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Abstract: Amid increasing concern about carbon emissions and ENERGY consumption in the building
industry, bio-based construction materials are one of the solutions, especially considering their
excellent thermal insulation. This study aims to develop a multi-scale numerical model to analyze the
effect of microstructure on the thermal conductivity of a bio-based construction material. To achieve
this, the size, shape, orientation, porosity, and water saturation of the bio-aggregate were considered
in this study. The results show that the thermal conductivity of the bio-based material increases
significantly and nonlinearly with water saturation, in contrast to the parallel thermal conductivity of
the transversely isotropic bio-aggregate, which increases linearly. The thermal conductivity of the
bio-based material shows an anisotropy in different directions and it obtains a maximum at water
saturation of 0.4. Analysis of inclusions with different shapes shows that the thermal conductivity in
the compaction direction is almost independent of the shape, but not in the direction perpendicular
to the compaction. The finite element results show that the heat flow tends to transfer along the bio-
aggregate rather than across it. These findings help to better understand the effect of microstructure
on thermal conductivity and then promote the application of bio-based concrete as an insulation
material in buildings.

Keywords: bio-based materials; thermal conductivity; moisture; microstructure; multi-scale
homogenization; numerical modeling

1. Introduction

In recent years, there has been an increasing discussion on carbon emission, energy
crisis, environmental protection, and sustainability. The building industry plays a vital
role in these areas as global CO, emissions from building increased by 50% from 1990 to
2019 [1]. Moreover, in developing countries, buildings account for about 15-25% of total
energy consumption, while in developed countries it is 30-40% [2]. Further investigations
show that space heating was the largest residential energy demand in Europe and Eurasia,
exceeding 50% in 2019 [1].

The use of bio-based construction materials is one of the solutions to mitigate carbon
emissions and energy consumption. This is due to the fact that bio-based construction
materials have advantages over traditional concrete in these issues. On the one hand, plant
aggregates have lower embodied carbon, which means lower CO; emissions are associated
with the processes of construction and materials throughout their whole lifecycle [3].
Moreover, they promote carbon sink in building materials since plants store considerable
amounts of carbon in a relatively small volume [1,4]. On the other hand, the excellent
performance of bio-based materials in thermal insulation can save the energy consumption
of space heating as mentioned above. Especially considering the growing global interest in
net-zero energy buildings (NZEBs), more and more countries have set their own goal for
NZEBs [5-7]. Obviously, the study of thermal conductivity helps to improve the thermal
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performance of bio-based materials, which thereby promotes environmental protection and
reduces energy consumption.

Several experimental studies [8-10] have shown the low thermal conductivity of
bio-based concrete. This is due to the high intra-particle porosity in plant particles and
macro porosity in bio-based materials [11,12]. Moreover, bio-based materials are used in
buildings because of their role as a humidity regulator, absorbing moisture in high-humidity
environments and releasing it in the opposite case [13-15]. Many studies [15-20] have
shown that the effect of moisture on the thermal conductivity of bio-based materials cannot
be ignored because of their strong water absorption capacity. The thermal conductivity
of dry plant particles (e.g., hemp: axial: 0.122 W/mK, transverse: 0.08 W/Mk [21]) is
much lower than that of water (0.598 W/mK [22]). It is significant to consider the effect of
moisture in the modeling of bio-based materials. In addition, compaction in the casting of
bio-based materials affects the orientation of the plant fibers, and the plant fibers tend to be
distributed in a plane perpendicular to the direction of compaction [23,24]. In this case, the
fact that the thermal conductivity of bio-based materials depends on the orientation has
been confirmed in research [21,23,25].

