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Abstract

This study evaluates crushed bamboo as a coarse aggregate for structural–thermal wall
composites, comparing its performance against mixes with wood sawdust and rice husk.
Crushed bamboo was used in both smooth and surface-roughened conditions, where
particle morphology and surface features were characterized by SEM and AFM methods.
The roughened bamboo aggregate exhibited greater surface roughness, thereby improv-
ing interfacial adhesion with cement. Surface roughening increased 28-day compressive
strength by ~39–44% relative to smooth particles. Incorporating fine plant-based fillers
into cement–bamboo composites increased their compressive strength by ~33–75% and
reduced thermal conductivity by ~12–18%, compared with the analogues without fine
particles. Water-absorption tests on bamboo aggregate showed rapid uptake in the first
24 h (43–45%) and saturation after 7 days of ~65–70%, values lower than typical wood
by-products, thereby helping to limit mix water demand. Findings indicate that crushed,
surface-roughened bamboo, especially with fine bio-fillers, can produce sustainable wall
materials with a strong balance between strength and insulation.

Keywords: bamboo; wood sawdust; rice husk; cement; microstructure; surface morphology;
compressive strength; thermal conductivity; sustainability

1. Introduction
At present, the scope of bamboo applications as a raw material has expanded signifi-

cantly across various industrial sectors due to its unique properties and rapid renewability.
Crushed bamboo can serve as an alternative to wood by-products such as sawdust, shav-
ings, or chips. It is a rapidly renewable raw material widely available in Asia, Africa,
and both North and South America, with a growth rate of up to 50 cm per day. Scientific
research and technological advances have enabled the integration of bamboo into industrial
products where its use was previously considered unlikely. For example, bamboo fibres
and stems are now employed as substitutes for plastics [1], incorporated into formulations
for 3D printing [2], and used in asphalt production [3,4], cardboard manufacturing [5],
sorbents [6], composite materials [7], and hygiene products [8]. In addition, laboratory
studies are actively investigating the thermal and mechanical properties of bamboo stems
and fibres [9,10].
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A review of available data on the structure of bamboo shows that, in its cross-section,
the stem consists of three layers: outer, middle, and inner (Figure 1). The outer protective
layer contains a series of cells elongated along the circumference of the stem, characterized
by relatively thick walls, and is covered externally with a waxy coating. The inner layer
comprises one to two rows of similarly elongated cells, but with comparatively thinner
walls [11]. The thickest, middle layer consists of parenchymal cells interspersed with
vascular–fibrous bundles, which appear as dark rhomboid structures in the cross-section.

 

Figure 1. Longitudinal and transverse (cross-) sections of the bamboo stem.

One of the most promising fields for the utilization of bamboo fibres and stems is the
construction industry. Bamboo shows particular potential for the production of insulating
and wall materials, as demonstrated in several studies [12–21]. To reduce shrinkage and
enhance mechanical strength, it has been proposed to use bamboo fibres together with steel
fibres in the production of ultra-high-performance concrete (UHPC) [12,13].

A study [14] reported that the thermal conductivity coefficient of concrete reinforced
with bamboo fibres decreased by 68.8% compared with conventional concrete. The results
presented in [15,16] showed that bamboo fibres effectively reduced crack propagation and
improved the load-bearing capacity of reinforced concrete beams. Moreover, concrete
reinforced with bamboo fibres pretreated with calcium hydroxide exhibited significantly
improved water resistance [17]. Bamboo fibres have also been incorporated into clay-based
geopolymer composites in amounts of 1–3%, where heat curing at 70–120 ◦C increased
composite strength by 10% [18]. In [19], alkali-treated bamboo fibres were added to
lightweight concrete mixes at 30–50% of the cement mass. The results demonstrated that
increasing fibre content reduced the thermal conductivity by 70%, down to 0.502 W/(m·K).

In another study [20], a technology was developed for the production of panels using
leather fibre (LF) and semi-liquid bamboo fibre (SLB), resulting in products with a thermal
conductivity coefficient of 0.0502 W/(m·K) and a sound transmission loss of 25–45 dB in
the frequency range of 500–14,000 Hz.

