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Abstract: This study investigates the prediction of the thermal conductivity of lightweight earth and
raw earth blocks incorporating plant aggregates. Given the high variability of raw materials, it is not
currently possible to predict the thermal performance of this type of material before sample produc-
tion. This is a major obstacle to using these eco-materials, although their use is widely encouraged to
improve building performance under evolving regulatory frameworks such as The French RE2020
standard. The incorporation of plant aggregates into earth-based materials offers improved insu-
lation properties without compromising their mechanical integrity, positioning them as promising
sustainable alternatives. Mean-field homogenization techniques, including the Mori-Tanaka as well
as double inclusion models, are used to develop predictive tools for thermal behavior, using rigor-
ously selected experimental data. The selected methods are particularly relevant. The Mori-Tanaka
model appears to be better suited when the proportion of aggregates is limited, whereas the double
inclusion scheme proves its worth when a higher proportion of aggregates is incorporated. This
study emphasizes the influence of aggregate types and processing methods on thermal conductivity,
highlighting the need for precise formulation and processing techniques to optimize performance.
This paper demonstrates the relevance of the applied homogenization techniques applied. It enables
the real morphology of the materials studied, such as aggregate shape and intrinsic cracking, to be
taken into account. It contributes to the advancement of eco-material modeling toward predictive
digital twins, with the goal of simulating and optimizing complex material behavior under various

environmental conditions.

Keywords: multiscale modeling; geo-based building materials; thermal conductivity; optimization

1. Introduction

Composed of plant aggregates coated in a matrix of raw earth, lightweight earth
provides insulation while offering a denser material than loose insulation. Such a property
not only improves the performance of buildings in terms of summer comfort, but it makes
it easier to meet the new targets set by the RE 2020 French standard as well. Lightweight
earth is therefore a particularly promising building material. The incorporation of plant
aggregates in raw earth blocks, in a lower proportion than in lightweight earth, can also
be justified to improve insulation capacity. Interestingly, this incorporation can lead to
mechanical properties close to those of raw earth blocks without plant additives. So far,
the literature does not contain any report of any deleterious reaction between the raw
earth matrix and the plant aggregate, unlike what occurs with hydraulic matrices used
in plant-based concretes [1]. Raw earth-based materials incorporating plant aggregates
are therefore of particular interest, hence the decision to consider them as a priority when
proposing and validating models for predicting thermal behavior.

This article focuses on thermal conductivity prediction for various lightweight earths
and raw earth blocks incorporating plant aggregates. Recent work carried out under
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the RILEM TC 274-TCE program highlights the difficulty of characterizing this type of
composite material, especially from a thermal viewpoint [2]. Temperature and relative
humidity conditions influence measurements, although there is no consensus on a well-
defined measurement protocol to date [3]. The wide variety of formulations (nature of
the plant aggregate, volume fraction of aggregates, etc.) equally complicates an identifi-
cation of the most significant criteria and increases the growing number of campaigns as
confirmed by the literature. Such a variability component probably explains the lack of
modeling references in the field of raw earth building materials to date [4]. Authors are
led to consider model materials in an attempt to understand the specific nature of these
materials [5]. Meanwhile, few modeling studies have explored the possibility of predicting
their insulating capacity from formulation data specifically. This study uses mean-field
homogenization techniques (the Mori-Tanaka [6] and double inclusion schemes [7]) to offer
a tool for predicting the thermal conductivity of these eco-materials.

In this sense, experimental work from the literature is rigorously selected to serve
as a basis for the study. Two types of representative volume elements (RVE) are tested to
assess the effective thermal conductivity of each of the materials, through a homogeniza-
tion process. The aim is to identify the most relevant description in line with the actual
morphology of the material (shape and orientation of the plant aggregates, cracking stage
after the drying phase).