Numerical simulation has been widely used in fiber-reinforced construction materials,
but most of them are related to steel fiber-reinforced concrete. For example, Rezakhani
et al. [26] investigated the effect of size, shape, and strength of steel fiber on the quasi-static
properties of concrete. Naderi and Zhang [27] studied the compression and tensile fracture
behavior of steel fiber-reinforced concrete by a 3D fine-scale modeling approach. Liang and
Wu [28] developed a model for the thermal conductivity of steel fiber concrete and then
investigated these parameters: model thickness, steel fiber diameter, and volume fraction
(0.5%, 1%, and 2%). However, these methods cannot be completely used for modeling
bio-based building materials since there are more complex microstructures in bio-based
materials compared to steel fiber concrete. Some plant fibers such as hemp [29] and wheat
straw [30] have a transversely isotropic structure compared to the isotropic steel fiber. The
volume fraction of plant fiber in concrete is much higher than that of steel fiber, e.g., 55%
in [12]. In addition, the porous structure leads to high water absorption of plant fiber [18,31],
which affects the material properties, especially for thermal conductivity [16,17].

This paper aims to develop a multi-scale numerical model to investigate the effect
of the microstructure of bio-based building materials on thermal conductivity. In this
modeling, the bio-based material is considered to consist of three components, each of
which can be subdivided into more components at the microscopic scale. The details of
each component are as follows.

e  Binder: binder solid and micropores;
e Bio-aggregates: intra-particle pores (air and water) embedded in a solid matrix;
e  Macropores.

This model considers the size, shape, orientation, porosity, and water saturation of plant
fibers. From the microscopic to the macroscopic scale, the microstructural characteristics of
each component are linked to the macroscopic property by a successive numerical homoge-
nization. This link can promote the application of bio-based concrete as an insulation material
in buildings. In addition, the study of various porosities and shapes of bio-aggregate helps
the model to be applied to a wider range of bio-based construction materials.

2. Materials and Methods
2.1. Materials

The material used in this model is bio-based construction material. Initially, hemp was
selected as an example, which is one of the most widely studied plant fibers in bio-based
construction materials. Then, the approach explores the application of this model to other
types of bio-based materials by varying the shape and porosity of the bio-aggregate in
the model.

Hemp is a porous transversely isotropic material from the microstructure due to the
arrangement of the pores, as shown in Figure 1 from the literature [12,32]. It is essential to
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investigate the internal structure of hemp before multi-scale modeling. The cross-section
in Figure 1(A-1) illustrates two diameters of the conduit: about 50 um for the vessel and
about 20 um for the tracheid [32], while the longitudinal section (see Figure 1(A-2,B-2))
shows the elongated tubular structure. Additionally, Figure 1(B-1) clearly presents the
nearly circular cross-section of the pores. Some of the physical and thermal properties
of dry hemp shiv are shown in Table 1. In Table 1, the first value in multiple options is
selected for the model. Aggregates used by different researchers may vary because of their
source and manufacturing process, especially in terms of length and width. For specific
heat capacity and thermal conductivity, the differences in values from various literature
(Table 1) are slight, so the choices have little effect on the results. For length and width, the
study of shape in Section 3.3.4 will compensate for this selection preference.
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Figure 1. Microstructure of hemp shiv is reprinted with permission from Ref. [32]. 2018. Elsevier.-
A, reprinted with permission from Ref. [12]. 2018. Elsevier.-B, (A-1,B-1) cross-section, (A-2,B-2)

longitudinal section.

Table 1. Properties of hemp shiv.

Property Value Reference
Particle density (kg/ md) 265 [33]
Solid density (kg/m?) 1454 [34]
Length (mm) 4-8 mm [34]
Width (mm) 1-2 mm [34]
Porosity (%) 81.8 [34]
Specific heat capacity (J/(kg-K)) 1320/1247/1272 [33,35,36]
Thermal conductivity of solid (W/(m-K)) 0.564/0.576 [34,37]

Note: The first value in these multiple options is selected for the model.