Under the hot climate conditions of Indonesia, researchers [21] conducted field tests
on residential buildings constructed with bamboo panels. The panels were composed of
vertically arranged bamboo stems placed tightly together, with coconut oil poured into
the hollow cavities of the stems. These wall panels served as load-bearing elements of



Buildings 2025, 15, 4295 3 of 20

the buildings while maintaining indoor temperatures with a variation of only about 1 ◦C
between day and night.

This study investigates the feasibility of using crushed bamboo as a coarse aggregate
in cement-based composites to produce structural wall materials with improved insula-
tion performance. The aim of this research was to develop and validate a technological
solution for improving the adhesion between bamboo and the cementitious matrix by
using controlled surface roughness on the naturally smooth bamboo stem, thereby enhanc-
ing bonding and overall composite performance. Drawing on analogies with wood-chip
concrete (arbolite) [22–24] and prior research on bamboo in construction, we hypothesize
that crushed bamboo can reduce thermal conductivity while maintaining adequate me-
chanical strength when properly combined with cement and auxiliary fillers derived from
wood-based by-products. The novelty of this study lies in the systematic use, head-to-
head comparison, and SEM/AFM characterization of crushed bamboo aggregates with
smooth versus surface-roughened textures, isolating aggregate surface texture as a pro-
cessing parameter that significantly affects composite properties. To validate this hypothe-
sis, a comprehensive experimental programme was designed, including microstructural,
physical–mechanical, and thermal characterization of bamboo-based wall composites, to-
gether with a comparative evaluation against composites incorporating other wood-based
by-products such as rice husk and wood sawdust.

2. Materials and Methods
2.1. Materials

The quantitative composition of the main chemical constituents of the studied bamboo
is presented in Table 1.

Table 1. Principal constituents of bamboo.

No.
Bamboo Content

Substance Amount, %

1 Cellulose 41–44

2 Pentoses 21–23

3 Lignin 26–28

4 Silicon dioxide 1.7–1.9

The raw material consisted of dry bamboo stems with diameters ranging from 10 to
25 mm. To impart roughness to the naturally smooth surface, the stems were first treated
with abrasive wheels using an angle grinder. The prepared stems were then cut into cylin-
ders 15 and 25 mm in length using a band saw. These cylinders were placed horizontally
on a support and crushed with a low-power press, producing bamboo aggregate in the
form of elongated plates with lengths of 15 mm (fine fraction) and 25 mm (coarse fraction)
and widths of 3–10 mm (Figure 2).

The studied rice husk consists of convex thin plates with lengths of 5–7 mm and was
used without additional processing. The composition of the rice husk is given in Table 2.
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Figure 2. Coarse aggregate from crushed bamboo.

Table 2. Principal constituents of rice husk.

No.
Rice Husk Content

Substance Amount, %

1 Cellulose 38.6

2 Lignin 16.8

3 Lipids 2.0

4 Protein 5.2

5 Ash 17.0

6 Substances soluble in alcohol–benzene mixture 2.0

7 Substances soluble in water 11.0

Fine sawdust with particle lengths of 2–4 mm, obtained from sawing softwood with a
band saw, was used in the study. The material composition of the sawdust is presented in
Table 3.

Table 3. Principal constituents of sawdust.

No.
Sawdust Content

Substance Amount, %

1 Cellulose and hemicellulose 70

2 Lignin 27

For the production of wall materials, CEM I 42.5R cement conforming to the EN
197-1:2011 standard [25] was used, supplied by the manufacturer “Krichevtsementnoshifer”.
The mineralogical composition of the cement shows large amounts of C3S (65.9%), C2S
(16.8%), C4AF (10.9%), and C3A (6.4%). The chemical composition of the cement is pre-
sented in Table 4.
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Table 4. Chemical composition of the cement.

No.
Cement Content

Chemical Composition Amount, %

1 CaO 55.9

2 SiO2 30.1

3 Al2O3 3.9

4 Fe2O3 3.4

5 SO3 2.8

6 MgO 0.8

7 Free CaO 0.6

8 R2O 0.3

9 L.O.I. 2.2

Technological parameters of the cement used in this study are presented in Table 5.

Table 5. Technological characteristics of the cement.