Additionally, the lack of comprehensive porosity data requires further calibration
to account for “global cracking”. This concept includes both drying cracking in a plane
perpendicular to compaction and binder/aggregate porosity. When air inclusions are
considered in the RVE, they represent both the cracks within the matrix and the porosity
at the matrix/aggregate interface. Particular attention is given to the accessibility and
consistency of model input data, although the proportion of composite cracking remains
unknown in the selected works. Consequently, this lack of data makes it necessary to
formulate working hypotheses.

The proposed RVEs, which are consistent with the actual microstructure of the ma-
terials, make it possible to predict the thermal conductivity of rammed earth materials
incorporating plant aggregates in a consistent manner. Thence, this study highlights the
need for further work to assess the impact of changes in microstructure on the thermal
performance of materials. One of the identified goals is to be able to guide pre-production
testing and thus contribute to optimizing the formulation of geo-sourced materials. Model-
ing also enables an exploration of the impact of other parameters such as aggregate shape
or orientation. Thence, another goal is to provide modeling results to serve as a basis
for discussion on the establishment of thermal conductivity measurement procedures for
earth-based building materials that will result in a consensus in the scientific community.

2. Material Description
2.1. Lightweight Earths

Lightweight earths made from plant aggregates and raw earth binders offer inter-
esting hygrothermal properties and are particularly environmentally friendly, given the
local availability, recyclability, and ecological nature of their constituents [8,9]. They pro-
vide a very low-impact construction solution. Lightweight earths are manufactured by
incorporating plant aggregates (e.g., agricultural by-products) into pre-wetted earth. This
earth binder can be obtained from quarry fines from aggregate washing processes coming
from the chemical or concrete industries [10]. Excavated earth can also be used directly on
the construction site to produce earth-based building materials [11]. These materials are
particularly heterogeneous due to the binding phase, which coats the plant aggregates to a
greater or lesser degree. Additionally, the aggregates vary in shape and size (see Figure 1).
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Figure 1. Picture (left) and several close-ups (right) of lightweight earth (sunflower pith in earth-
based binder matrix).

Macroscopically, these materials can be described in two distinct ways. Depending
on the formulation, the earth-based binder may be predominant with a few visible aggre-
gates [10]. Alternatively, the aggregates are coated with earth and bonded together (see
Figure 1).

2.2. Earth-Based Binder

A change in raw-earth binders could be used to predict the thermal behavior of
composites so as to help optimize formulations. The aim is to explore how the intrinsic
variability of earth can be taken into account on the scale of the resource (earth alone) to
explore later on the composite scale. A study is therefore carried out on a wide range of
earths and on their thermal conductivities, in an attempt to identify trends that could then
be used in modeling.

2.3. Plant-Aggregates

The plant aggregates selected for this study in earth-based composites are hemp shiv,
sunflower bark, and sunflower pith. Hemp shiv and sunflower bark exhibit macroscopic
cylindrical shapes and tubular pores. The aspect ratios were determined through particle
size analysis in the studies that provided the thermal conductivities of the composites.
Otherwise, they were extracted by the same authors in preliminary works [10], ensuring
consistent input data and mitigating the impact of resource variability [12].

The aspect ratio of hemp shiv is 3.3 as reported by Laborel-Préneron et al. (2018) [13],
and the aspect ratio of sunflower bark is 3.4 according to Lagouin et al. (2019) [1]. Sunflower
pith, characterized by honeycomb pores, is predominantly spherical (see as described by
Lagouin et al. (2020) [14], Magniont et al. (2012) [15] and Arufe et al. (2021) [16]) at the
macroscopic scale [17] with an aspect ratio very close to 1. The assumption of spherical
inclusions for sunflower pith in mean-field homogenization was validated in previous
research [18].