Binders involving plant fibers are usually lime-based or metakaolin-based binders
rather than cement. The former comes from high-temperature calcined limestone or
kaolinite. At the microscopic scale, lime-based binder consists of binder solids and fine
pores with most pore sizes distributed at 1 pm [38]. The physical and thermal properties
are shown in Table 2.

Table 2. Properties of binder.

Property Value Reference
Density (kg/m?) 1079 [38]
Porosity (%) 50.6/54.8 [21,38]
Specific heat capacity (J/(kg-K)) 890/859 [35,39]
Thermal conductivity of solid (W/(m-K)) 0.24/0.277 [38,40]
Pore size diameter (um) 0.02-4 [38]

Note: The first value in these multiple options is selected for the model.
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2.2. Methods

The microstructure of bio-based material and the dimensions of each part were inves-
tigated in the previous section and can be represented in Figure 2. At the macroscopic level
(10°-102 mm), bio-based building materials include a binder, bio-aggregates (Length: 4 mm,
width: 1 mm), and macropores (1-3 mm). Further, the binder on a scale of 1072-10° um
includes micropores (0.02-4 um) and binder solid, while the bio-aggregate on a scale of
10-10? um includes intra-particle pores (20-50 um) and bio-aggregate solid. In a humid
environment, the porous structure of bio-aggregate absorbs moisture, which is distributed
along the elongated pores, so water is assumed to be distributed in the air matrix as a
cylinder in this model on a scale of 10°-10 pm. Thus, in the present multi-scale model,
binder, bio-aggregate, and bio-based composite are sequentially homogenized by numerical
methods. Among them, bio-aggregate is homogenized in a humid environment involving
intra-particle pores and moisture. The details of each homogenization step are described in
the next section.

Scale 1-binder 102-107 ym

Micropore

Intra-particle pore
(fully or partially saturated by water)

Intra-particle pore (Vessel) !
Bio-aggregate

Water

Bio-aggregate solid

Scale 2—-pore and moisture Intra-particle pore (Tracheid)

0 o) )
10°-10 um Scale 3-bio-aggregate10-10> ym  Scale 4-bio-based composite 10°-102 mm

Figure 2. Multi-scale homogenization model for the thermal conductivity (The photograph of the
sample on the right is reprinted with permission from Ref. [41]. 2020. Elsevier).

2.2.1. Modeling of Binder

Scale 1 (1072-10" um): the binder.

The binder is considered to consist of binder solids and micropores on scale 1 (1072-10" um),
as shown in Figure 2. The micropores are considered to be randomly distributed in the solid.
Micropores, with pore sizes in the range of 0.02—4 pm and mostly 1 um [38], are considered
to be randomly distributed in the solid. Note that there is only one homogenization step
here. The model of the porous binder based on these data is shown in Figure 3. The pores
were embedded in the binder solid to form a two-phase material, and then the mesh was
applied to the whole. The nodes are shared at the interface of the two phases.

Binder solid Porous binder

Figure 3. Multi-scale homogenization model for scale 2-binder.
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Water

Hemp solid 1

Hemp solid 2
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2.2.2. Two-Scale Modeling of Individual Hemp Shiv

Scale 2 (10°-10 um): pore and moisture.

The porous structure of the hemp shown in Figure 1 facilitates the absorption of
moisture. Moreover, the elongated cells allow the water to be distributed in a directional
arrangement. Therefore, on scale 2 (Figure 2) of the numerical model, the moisture is
assumed to be a cylinder embedded in the air matrix as shown in Figure 4. Homogenized
materials considering pores and moisture can be obtained through the homogenization in
this step and used for modeling on the next scale. It is noted that water saturation (WS),
i.e., the volume ratio of water to pore, is used to quantify the moisture value of the hemp.

Intra-particle pores

Foxes partially saturated by water

Figure 4. Multi-scale homogenization model for scale 2.

Scale 3 (10-10% um): the bio-aggregates.