Type of the Cement Specific Surface Area, cm2/g Standard Consistency, %
Setting Time, h-min Comp. Strength,

MPaInitial Final

Portland cement 2550 25.6 2–30 4–00 50.1

2.2. Methods

The chemical composition of the cement was determined using X-ray fluorescence
analysis (Rigaku ZSX Primus IV, Japan). The mineralogical composition was identified
using X-ray diffraction (DRON-7 diffractometer, Russia). Microscopic analysis of the
structure and the surface of the studied materials was carried out using a JSM-5610 LV
scanning electron microscope (SEM, Japan) and an NT-206 atomic force microscope (AFM,
Belarus). Data from the atomic force microscope were processed using the dedicated control
software SurfaceScan (ver. 1.0) and the image processing programmes SurfaceView (ver.
1.0) and SurfaceXplorer (ver. 1.0).

The main physical and mechanical parameters of the wall material, such as density,
compressive strength, and water absorption of crushed bamboo particles, were determined
in accordance with the procedure described in EN 1520:2011 standard [26]. Compressive
strength tests of the cement-based wall materials containing bamboo, wood sawdust, and
rice husk were performed on a Matest C041N (Italy) hydraulic press. The testing machine
complies with ASTM C39 [27] and has a maximum loading capacity of 1500 kN. The
allowable relative error in load measurement is ±1%. The load measurement device has a
resolution of 0.001 kN. The loading rate was maintained at 0.6 ± 0.2 MPa/s, specified for
lightweight concretes. Compressive strength tests were performed on five cube specimens
with an edge length of 150 mm at the age of 28 days.

The thermal conductivity of the investigated materials was measured according to
EN 12667:2001 standard [28]. The measurements were carried out on plate specimens
with dimensions of 250 × 250 × 50 mm, which were placed in an ITP-MG4-250 (Russia)
apparatus to determine the thermal conductivity coefficient. The specimens were dried
to constant mass in a drying chamber at 50 ◦C. After drying, they were placed in the
ITP-MG4-250 apparatus to determine the thermal conductivity coefficient λ25. During the
measurement, the temperature of the hot plate was maintained at 40 ◦C, while the cold
plate was kept at 10 ◦C. Tests were performed on five specimens for each composition.
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2.3. Preparation of Experimental Wall Samples

To demonstrate the effectiveness of bamboo with both rough and smooth textures as
an aggregate for wall materials with effective insulation and mechanical performance, cubic
specimens were produced for mechanical characterization (Figure 3a), and plate specimens
were prepared for thermal conductivity testing (Figure 3b). The specimens were moulded
using a Matest C041N (Italy) hydraulic press under a pressure of 0.7–0.8 MPa and kept
in the moulds for 24 h. After demolding, they were stored under natural conditions at a
temperature of 20 ± 2 ◦C and a relative humidity of 60–65% until the age of 28 days. The
selected relative humidity of 60–65% for specimens made with cement and plant-based
aggregates was intended to reduce moisture-related deformation of the aggregate and to
prevent mould growth during strength development. At 28 days, the specimens were dried
in an oven at 40–50 ◦C to a constant mass (i.e., to an oven-dry condition).

  
(a) (b) 

Figure 3. Examples of produced building materials: (a) cube made of bamboo and wood sawdust;
(b) panel made of bamboo and rice husk.

A series of mix-design studies were conducted, including the selection and preparation
of aggregates of specific fractions (Table 6). The main physico-mechanical properties of
the resulting composites were then evaluated using five specimens of each type (cubes for
mechanical testing and plates for thermal conductivity measurements).

Table 6. Compositions of experimental materials.