2.4. Earth-Based Materials Incorporating Plant Aggregates

Experimental data for lightweight earth are selected according to various criteria.
Finding studies that provide all the necessary information for the homogenization approach
proved challenging. The selected composites and the associated data are listed in Table 1.
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Table 1. Earth composites selected for the study: experimental characteristics.
. Volume Porosity of the Thermal
Coflfr:)l;ite Reference Binder/Aggregate (Ee:iljg’) Fraction of the Composite Conductivity h/ICe()ars‘E;fi?s:t
P & Aggregate (%) (W-m—1.K-1)
FH3-Laborel Laborel FWAS/Hemp shiv 1519 + 38 0.22 / 0.30 4 0.01
Préneron et al. 25 °C, dry state
FH6-Laborel 2018 [8] FWAS/Hemp shiv 1271 + 16 037 / 0.20 + 0.01
CSP-Belayachi ~ Brouard etal. ~ Clay/Sunflower 235 / 90 0.055
Pith
2018 [19] Dry state
. Belayachi et al. Clay/Sunflower
CSB-Belayachi 2022 [20] Bark 714 / 64 0.158

These materials are used as a basis for comparing the different modeling tools men-
tioned in Section 3. It is worth noting that the aggregate volume fraction in the study by
Laborel-Préneron et al. [8] is determined under the assumption of a binder matrix contain-
ing aggregates free from additional porosity. Indeed, these values can be found using the
density of the washing fines (binder) and the density and the mass proportion of plant
aggregates of each composite. However, the nature of the porosity reported in the work of
Belayachi et al. [20] is not specified. For the sunflower pith and clay composite, given its
very high value, total porosity (including intra-granular and inter-granular) was assumed.

Furthermore, in order to link the thermal conductivity of the stabilized material to its
formulation, i.e., the material in its fresh state, it is valuable to specify the volume fraction of
each component. The literature provides information on formulations, summarized in Table 2.

Table 2. Formulation of selected earth-based composites from Labore-Préneron et al. [10] and
Brouard et al. [19].

Lightweight Earth Binder (%) Aggregate (%) Water (%)
FH3-Laborel / 3 17
FH6-Laborel / 6 20

Binder/Aggregate Water/Binder Aggregate/Clay
Weight Ratio Weight Ratio Volume Ratio
CSP-Belayachi 2.4 1 26
CSB-Belayachi 2.4 1 47

It is worth noting that authors use varying terminology when discussing formulation,
complicating the extraction of input data for modeling purposes. Initially, aggregate volume
fractions, calculated from density and mass proportions, did not take additional porosity
into account. Subsequently, a 10% porosity was considered to account for the cracking
post-drying phase with an adequate preferential orientation. This adjustment is based on
literature indicating a high cohesion of these materials [21].

Finally, when applying the double inclusion model, the volume fraction of the coating
part becomes a critical input. Though no specific data are available in the literature, a
credible value is set at 20%. The percentage of coating is adjusted in the modeling process.

3. Methodology
3.1. Mean-Field Homogenization (MFH) Methods: Double-Inclusion and Mori-Tanaka Models

To determine the effective thermal conductivity tensor, mean-field theories utilize con-
centration tensors that relate the averaged fields at the microstructure level (i.e., inclusions
and matrix) with the corresponding macroscopic fields. The double-inclusion (D-I) model,
based on the theory by Hori and Nemat-Nasser [7], is employed. This model assumes that
each inclusion in each phase is surrounded by a hollow inclusion embedded in an outer
matrix. Additionally, it is assumed that both inclusions share altogether the same aspect ratio,
symmetry axis, center, and volume ratio as the inclusions and matrix in the composite.
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By setting the coating phase with the same properties as the matrix, the Mori-Tanaka
(M-T) model can be derived from the double-inclusion model. The analytical approach
presented here—via the Mori-Tanaka and double inclusion models—is a well-known
technique of mean-field homogenization. It is usually applied in disciplines other than
earth-based building materials [16-18]. Although such a technique is generally used for
elasticity tensor, it can be efficiently transposed to the effective conductivity tensor (refer to
its relevance in numerous works [18-22]).