As shown in Figure 2, the homogenization at this scale aims to combine the homoge-
nized material (moisture and voids) from the previous step with the hemp solid. Figure 1
shows that there are two types of pores inside the hemp: vessel (50 pm) and tracheid
(20 pm). Therefore, the finite element models of tracheid and vessel were built according
to their corresponding dimensions in Figure 5. It should be noted that the pores were
generated randomly in the cross-section.

Tracheids Homogeneous material 1

Transversely isotropic hemp

Vessels Homogeneous material 2

Figure 5. Multi-scale homogenization model for scale 3-bio-aggregate.
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2.2.3. Modeling of Bio-Based Construction Materials

Scale 4 (10°-10?> mm): the bio-based composite.

The bio-based composite on scale 4 in Figure 2 is macroscopically composed of three
components: binder, hemp, and macropores. Macropores in the modeling are considered
randomly distributed in the homogenized binder (binder solid and micropores). Therefore,
prior to considering the hemp, the numerical homogenization was carried out between
the binder and the macropores by a similar method as in Figure 3. After obtaining the
homogenized binder, the final model containing the hemp is shown in Figure 6. The
model was generated in the commercial software Digimat and then solved by Abaqus.
As shown in Figure 6, the heat flow is transferred from the high-temperature side to the
low-temperature side. In this process, the effective thermal conductivity of the composite
can be calculated by applying the classical Fourier’s law [42,43]. Note that the length and
width of the hemp are 4 and 1 mm, respectively, according to Table 1. It is also worth
noting that plant fibers in bio-based building materials usually tend to be distributed
perpendicular to the compaction direction [24,44]. Therefore, in this model, the hemp is
randomly distributed in the plane perpendicular to the compaction direction. For hemp
construction material, the volume fraction of each component is essential for the modeling.
This can be found in the literature [12] and listed in Table 3.

direction
Bio-based composite

Heat conductivity Mesh

Figure 6. Multi-scale homogenization model for scale 3-bio-based composite.
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To extend the present model from hemp to more types of bio-aggregates, three shapes
of inclusions are compared in this numerical model. Their size information and particle
distribution are shown in Figure 7.

Table 3. Volume fraction of each phase in hemp construction material from [12].

Phases Volume Fraction

Binder 0.30

Hemp 0.55
Macro pore 0.15

Length: 4 mm
Width: 2 mm

Length: 4 mm Length: 10 mm
Width: 1 mm Width: 1 mm

Figure 7. Multiple shapes of bio-aggregates in numerical models.

Numerical models

3. Results and Discussion
3.1. Effective Thermal Conductivity of Binder

The study of the effective thermal conductivity for a porous binder involves only
one factor, i.e., the volume fraction of the micropores in Figure 2. The effective thermal
conductivity of porous binder is presented in Figure 8. As the porosity increases, the
thermal conductivity of the binder decreases. The results of the numerical simulations in
this paper agree well with the experimental data from the literature [21,38,40].
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Figure 8. Effective thermal conductivity of binder (Experimental results as a comparison are
from [21,38,40]).

3.2. Effective Thermal Conductivity of Individual Hemp Shiv

Figure 9 shows the thermal conductivity with water saturation in different directions
on scale 2. Note that A|| and A* in Figure 9 denote the axial direction and the direction
perpendicular to the axial direction, respectively. The axial direction is the revolution axis
of the inclusion. The results in Figure 9 show that A|| increases almost linearly with water
saturation while At increases at an increasing rate. This difference makes the anisotropy
increase initially, then decrease with water saturation. It takes a maximum of about 0.4.
From this conclusion, it is known that water saturation affects the anisotropy of the pore-
moisture, which in turn affects the anisotropy of the hemp and the bio-based composite.
First, the orientation of the moisture illustrated in Figure 4 leads to differences in the
thermal conductivity of the pore-moisture in different directions, i.e., anisotropy. Then, the
orientation of the anisotropic pore-moisture in the hemp solid leads to the anisotropy of the
hemp shiv, as shown in Figure 5. Finally, the anisotropic hemp is distributed in a specific
direction in the composite, which results in the anisotropy of the composite.
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Figure 9. Effective thermal conductivity of pore-moisture (Anisotropy = A).