No

Component Amount, kg/m3

Coarse Bamboo Fraction Fine Bamboo Fraction
Wood Sawdust Rice Husk Cement Water

Rough Texture Smooth Texture Rough Texture Smooth Texture

1 - 310 - - - - 350 200

2 310 - - - - - 350 200

3 - 300 - - 150 - 350 450

4 300 - - - 150 - 350 450

5 - - - 310 - - 350 215

6 - - 310 - - - 350 215

7 - - - 310 140 - 350 428

8 - - 310 - 140 - 350 428

9 - 300 - - - 150 350 280

10 300 - - - - 150 350 280

11 - - - 310 - 140 350 270

12 - - 310 - - 140 350 270
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Crushed bamboo was used as the coarse aggregate in the experimental mixtures,
while the voids within the bamboo framework were filled with wood sawdust or rice
husk as fine fillers. Cement was used as the binder, and aluminum sulphate (Al2(SO4)3)
was added at 2% of the cement mass as a hardening accelerator. Such accelerators are
widely used to counteract the inhibitory effects of water-soluble sugars and extractives
naturally present in organic aggregates, including bamboo and wood sawdust [29–33]. The
selected dosage follows the previous findings of Yagubkin et al. [23], who developed a
dedicated methodology for assessing accelerator performance in wood–cement systems.
Their study demonstrated that a 2% addition of aluminum sulphate improves the early
compressive strength of cement paste by approximately 22–23% compared to the additive-
free composition, confirming its effectiveness in neutralizing the adverse impact of sucrose,
glucose, hemicellulose derivatives, and other extractives released from plant-based fillers.
At this concentration, aluminum sulphate ensures rapid setting and early hydration while
avoiding the negative effects associated with both insufficient and excessive dosing.

Initially, the required amount of water for the experimental mixes was selected based
on published formulations of wood-chip concrete (arbolite), where a water-to-cement ratio
of 1.1 is typically reported [23,29–33]. Subsequently, the optimal water-to-cement ratio for
each mix was determined experimentally, taking into account the mixing sequence, the
water absorption characteristics of the aggregates, and the consistency needed to ensure
uniform dispersion of the cement paste. The amount of water strongly depended not only
on the type of natural components used (bamboo, rice husk, wood sawdust) but also on
the fraction of bamboo employed (coarse or fine). The selected water-to-cement ratios for
the different experimental mixes are presented in Table 7.

Table 7. Water-to-cement ratio of the experimental mixes.

Natural Component
Water-to-Cement Ratio

Coarse Bamboo Fraction Fine Bamboo Fraction

Bamboo aggregate (Control) 0.57 0.61

Wood sawdust 1.22 1.29

Rice husk 0.77 0.80

To ensure uniform dispersion of the lightweight bio-aggregates, specific mixing pro-
cedures were applied for each type of natural filler. Despite the relatively low density of
bamboo aggregates (approximately 500 kg/m3), its mechanical characteristics are compa-
rable to those of hardwood species, with a hardness coefficient of up to 4, compressive
strength reaching 60 MPa, and tensile strength up to 100 MPa [24]. These properties con-
tribute to its stable behaviour during mixing, preventing fragmentation and supporting
uniform distribution within the cementitious matrix. For bamboo-only (control) mixes,
cement pastes with W/C = 0.57 (coarse fraction) and 0.61 (fine fraction) were first prepared,
producing a viscous paste capable of preventing particle flotation. During mixing, the
viscous cement matrix coated the bamboo pieces uniformly, and no upward migration
of the low-density particles was observed during casting. In mixtures containing both
bamboo and wood sawdust, a more fluid cement slurry (W/C = 1.22–1.29) was prepared
initially; the sawdust was mixed with this slurry to allow partial water absorption, yielding
a cohesive, viscous mass with evenly distributed sawdust. Crushed bamboo was then
introduced and dispersed uniformly within this thickened matrix. A similar approach was
used for bamboo–rice husk mixtures, though higher W/C ratios (0.77–0.80) were required
due to the high absorptivity of rice husk. In this case, the cement paste was first blended
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with the rice husk before adding the bamboo aggregate to ensure uniform distribution of
both fillers in the final composite.

3. Results and Discussion
3.1. Microstructural Analysis of Bamboo by Electron and Atomic Force Microscopy

Microscopic analysis of crushed bamboo was conducted to evaluate its effect on the
strength and thermal properties of the wall material. In the longitudinal section (Figure 4),
regions of parenchymal cells measuring 50–70 µm in length are clearly visible. Within
the internodes, these cell cavities are oriented along the axial direction. All structural
components of bamboo interact with each other and collectively contribute to reinforcing
and strengthening the material. The walls of bamboo fibres exhibit a degree of plasticity,
which increases the material’s resistance to failure under external loading.

Figure 4. Surface morphology of a longitudinal bamboo section (200× magnification).