The M-T model is based on an approximate use of Eshelby’s solution. Inclusions are
embedded in a matrix. Each inclusion is surrounded by a region of the matrix with the
interaction between the inclusions and the matrix being averaged. This relationship can be
expressed through the following equations [22]:

-1
n
A =Y £ AAMT with AMT = Ag‘(Zﬂ'Af)) M
r=0

where A is the effective thermal conductivity tensor of the representative volume
= hom
element (RVE), A is the thermal conductivity tensors of the r-th phase (matrix or inclusion),

=r
fr is the volume fraction of the r-th phase, and A, is the concentration tensor of the
r-th phase.
The concentration tensor is noted Ag for the matrix, and it is equal to the § Kronecker

symbol. The inclusions are supposed to have identical properties: their concentration

tensor A9 is determined as follows:
-1
5+ P, <Ai —)\0>] 2)

where P, is the second-order interaction tensor and A; and Ag are, respectively, the thermal

AQ =

ConducEiVity tensor of the i inclusion and of the 0 matrix.
The inclusion shape is taken into account thanks to the S, depolarization tensor which

is linked to P, through the relationship:

-1
Pr =5 (2\0) ®3)

One of the challenges of homogenization deals with heterogeneous materials with ran-
dom microstructures. The arrangement of phases is not perfectly known; the microstructure
of geo-based building materials is particularly complex, featuring multiscale porosities [23].
Information on phase arrangement at the microscopic level can only be provided through
the volume fractions f, of the constituents as follows [24]:

3.2. Challenges in Homogenization

Ve . N
fr= g with Vier = } Vi + Vay (4)
0 r

where V; and V, are, respectively, the volumes of inclusions and of the matrix in the total
volume Vj,; of the RVE.

The application of homogenization models onto the materials considered here is no
trivial matter. However, in the literature, material formulations typically only specify the
mass relationships between the constituents. This poses a significant challenge in determining
the input data for homogenization and, consequently, in calculating the effective thermal
conductivity tensor. To address this point, a correspondence between mass ratios and volume
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ratios can be explored, using X-ray tomography images [25]. In the absence of information
for earth-building materials, assumptions about volume fractions at the material scale are
necessary, followed by calibration. At the particle scale, previously validated methods are
used to account for relevant volume fractions [26], such as intra-particle porosity [27,28].

3.3. Particulate Orientation

The concentration tensor in Equation (1) depends on a Hill tensor, which takes the
variability of the microstructure in terms of the orientation and the shape of the inclusions
into account [28].

In the analytical approach proposed here, the orientation of aggregates in composites
can be characterized by two angles, with ® the angle between the primary axis of the
inclusion and the Z-axis in global coordinates and ¢ the angle between the projection of the
inclusion onto the XY plane and the Y-axis. Image analysis based on microstructure data
could provide information on the actual orientation of particles in the composites studied.
While some work on plant-based concretes has produced initial results [14], such data are
not available for lightweight earth. Due to this lack of precise data on the orientation of
aggregates within the studied materials, this study adopts two key assumptions.

First, it assumes a fully random orientation of aggregates in all spatial directions,
named the “random 3D” assumption as if the implementation technique was free on any
no impact on the orientation of the inclusions. Secondly, it assumes that the compaction
process during placement results in a random orientation of aggregates confined to the XY
plane, termed the “random 2D” assumption. The high compaction rate of the techniques
used may support this second hypothesis [10].

3.4. Particulate Thermal Conductivity Tensor

The effective thermal conductivity, influenced by the anisotropy of each RVE, is
described by a tensor with components as follows:

AEB0 0
A =0 AFF 0 (5)
kB 0 0 AP

These components may vary depending on the orientation of particles, which is
significant in the case of earth-based composites. The manufacturing process can influence
the particles’ preferred orientation and therefore the properties of the final material [10].
Thus, in order to evaluate the impact of particle shape and orientation on the effective
thermal conductivity of the composite, plant aggregates are considered as anisotropic
inclusions in this study.