After obtaining the properties of pore-moisture in the previous step, the hemp solid
is homogenized with pore-moisture. The porosity of hemp varies with the source and
processing method. Moreover, the study of porosity can also help to extend the present
model to more plant fibers. So here the thermal conductivity of hemp with different
porosity is studied as shown in Figure 10. As porosity increases, only at WS = 1.0, the
thermal conductivity of hemp increases in 2 directions. This can be explained by the fact
that the thermal conductivity of hemp solid is greater than that of pore-moisture when
WS < 0.8. Comparing A|| and A+ in Figure 10 at the same WS, when WS = 1.0, A|| = A+
because the isotropic pore-moisture is embedded in the isotropic hemp solid. When
WS < 0.8, A|| > A+ owing to the anisotropy of pore-moisture, which can be seen in Figure 9.
Another finding from Figure 10 is that water saturation significantly increases the transverse
thermal conductivity of hemp when WS > 0.6. Finally, the experimental data on dry hemp
from the literature [33] agrees well with the numerical simulation.

Further, substituting the porosity 0.818 of hemp from the literature [34] into Figure 10
gives the variation of thermal conductivity of hemp with water saturation, as shown in
Figure 11. The curves of hemp with WS are similar to the pore-moisture in Figure 9.
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Figure 10. Effective thermal conductivity of hemp with porosity in various water saturation (WS:
water saturation, A| and A+ denote the axial direction of hemp and the direction perpendicular to the

axial direction, respectively).
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Figure 11. Variation in effective thermal conductivity with water saturation for hemp shiv.
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3.3. Effective Thermal Conductivity of Bio-Based Construction Materials
3.3.1. Mesh Size Analysis

Figure 6 shows a complex numerical model of bio-based composite, and it is necessary
to perform a mesh size analysis before studying the factors. A hemp volume fraction
of 0.25 was selected here to investigate the effect of mesh element size on the thermal
conductivity of the composite in horizontal and parallel directions. It should be noted that
in the study of bio-based composites, A|| represents the thermal conductivity parallel to
the compaction direction, and A represents the thermal conductivity perpendicular to the
compaction direction.

As shown in Figure 12, the thermal conductivity of the bio-based composite decreases
as the mesh element size decreases. The thermal conductivity varies slightly when the mesh
element size decreases from 0.2 to 0.1 mm. However, during this process, the number of
elements in the finite element numerical simulation increases from 2,007,549 to 10,049,154.
Therefore, a mesh element size of 0.2 mm was chosen in the study of bio-based composites.
The dimensions of bio-aggregates can be found in Figure 7.

0.144
77 L
0.140 4 f A
=
x
I -
g 0.136
=
20132-
(7]
@]
o
€
S 0.128 -
Y
o]
<
0.124
0.120

: T T 1
0.5 0.4 0.3 0.2
Mesh element size (mm)

Figure 12. Testing of mesh element size.

3.3.2. Validation with Experimental Data

It is necessary to validate the model with the experimental results before conducting
the parametric analysis. Figure 13 shows the comparison of the results of the numerical
simulations with the experimental results from the literature [23,40]. It is important to
note that the numerical simulation results in Figure 13 are based on the volume fraction
of macropores in Table 3, i.e., macro-porosity was assumed to be a constant at different
volume fractions of hemp, and then the density of the composite was calculated according to
Tables 1 and 2. It should also be noted that for the experimental results from CEREZO [40],
the authors did not distinguish the different thermal conductivity perpendicular and
parallel to the compaction direction, so there is only one type of value in Figure 13. In
contrast, the experiments from WILLIAMS [23] have different thermal conductivities in
different directions. It can be seen that the results from CEREZO [40] are between the two
curves in Figure 13 when the density is approximately from 200 to 850 kg/m?>. Moreover,
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the results of the numerical simulation agree approximately with the experimental results
from WILLIAMS [23].