The vascular bundles in the transverse (cross-) section of bamboo (Figure 5a,b) are
densely packed near the hypodermis and therefore only weakly distinguishable. Each
bundle consists of two regions: the xylem and the phloem. The xylem contains two
vessels (annular and spiral) with diameters of 50–70 µm, while the phloem includes a
cavity intended for the transport of nutrients. The vessels and the cavity are arranged in a
characteristic “Y” shape and are surrounded by a continuous sclerenchyma cell structure.
Toward the outer region, the vessels become elliptical, whereas toward the centre they
appear more rounded. The high strength of bamboo as a construction material is ensured
by the abundance of fibres and their dense packing within the hypodermis [34].

Parenchymal cells are predominantly pentagonal in cross-section and form a
honeycomb-like structure. Their size in the transverse direction ranges from 20 to
60 µm. Thus, these cells can be regarded as units resembling regular pentagonal prisms.
The dimensions of these prisms are comparable to the cellular structure of expanded
polystyrene, which hinders the transfer of heat or cold and therefore provides bamboo with
its insulating properties. Each wall of a bamboo fibre cell exhibits a unique multilayered
configuration, in which every layer is reinforced with cellulose fibrils oriented at different
angles. This arrangement defines the mechanical performance of the fibres and contributes
to the overall strength of the bamboo matrix.
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(a) 

 

(b) 

Figure 5. Surface morphology of a bamboo cross-section: (a) 50× magnification; (b) 100× magnification.

SEM results of both transverse and longitudinal sections further show that the dense
microstructure of fibres, particularly in the hypodermis region, results in a relatively high
density of bamboo and correspondingly high compressive strength, enabling its use as a
coarse aggregate in wall materials.

For cement-based composites, a critical factor is the adhesion between the cement
matrix and the aggregate. Cement inherently exhibits relatively weak bonding with many
materials, particularly those with smooth surfaces [35,36]. To ensure adequate adhesion
with bamboo aggregate, the texture of particles obtained from crushed bamboo was exam-
ined along both the outer and lateral surfaces.

Application of the Laplacian filter for improved visualization revealed a distinctly
fibrous structure on the transverse section of bamboo. The 2D scan image (Figure 6) shows
the fibrous arrangement of stem rings without significant height variations. The average
surface roughness was measured as Ra = 69.4 nm, while the root-mean-square roughness
reached Rq = 84.1 nm.
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Figure 6. Surface of a bamboo cross-section (29 × 29 µm).

Figure 7a presents the surface profile of the transverse section of bamboo along
horizontal vector 1–2, showing a relief variation of 245.5 nm. The highlighted elevation in
the profile of the light-coloured region (Figure 7a) corresponds to a fragment of the fibrous
bamboo structure at coordinates X = 16–23 nm and Y = 14 nm.

The surface profile of the transverse section of bamboo along vertical vector 1–2 is
shown in Figure 7b. As can be seen, the bamboo structure along this vector exhibits a
more complex surface with higher relief and roughness, further confirming its fibrous
nature. The maximum amplitude reaches 320.4 nm. On the transverse section, the action of
sawing or crushing tools causes partial destruction of the fibrous structure, resulting in a
pronounced surface relief that enhances adhesion to the cementitious matrix.

 
(a) 

 
(b) 

Figure 7. Surface profile of a cross-sectional bamboo cut: (a) along horizontal scan vector 1–2;
(b) along vertical scan vector 1–2.
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When bamboo is fractured along the stem, the rupture occurs along the fibre contact
boundaries, leading to discontinuities in the fibre surface. This is evidenced by frequent
and sharp fluctuations along the vertical vector, i.e., across the fibres (Figure 7b), and is
further confirmed by SEM (Figure 4).

Figure 8a,b show the surface profiles of bamboo along horizontal and vertical vectors
1–2 of the longitudinal section through the phloem wall, with height variations of up to
28.1 nm and 428.8 nm, respectively. In other regions, including parenchymal cells and
xylem, the AFM method could not be applied due to the high complexity of the relief. In
these areas, pronounced height variations of 5–30 µm were observed, which are expected
to further improve the adhesion between bamboo particles and the cementitious binder.

 
(a) 

 
(b) 

Figure 8. Surface profile of a longitudinal bamboo section: (a) along horizontal scan vector 1–2;
(b) along vertical scan vector 1–2.

The 3D image of the longitudinal bamboo section in the phloem region is presented in
Figure 9. The structure exhibits a relief surface with a pronounced orientation, resulting
from the longitudinal alignment of fibres. The maximum height variation in the examined
area reaches 42 nm.