3.5. Representative Volume Element (RVE)

Each constitutive model is based on an RVE to conduct the homogenization pro-
cess. Consequently, each RVE is carefully defined to take the specific characteristics of
lightweight earths into account, in particular the development of cracks perpendicular
to compaction after drying [10]. Homogenization enables the determination of effective
thermal conductivity in scalar or tensor forms, depending on the calculation assumptions.
It should be pointed out that various RVE configurations can be considered by drawing
inspiration from both the macro- and microstructure of materials.

First, under the assumption of a low volume fraction of aggregates, the earth matrix
contains aggregates as inclusions, with no additional porosity apart from particulate and
binder intrinsic porosities. This type of RVE is designated as “EB-1".

In the manufacturing process of lightweight earth, the literature reports the occur-
rence of cracks perpendicular to compaction after compaction and drying. Cracking in a
stabilized state is taken into account by spheroidal air inclusions with an aspect ratio of
20 for consistency (5 to 15 times longer than aggregates), randomly oriented in the plane
perpendicular to compaction [10]. This type of RVE is referred to as “EB-2".
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Finally, plant particles may appear to be simply embedded within the earth matrix, in
arelatively random arrangement. In this context, an RVE describing coated particles bathed
in an air matrix looks relevant as well (see Figure 1) This latter case is noted as “HB-3".

Figure 2 provides further illustration of the various models defined in this study.

RVE-EB-1 RVE-EB-2 RVE-EB-3
@ -
-_ —

0 =A\7 'S\

/ Aggregate
, Aggregate coated with earth-based binder |:| Earth matrix

«——— Crack | air) |:| Air matrix

Figure 2. Different types of RVE considered for the analytical homogenization of earth-based materials.

The Mori-Tanaka scheme is applied in the RVE-EB-1 and the RVE-EB-2 patterns. The
double inclusion scheme is used for the RVE-EB-3 structure. The two analytical approaches
are based on different homogenization assumptions (cf. Section 3.1). In addition, the
representative volume elements are significantly different. In the Mori-Tanaka scheme,
the binding matrix is represented by earth. In the case of the double inclusion scheme the
matrix enclosing the embedded inclusions is made up of air.

3.6. Overall Study Strategy

In order to clarify the overall approach carried out in this study, a flowchart has been
designed (Figure 3). It highlights three main steps: the input data determination for the
homogenization process, the model validation, and the optimization phase according to
different criteria.

RVE inspired by the

3 different
morphology of mosats
materials
Model validation for Definition of the Calibration

most suitable (cracking or

each composite e coating)

Influence of parameters
on thermal Aggregate Aggregate Aggregate
performance Type Shape Orientation
optimization

Figure 3. Flowchart of the methodology used in this study.
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4. Application, Validation and Optimization
4.1. Modeling Input Data
4.1.1. Particulate Thermal Conductivity

Thanks to previous work [26,27], particulate thermal conductivity can be determined
by both the density of the bulk particles and the thermal conductivity value measured on
the same bulk particles. Since the required data are available in the selected references,
each component of the particle thermal conductivity tensors is calculated. Hence, these
dry reference values at the temperature of 20 °C are selected as reference values. If needed,
corrections are made according to the experimental conditions of the thermal conduc-
tivity measurements on composites since thermal conductivity depends on temperature
and relative humidity. The particulate values calculated and used as input data in the
homogenization process are listed in Table 3.

Table 3. Particulate thermal conductivities values calculated under 20 °C and in a dry state.

