 75 0.75
S300-40 3.00 40 60 1.20
S300-50 3.00 50 50 1.50
S317-25 3.17 25 75 0.79
S317-40 3.17 40 60 1.27
S317-50 3.17 50 50 1.58
S398-25 3.98 25 75 0.99
S398-40 3.98 40 60 1.59
S398-50 3.98 50 50 1.99
S587-25 5.87 25 75 1.47
S587-40 5.87 40 60 2.35
S587-50 5.87 50 50 2.94

4.3. Sample preparation

Sand was oven-dried to constant mass and stored airtight. Ingredients were dosed by weight. Mixing: 60
sec with low speed, 30 sec pause, 60 sec high speed in a conventional 8-qt rotary mixer, where low and
high speeds corresponded to approximately 60 and 135 rpm, respectively. Molds: 285 x 25 x 25 mm,
detachable, no release agent (Supplementary Figure S1). Two-layer placement with manual tamping (24
x 24 mm wooden cuboid). No vibrating table was used, as CNF could accumulate in the upper layer due
to lower density. Drying: 60°C for 24 h to constant weight (well the thermal stability threshold of ~ 305°C
reported above). Storage: airtight containers.

4.4. Testing procedures and reference standards

Due to the exploratory nature of this study and the non-standard character of the material, testing
procedures were adapted from established standards with modifications to accommodate specimen
geometry and material behavior. No prior data existed; the testing program prioritized broad composition
coverage over deep replication. CNFs are intrinsically anisotropic, with individual fibrils exhibiting higher
stiffness along their axis [10, 39]. During compaction, high-aspect-ratio fibrils (14-23) are expected to
align preferentially in the plane perpendicular to the tamping direction, which was confirmed
experimentally (see Results) [19, 29, 40].
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Compressive strength (CS): INSTRON 5900R, displacement-controlled at 2 mm/min, following principles
of EN 12390-3 and ASTM C109 with non-standard specimen geometry (~ 25 x 25 x 25 mm cubes, exact
dimensions measured individually; Supplementary Figure S7) [41, 42]. Six protocols tested
(Supplementary Table S1). Dry CS: n = 3 per type. An additional protocol (WA+CS,; n = 17 across all
compositions except S587-25) was used to characterise post-peak behaviour: water-saturated
specimens were loaded continuously past the first peak up to a 17 mm crosshead extension.
Compaction strain € is defined as the relative reduction in specimen height, (hy - h)/hg; €5nset denotes

the strain at which force begins to rise again after the first peak, and €,,,4 the strain at the test endpoint.

Flexural strength (FS): three-point bending, L = 90 mm, per principles of EN 12390-5/ASTM C348. FS =
3FL/(2bd?) [43, 44]. One specimen per type (n = 1). This limited replication is justified: the primary
objective was to establish whether CNF-sand composites exhibit measurable flexural capacity across
the entire composition space. The strong correlation subsequently observed between FS and CS (r =
0.969, p <0.001) supports reliability; however, future studies must increase sample sizes.

Water absorption (WA): per principles of EN 13755/ASTM C642 [45, 46]. Two specimens per type. Half-
depth submersion for 30 min then full submersion; measured at 0, 60 sec, 5, 15, 30, 60 min. WA = (m,¢

= Mgy, )/My, x 100%. Hydrophobic treatment: RAIN GUARD Eco-Pod Waterproofer, 10 sec immersion, 7
days cure.

Scanning electron microscopy (SEM): AMRay 1820 iXRF EDS (15 kV, 150x) and Zeiss NVision 40
FIB/SEM (10 kV, 150x). Optical microscopy performed on all types.

4.5. Statistical analysis

Python 3 (SciPy, NumPy, Pandas). Descriptive statistics for CS (n = 3). One-way ANOVA, post-hoc t-tests,
Pearson correlations, linear and multiple regression. Effective dry CNF content: CNF ¢ = CNF% x

solids%/100. Significance level: a = 0.05. All tests were two-tailed. Given the small samples (n =3 per
composition), the normality assumption could not be tested reliably; one-way ANOVA was used to
compare the three CNF-content groups instead of multiple pairwise t-tests to control the Type | error
rate, and reported pairwise comparisons should be read as exploratory. Exact P values are reported
throughout; the terms ‘significant’ and ‘substantial’ are used only where accompanied by a P value.
Unless stated otherwise, values following the + sign are standard deviations (s.d.).
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One-way ANOVA: F=11.50, p =0.003
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Figure 1

Dry compressive strength (CS) of CNF-sand composites. Bars show mean = s.d. (n = 3). Colour: pink,
3.00% solids; green, 3.17%; blue, 3.98%; gold, 5.87%. Values above bars are mean CS (MPa). One-way
ANOVA: F = 11.50, p = 0.003. Error bars, + s.d. Numerical values are given in Table 2.
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Figure 2

Compressive strength (CS) versus effective dry CNF content (CNF ). CNF ¢ = CNF% x solids%/100.
Colours as in Figure 1. Solid line: CS = 1.427 x CNF o — 0.682; shaded band: 95% confidence interval. R?

=0.860, p < 0.001.
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Red: wet/dry retention (mean 5.8 + 2.2%) Green: re-dried/dry recovery (mean 109.7 + 21.6%, p

=0.033)
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Figure 3

Effect of water cycling on compressive strength of all 12 primary compositions. Grouped bars: CS (dry,
blue), WA+CS (saturated, red), WA+Oven,g (re-dried, green), H+WA+Oven g (hydrophobized then cycled,
gold). Bars, mean; error bars, + s.d. (n = 3 for CS; n = 2 for WA protocols). Red percentages: wet/dry
retention; green: re-dried/dry recovery. Mean retention 5.8 + 2.2%; mean recovery 109.7 + 21.6% (paired t-
test: p = 0.033).
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Figure 4

SEM micrographs (150x) showing CNF-sand bonding mechanism. (a) S300-25 (25% CNF): discrete
fibrillar bridges at grain contacts (point-bonding). (b) S300-50 (50% CNF): continuous fibrillar matrix
embedding particles. (¢) Post-compression fracture: fibril pull-out at CNF-sand interface. (d) Re-dried
S300-50: compacted network consistent with CS recovery after wet-dry cycling. Scale bars: 100 um (a-c).
AMRay 1820 iXRF EDS (15 kV); Zeiss NVision 40 FIB/SEM (10 kV).
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