0.20
| —=— )L (Numerical simulation)

0184 —e— || (Numerical simulation)
T * CEREZO
v
T 0164 4 AL (WILLIAMS)
£ 3| (WILLIAMS)
5 014
©
S 012 -
(o]
(8]
Q
£0.10 -
o
<
"5 0.08 4
<

0.06- *e

T T T T T T T T T T T T T T T
200 300 400 500 600 700 800 900
Dry density (Kg/m?®)
Figure 13. Comparison of numerical simulation with experimental data from [23,40].

3.3.3. Moisture

It is known from the previous sections that water saturation significantly affects the
thermal conductivity of pore-moisture and hemp. In detail, in the multi-scale model, water
saturation affects pore-moisture initially (Figure 9), then hemp (Figure 11), and finally bio-
based composite. Figure 14 shows the effect of water saturation on the thermal conductivity
of bio-based composites. Due to the high thermal conductivity of water compared to other
components, the increase in water saturation reduces the thermal insulation of bio-based
composite whether in the direction parallel or perpendicular to the compaction.

Further analysis in Figure 15A demonstrates the effect of water saturation on the
thermal conductivity of the material at different scales. A|| increases approximately linearly
with water saturation for pore-moisture and hemp shive. In contrast, it is nonlinear for the
bio-based composite. This can be explained by the different arrangements of the inclusions.
In bio-based composite, the inclusions are distributed randomly rather than linearly in the
plane perpendicular to the compaction direction. In pore-moisture and hemp shiv, heat
flow can be transferred directly through the tubular inclusions.

The effect of water saturation on the anisotropy of the pore-moisture, hemp shiv, and
bio-based compositeis presented in Figure 15B. They have similar trends since the materials
affect each other between different scales. This finding also illustrates that the macroscopic
properties of a material depend on its microstructure state. Moreover, from pore-moisture
to composite, anisotropy is decreasing as homogenization advances from microscopic to
macroscopic scales (WS > 0.1). This is due to the fact that the new phases are isotropic
materials at each step of homogenization, such as hemp solids and binders.
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Figure 15. Comparison of (A) thermal conductivity and (B) anisotropy in multiple homogeniza-
tion steps.

3.3.4. Shape of Bio-Aggregate

The multiscale homogenization models for inclusions with length and width of 4 and
1 mm has been discussed in the previous sections. However, on the one hand, the hemp
size depends on the source and the manufacturing method. On the other hand, there are
other local agricultural by-products specific to different countries and regions. Therefore, a
comparison of three different shapes of bio-aggregates was undertaken and is shown in
Figure 16. As can be seen from Figure 16, the thermal conductivity in the parallel direction is
almost the same for different shapes. In contrast, with respect to the perpendicular direction,
the thermal conductivity of inclusions with an aspect ratio (calculated by length/width)
of 2 is lower than that of the other shapes. This relative difference increases with water
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saturation. These findings can be explained by the anisotropy and arrangement of the
bio-aggregate. In the parallel direction, the transfer of heat flow needs to cross the cross-
section of the plant fibers. In this case, the shape of the fibers in the perpendicular direction
does not affect the properties in the parallel direction generally. On the contrary, in the
perpendicular direction, the heat flow prefers to transfer along the plant fibers rather than
cross them transversely, and the elongated plant fibers can better transfer the heat from one
side of the specimen to the other side. Conversely, for plant fibers with a low aspect ratio,
the heat flow from one side to the other side needs to cross more interparticle zones, which
will undoubtedly increase the thermal resistance. This phenomenon will continue to be
discussed in the next section based on finite element results.
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Figure 16. Comparison of bio-aggregates in various shapes.