Modeled Particulate Thermal

Calculation Method S 1
Reference Type of Aggregate in Reference of Rosa Conductivity (W-m—1-K™)
Latapie et al., 2023 [27-31] AT AN
Laborelz'gfgnfgon etal, Hemp shiv 0.044 0.066
[10] From measurement on
Sunflower pith bulk particles Aiso = 0.08
Brouard et al., 2022 [19]
Sunflower bark 0.045 0.068

4.1.2. Binder Thermal Conductivity

A correlation is commonly highlighted in the literature between the density of a bio-
sourced material and its thermal conductivity [14]. The purpose of this section is to explore
whether this trend is confirmed on the specific scale of earth-based binders. A compilation
of literature data [8,32-38] clearly demonstrates that no trend emerges between thermal
conductivity and material density (Figure 4). It is therefore necessary to systematically
measure the thermal conductivity of the earth material alone used as binder, in order to
have this input data for modeling.

1.6
— 14 ©
0 A &
X
<12
S ¥ Laborel-Préneron et al 2018
| &
~ » Cagnon et al 2014
iy
= 08 X Hall et al 2009
o XX X
- " Liuzzi et al 2013
g 0.6
O ) X Toure et al 2017
< 0a ’
g # Palumbo et al 2016
o
= 0.2 A lLimaetal 2020

0
1600 1700 1800 1900 2000 2100 2200

Density (kg.m-3)

Figure 4. Thermal conductivity of an earth-based binder as a function of its density [13,29-34].
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These observations are consistent with various studies that have highlighted the
significant variability of earth materials (constituents, clay content, etc.) and the difficulty
of predicting their thermal conductivity [39,40].

Thereafter, it is assumed that any change in an earth-based binder requires a thermal
conductivity measurement before prediction and optimization. Consequently, changes to
raw earth binders are therefore not considered in this study. The original earth binders are
maintained for the optimization phase.

4.1.3. Volume Fractions

The particulate thermal conductivities determined in the dry state are not corrected (cf.
Table 3) since the experimental thermal conductivity measurements are taken on pre-dried
composites. The thermal conductivity of the binder is considered constant, although the
literature reports sorption—particularly in raw earth materials—and consequent changes
in thermal conductivity [34]. Finally, the volume fractions of the aggregates are either
extracted from the experimental study [8] or calculated from the mass ratios and densities
of the constituents, initially assuming no additional porosity within the final composite [20].

In the case of lightweight earth, the input data—required for the various homogeniza-
tion calculations carried out in this study—are listed in Table 4.

Table 4. Input data common to modeling for earth-based composites at a dry state and at a tempera-
ture of below 25 °C.

Earth-Based Binder Aggregate
Particulate Thermal
. Thermal Particulate Conductivit
. D y A
Composite e e_r:z) Conductivity ~ Density (W-m-1.K-1) ; (;IC‘EEE Rs;ﬁf;t
& W-m-1K-1)  (kgm3)
At AN
FH3-Laborel 0.22
0.57 £ 0.03 248 0.044 0.066 —— 33
FH6-Laborel (FWAS) 0.37
CSP-Belayachi 56 AN = AT = 0.08 or 0.04 0.79 1
900 (clay) 0.27
CSB-Belayachi 425 0.045 0.068 0.39 34

4.2. Validation
4.2.1. Fine-Based Composites

e  FH3-Laborel composite

For the first earth-based building material reference modeled in this study, referred to
as HF3-Laborel, the results of the analytical homogenizations are gathered in Figure 5.

Several aspects can be highlighted in these results: Models using the double inclusion
scheme give inconsistent results, diverging from the experimental value by almost 80%.
Avoiding the cracking after drying stages results in an overestimation of the experimental
value by around 40%.

Moreover, the most appropriate model is undoubtedly the one that considers cracks
in a plane perpendicular to compaction, with a deviation of around 15% from the target
value. Consequently, the FH3-Laborel-3 model is retained for the rest of the study.

It is noted that the difference between 3D and 2D models is insignificant. The percent-
age of cracking in this case was initially set arbitrarily at 10%.