Thus, the rough relief textures of the transverse and longitudinal faces of crushed bam-
boo particles enhance adhesion between the aggregate and the binder, thereby contributing
to increased compressive strength of the composite material as a whole.
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Figure 9. Three-dimensional scan image of a longitudinal bamboo section (29 × 29 µm).

3.2. Surface Texture Analysis of Bamboo Stem Before and After Mechanical Treatment

Following the same procedure described in Section 3.1, the surface texture of the
outer bamboo stem was also examined. SEM revealed that the outer covering layer is an
epidermis composed of fibres bound with lignin and characterized by relatively thick cell
walls (Figure 10). These fibres are densely packed around the circumference of the stem,
and their quantity is greater compared with the inner regions. The outer surface is also
covered with a waxy layer. Furthermore, in region “a” the fibres are arranged more densely
than in region “b,” forming an almost smooth surface. The dense packing of fibres in region
“a” further reduces adhesion with the cement matrix.

 

Figure 10. Surface morphology of the smooth outer surface of bamboo (100× magnification).

The surface analysis along the vertical axis (Figure 11) shows that the relief ampli-
tude reaches 93.2 nm, while the average height variation ranges between 40 and 50 nm,
confirming the formation of a texture that is close to a smooth surface.
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Figure 11. Surface profile of bamboo with the outer covering layer along vertical scan vector 1–2.

The results of the 3D atomic force microscopy analysis likewise indicate a low-relief
texture on the outer surface of the bamboo stem (Figure 12).

 
Figure 12. Three-dimensional-scan image of bamboo with the outer covering layer.

To increase surface roughness, the outer coating layer with its waxy film was removed
using sandpaper abrasion, producing an exposed fibrous structure with a disrupted epider-
mal morphology. The surface micrograph (Figure 13) clearly shows a pronounced grooved
relief with numerous peaks and valleys, resulting from the removal of the surface layer
and the disruption of fibre integrity. This treatment enhances the adhesion of bamboo,
when used as a coarse aggregate, to the cement matrix, which in turn positively affects the
strength characteristics of the wall material.

The bamboo stem surface after abrasive treatment was also analyzed by the AFM
method. Figure 14 shows the surface profile along vertical vector 1–2, revealing a grooved
texture with ridge heights of up to 1550 nm (1.55 µm).
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Figure 13. Surface morphology of the rough bamboo (100× magnification).

Figure 14. Surface profile of bamboo with the removed outer covering layer along vertical scan
vector 1–2.

The 3D image of the surface fragment (Figure 15) clearly demonstrates the presence of
grooves formed after abrasive treatment, and the accompanying scale indicates that the
maximum surface height variation in the examined area reaches 2140 nm (2.14 µm).

Analysis of the obtained results highlights that the outer bamboo layer is covered with
a waxy film, which negatively affects adhesion to the cement matrix. Abrasive treatment
effectively removes this waxy coating, thereby enhancing the bonding of the binder to the
aggregate. Moreover, the removal of the outer layer increases the surface height variation
by a factor of 18, producing a significantly rougher texture that is expected to improve
interfacial strength between bamboo and cement. As a result of this treatment, the smooth
external layer is partially removed, exposing a structure of fibres damaged by the abrasive,
which further increases surface roughness and promotes stronger adhesion of the binder
to the aggregate. To validate this assumption, a series of experiments were carried out to
design structural–thermal insulation composites incorporating crushed bamboo.
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Figure 15. Three-dimensional image of a bamboo surface after removal of the outer coating layer.

3.3. Characterization of Bamboo-Based Wall Materials

Before evaluating the physical–mechanical properties of the bamboo-based wall ma-
terials, an investigation of the water absorption of crushed bamboo with smooth and
roughened surface textures was carried out, in order to assess its potential as a coarse
aggregate for wall block production. Table 8 presents the bamboo’s water absorption with
both smooth and rough texture.

Table 8. Water absorption of bamboo depending on immersion time.