3.3.5. Analysis of Fiber Orientation

Figure 17 shows the distribution of heat flux in the X- and Z-directions. Note that
the compaction is along the X-axis. The distribution of the heat flux in the X-direction
(Figure 17A) shows that the heat flux on each inclusion is almost the same. Moreover, it
is less than the heat flux on the matrix. This is because, in the X-direction, the heat flow
needs to pass through each inclusion transversely. Additionally, the transverse thermal
conductivity of the inclusions is lower than that of the matrix. As stated before, this
arrangement of inclusions increases the thermal resistance in the X-direction and contributes
to better insulation of the building material.

As for the distribution of the heat flux in the Z-direction, as shown in Figure 17B, the
heat flux varies significantly on the inclusion in different orientations. In this case, the initial
heat flow direction is along the Z-axis, so the inclusions oriented exactly in the Z-direction
have the maximum heat flux, as shown in fiber A in Figure 17B. The heat flux is minimized
when the fiber direction is perpendicular to the Z-axis, such as fiber D in Figure 17B.
Moreover, the heat flux on fiber D is approximately equivalent to that of the fibers in
Figure 17A, since the heat flow crosses the fibers transversely in both cases. In summary;,
the larger the angle (acute angle) between the fiber direction and the Z-axis (initial heat
flow direction), the lower the heat flux. For example, the angle in fiber: C>B > A; as a
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result of heat flux: A <B < C. The heat flow tends to transfer along the bio-aggregate rather
than across it because of its anisotropy.

Figure 17. Analysis of plant fiber orientation based on finite element results (the compaction direction
is in the X-axis. (A)—thermal flux X, (B)—thermal flux Z).

4. Conclusions

The purpose of this study is to develop a multi-scale numerical model to analyze
the effect of the microstructure of bio-based construction materials on thermal conductiv-
ity. These factors were considered in this model: size, shape, orientation, porosity, and
water saturation of plant fibers. The study of these factors can link microstructure and
macroscopic thermal conductivity, which ultimately promotes the application of bio-based
concrete as an insulation material in buildings. Moreover, considering the lack of research
on numerical modeling, especially those involving multi-scale microstructures, in bio-based
building materials, this study can make a contribution to the current literature. Addition-
ally, the analysis of shape and porosity undertaken here can extend our modeling to more
types of plant aggregates.

Based on the numerical simulation results, the main conclusions can be summarized
as follows:

e  For individual plant fiber, the thermal conductivity in the axial direction is greater
than that in the transverse direction. For bio-based construction material, the thermal
conductivity along the compaction direction is less than that perpendicular to the
compaction direction.
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e  The anisotropy (the ratio of thermal conductivity in two directions) of both individual
fiber and bio-based construction material increases initially, then decreases with water
saturation. They take a maximum of about 0.4 water saturation.

e For transversely isotropic bio-aggregates, such as hemp, the thermal conductivity
(WS <0.8) decreases with porosity. Moreover, the decline rate decreases with wa-
ter saturation.

e  The thermal conductivity of hemp and bio-based construction material increases with
water saturation in both parallel and perpendicular directions. Further analysis shows
that the parallel thermal conductivity of hemp increases linearly with water saturation,
in contrast to the non-linear increase in thermal conductivity of bio-based material.

e  Comparing the inclusions with different shapes (length/width = 2, 4, and 10), in
the direction of compaction, the thermal conductivity of the bio-based material is
almost independent of the shape. In the direction perpendicular to the compaction,
the thermal conductivity at the length/width of two is lower than that of the other
shapes, and the relative difference increases with water saturation.

e The analysis of the plant fiber orientation shows that the heat flow tends to transfer
axially along the fiber rather than transversely across it. The heat flux on the fiber
decreases with the angle (acute angle) between the fiber and the initial heat flow. This
can be explained by the transversely isotropic structure of the plant fibers.
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