The following step is to refine this percentage to calibrate the model from experimental
data. It was carried out by considering the average of the components given by the
homogenization process to simplify the comparison with the experimental single scalar
value (Figure 6).
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0.4

0.35

e
w

0.25

e
N

0.15

Thermal conductivity ( W.m-1.K-1)
e
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FH3-Laborel Normal component Transverse component

M Experimental value M FH3-Laborel-EB-1-3D M FH3-Laborel-EB-1-2D M FH3-Laborel-EB-2-3D
M FH3-Laborel-EB-2-2D M FH3-Laborel-EB-3-3D M FH3-Laborel-EB-3-3D

Figure 5. Results of predicted values concerning FH3-Laborel composite compared to the experimen-
tal value.

18.0
16.0
14.0
12.0
10.0
8.0 —@— FH3-Laborel-EB-2-3D
6.0
4.0
2.0
0.0

a» @» FH3-Laborel-EB-2-2D

Relative deviation to
experimental value

0 10 20 30
% of cracking phase considered
Figure 6. Calibration of cracking percentage in FH3-Laborel-EB-2 type models.

The graph in Figure 6 reveals that with an unassuming cracking percentage of 18%,
the model predicts a value within 2% of the experimental one. Thence, this calibrated
percentage is adopted for subsequent analysis.
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Interestingly enough, the orientation of particles, whether considered or not, has a
minimal impact on the model’s predicted value, likely due to the cracking’s predominant
influence perpendicular to compaction. The influence of plant aggregate orientation would
therefore be negligible when considering the volume fractions of the actual composite. The
FH3-Laborel-EB-2 model is thus retained for this composite to further study the subsequent
impact of particle orientation and aspect ratio.

e  FH6-Laborel composite

For the FH6-Laborel composite, in which the mass proportion of hemp shiv is twice
that of the FH3 composite, the homogenization results also demonstrate the beneficial
impact of including cracking on the Mori-Tanaka model (Figure 7).

FH6-Laborel Normal component Transverse component

B Experimental value M FH6-Laborel-EB-1-3D M FH6-Laborel-EB-1-2D M FH6-Laborel-EB-2-3D
M FH6-Laborel-EB-2-2D M FH6-Laborel-EB-3-3D W FH6-Laborel-HB-3-3D

Figure 7. Results of predicted values concerning the FH6-Laborel composite compared to the
experimental value.

The key findings include:
- Models only considering the raw earth matrix and aggregates overestimate the effec-
tive thermal conductivity of lightweight earth by almost 50%.
- Models based on the double inclusion scheme underestimate the experimental value
by an average of 60%.
The most relevant model is clearly the EB-2 model, with a relative deviation from the
experimental value of around 20%.
As in the previous section, the adjustment of the volume fraction of air in the composite
(i.e., cracking) is necessary before using this model further in the study (Figure 8).
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% of cracking phase considered

Figure 8. Calibration of cracking percentage in FH6-Laborel-EB-2 type models.

Assuming a percentage of 24% cracking, Figure 8 reveals that the model predicts a
value within 1% of the experimental value. Consequently, this calibrated value is adopted,
and the FH6-Laborel-EB-2 model is selected to represent the FH6-Laborel composite.

With the calibration system, it is worth noting that with calibration a slightly higher
cracking value is obtained in the case of the FH 6 composite due to its higher aggregate
content. That element may potentially affect air space due to binder matrix bridging
observed in some instances [37].

4.2.2. Clay-Based Composites
e  (CSP-Belayachi

In the case of sunflower pith composites, the components of the thermal conductivity
tensor are strictly equal for the EB-1 and EB-3 models due to particle isotropy. The consid-
eration of cracking in the case of EB-2 induces a slight anisotropy which is neglected. The
values of the normal and tangential components differ by less than 5%. Furthermore, as
discussed in the section, the two particulate values of 0.04 and 0.08 W-m~!-K~! have been
tested in the modeling. The predicted values of the different models are compared with the
experimental one in Figure 9.