No Type of Material
Water Absorption, by Mass (%) Per Day

1 2 3 4 5 6 7

1 Crushed bamboo (smooth texture) 43.0 ± 1.61 48.9 ± 1.70 53.4 ± 1.76 55.4 ± 1.75 58.2 ± 1.83 63.3 ± 1.98 64.7 ± 2.05

2 Crushed bamboo (rough texture) 45.3 ± 1.68 52.6 ± 1.71 56.6 ± 1.82 59.6 ± 1.81 62.7 ± 1.94 67.9 ± 2.11 69.9 ± 2.33

The kinetics of bamboo water absorption are presented in Figure 16. The results
indicate that the most intensive increase in water uptake, by 43–45.3%, occurs within
the first 24 h of exposure to moisture. Beyond this period, the absorption rate decreases
significantly, with an additional increase of 50–54% over the following six days. After seven
days, the water absorption reached 64.7% for smooth bamboo and 69.9% for roughened
bamboo. The absorption capacity of roughened bamboo was only slightly higher than that
of smooth bamboo, differing by 5–8%. However, both values were more than 2.8 times
lower than those reported for wood and 3.4 times lower than for wood chips [34,35].

This finding demonstrates that surface roughening does not significantly increase the
water saturation of crushed bamboo, which can be attributed to the dense arrangement of
surface fibres in the plant structure. The relatively low water absorption of crushed bamboo
particles is advantageous, as it reduces the water demand during mixture preparation,
thereby limiting the leaching of soluble sugars from the bamboo structure and contributing
to improved strength development in the cement matrix [24].
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Figure 16. Water absorption of bamboo over 7 days.

To develop wall materials with reduced thermal conductivity and reasonable me-
chanical characteristics, a series of mix-design experiments was conducted, including the
selection and preparation of aggregates of specific fractions. The physico-mechanical prop-
erties of the resulting composites were then evaluated on prepared specimens, and the
results for materials containing bamboo, wood sawdust, and rice husk are summarized in
Table 9.

Table 9. Compositions and properties of experimental wall materials.

No
Surface Roughness *

Bulk Density, kg/m3 Compressive Strength, MPa Thermal Conductivity Coefficient, W/(m·K)
Ra, nm Rq, nm

1 15.8 21.5 660 0.8 ± 0.059 0.162 ± 0.0050

2 319.9 380.3 660 1.2 ± 0.074 0.160 ± 0.0052

3 15.8 21.5 800 1.4 ± 0.079 0.129 ± 0.0034

4 319.9 380.3 800 1.6 ± 0.083 0.131 ± 0.0029

5 15.8 21.5 660 1.2 ± 0.070 0.161 ± 0.0051

6 319.9 380.3 660 1.7 ± 0.090 0.159 ± 0.0045

7 15.8 21.5 800 1.9 ± 0.089 0.130 ± 0.0031

8 319.9 380.3 800 2.3 ± 0.150 0.132 ± 0.0028

9 15.8 21.5 800 1.6 ± 0.075 0.137 ± 0.0036

10 319.9 380.3 800 1.9 ± 0.095 0.139 ± 0.0040

11 15.8 21.5 800 2.1 ± 0.130 0.138 ± 0.0035

12 319.9 380.3 800 2.6 ± 0.160 0.140 ± 0.0043

* Notes: Ra—Roughness Average; Rq—Root Mean Square (RMS) Roughness.

A comparison of the compressive strength results of mixtures 1 and 2, both containing
coarse bamboo fractions, shows that the strength of mixture 2 increased by 44%. This
improvement is attributed to the enhanced adhesion of the cement matrix to the roughened
bamboo surface. A similar trend was observed for fine bamboo fractions: the use of
roughened particles in mixture 6 increased compressive strength by 39% compared with
mixture 5, which contained smooth particles. Furthermore, comparing mixtures 1 and
5 demonstrates that additional grinding of bamboo, even with a smooth surface texture,
led to a 53% increase in strength. The same dependence was observed between mixtures 2
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and 6 with roughened bamboo, where mixture 6 exhibited a 48% increase in compressive
strength compared with mixture 2.

To further improve the composite structure, wood sawdust was introduced to fill
the voids within the crushed bamboo framework. Despite the increase in density from
660 to 800 kg/m3, the addition of sawdust reduced thermal conductivity from 0.15 to
0.13 W/(m·K). The presence of sawdust also enhanced the cohesion of the composite
structure, which had a positive effect on compressive strength. For mixtures 1–4, which
were based on coarse bamboo fractions, the addition of sawdust increased compressive
strength by 33–75%, regardless of the surface texture of the aggregate. A similar effect
was observed in mixtures 5–8 with fine bamboo fractions, where the addition of sawdust
improved compressive strength by 35–58%.

The replacement of sawdust with rice husk did not significantly affect thermal conduc-
tivity, which remained within 0.137–0.140 W/(m·K) for mixtures 9–12. However, the use
of fine bamboo fractions (mixtures 11 and 12) increased compressive strength by 31–37%
compared with mixtures 9 and 10. Additionally, samples containing bamboo with a smooth
texture (mixtures 9 and 11) showed 16–19% lower compressive strength compared with
those containing roughened bamboo (mixtures 10 and 12).

An important distinction between mixtures with rice husk and those with sawdust is
the reduced water demand. Mixtures 9–12 required 1.6 times less water during preparation,
due to the substantially lower water absorption capacity of rice husk compared with wood
sawdust [37]. The reduced water demand, combined with the inherently rough surface
texture of rice husk, contributed to an 11–19% increase in compressive strength for mixtures
9–12 compared with the sawdust-containing mixtures. However, replacing sawdust with
rice husk resulted in a slight increase in thermal conductivity, by approximately 6%, which
is consistent with the higher intrinsic thermal conductivity of rice husk compared with
wood sawdust [38].

The composites developed in this study are intended for use as lightweight wall mate-
rials. According to the obtained density values of 660–800 kg/m3 and compressive strength
of 0.8–2.6 MPa, the composites fall within the range of lightweight aggregate concretes
with open structure (LAC), which may be used for structural–insulating masonry [39]. The
strongest composites (No. 8, 11, and 12), with a compressive strength of 2.1–2.6 MPa and a
thermal conductivity of 0.132–0.140 W/(m·K), can be applied as load-bearing or self-bearing
external and internal walls in single-storey or low-rise buildings, corresponding to class
LAC 2 according to the EN 1520:2011 [26] standard. The remaining mixtures (0.8–1.9 MPa)
are more suitable for non-load-bearing or lightly loaded applications, where their low
thermal conductivity (0.129–0.162 W/(m·K)) provides the primary functional benefit.

4. Conclusions
This study presents a technical solution for the rational utilization of bamboo, a

rapidly renewable raw material, in the production of environmentally safe structural–
thermal insulation wall blocks and panels for construction applications. The investigations
demonstrated that mechanical surface roughening of bamboo stems enhances the interfacial
adhesion between bamboo aggregate particles and the cement matrix, thereby enabling
the effective use of crushed bamboo as an aggregate in structural–insulating composites.
Microscopic analyses confirmed that imparting a grooved surface texture with an average
depth of approximately 2140 nm (2.14 µm) is sufficient to increase compressive strength
by 42–50%, yielding values of 1.2–1.7 MPa. At the same time, microstructural features
such as parenchyma cells (20 × 60 µm) in the inner stem contribute to low thermal con-
ductivity, while the abundance and dense packing of fibres in the hypodermis of the outer
stem provide inherent mechanical strength. The synergistic effect of crushed bamboo
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with fine fillers, such as wood sawdust or rice husk, further optimized the material per-
formance by filling voids between coarse particles, resulting in a denser structure. This
modification improved compressive strength by 33–58% and simultaneously reduced ther-
mal conductivity by 12–18%. Consequently, optimal formulations of structural–thermal
insulation wall composites were identified: mixtures with crushed bamboo and wood
sawdust achieved a density of 800 kg/m3, compressive strength of 2.3 MPa, and ther-
mal conductivity of 0.132 W/(m·K), while composites containing bamboo and rice husk
reached 2.6 MPa compressive strength with a thermal conductivity of 0.14 W/(m·K) at
the same density. These results highlight the potential of crushed bamboo, particularly
when combined with secondary plant-based fillers, as a sustainable aggregate for effective
structural–insulation materials.

Future studies are planned to concentrate on the development of mixtures based on
crushed bamboo and the investigation of a broader set of performance characteristics, in-
cluding temperature–humidity curing conditions, sorption moisture, the effect of moisture
on thermal conductivity, biological resistance (fungal growth resistance), long-term dura-
bility, and climatic chamber testing to determine heat flux densities, thermal conductivity
coefficients, and moisture content of the samples. Full-scale testing under real building
operating conditions is also envisaged.
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