Regardless of the model considered, taking into account the particle value of
0.08 W-m~1.K~! systematically overestimates the experimental value by more than 50%.
The value of 0.04 W-m~!-K~! is adopted for the rest of the study as it is considered more
relevant in light of these results along with previous work [18]. The EB-1 type model
overestimates the experimental value by 40% and is therefore considered unsuitable. Mean-
while, The EB-2 and EB-3 models—based, respectively, on the Mori-Tanaka Model (with the
cracking phase) and the double inclusion model—approach the experimental value to less
than 15%. Both types of models appear relevant. It may be difficult at this stage to consider
any value more valid than the other. Given the lack of data available in the literature, both
include arbitrary but plausible values. As a reminder, type EB-2 uses a cracking value
of 10%, whereas type EB-3 uses a coating proportion of 20%. Insofar as the aim of the
developed models is to best reflect the morphology of the material studied, the double
inclusion model is adopted, and the proportion of coating adjusted (Figure 10). Considering
the volume fraction of plant aggregates as being close to 80%, the CSP-Belayachi compos-
ite appears to be closer to a description in which the coated aggregates are immersed in
an air matrix.
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Figure 9. Results of predicted values concerning the CSP-Belayachi composite compared to the
experimental value.
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Figure 10. Calibration of coating percentage in CSP-Belayachi-EB-3-3D model.

In the following sections, particle coating is estimated at 20% for the CSP-Belayachi
composite as it provides a deviation between model and experimental values of less
than 1%.

e  (CSB-Belayachi

The results of thermal conductivity prediction for the CSB-Belayachi composite are
presented in Figure 11.
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Figure 11. Results of predicted values concerning the CSB-Belayachi composite compared to the
experimental value.

For this composite, the EB-3 type models underestimate the experimental value by
over 60%. They are consequently rejected. The EB-1 model, which takes no cracking into
account, overestimates the experimental value by 6%. Furthermore, the measurement
uncertainty is not specified in the selected references [13,14], but this difference could
probably be included in it. A cracking adjustment on the EB-2 model shows that an
error of £1% is reached between the modeled value and the experimental value when
considering a cracking of 3% instead of 10% (initial value arbitrarily set). This point is
illustrated in Figure 12.

These results demonstrate the consistency of the two types of modeling and the
possibility for the given composite to neglect the cracking phenomenon that appears, to a
certain extent, after drying. Hereafter, the authors have agreed to adopt the model offering
a predicted value closest to that measured one. For this reason, the EB-2-2D model with 3%
cracking has been retained for the CSB-Belayachi composite.

4.3. Optimization Criteria

To optimize the effective thermal conductivity, this section will be investigating three
specific parameters that can influence this property.

4.3.1. Influence of Aggregate Type on Thermal Properties

The use of an analytical homogenization approach to investigate how different aggre-
gates influence composite materials is favored. By incorporating sunflower pith, sunflower
bark, or hemp shiv, while keeping other parameters constant—such as formulation and
processing conditions—the study aims to optimize the material formulation. Undeniably,
the impact of these aggregates on effective thermal properties is crucial for enhancing the
performance and efficiency of the composite material.
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Figure 12. Calibration of cracking percentage in CSB-Belayachi-EB-2-models.

4.3.2. Influence of Aspect Ratio Variation on Thermal Conductivity

In the modeling process, the particle aspect ratio is fixed in the first instance. The
input values are those specified in Section 2.2. Due to their natural origin and extraction
methods, aggregates actually come in a wide range of sizes; this is extensively documented
by Granulometric analyses in the literature [40-44]. However, for optimization purposes, it
is crucial to examine the impact of the various aspect ratios of the aggregates.

Selecting plant aggregates with uniform shapes for experimental studies is particularly
challenging. Indeed, modeling enables the investigation of how plant particle aspect ratios
affect thermal properties. Within this scope, the range of aspect ratios selected for this
study aligns with data reported in the literature. For instance, hemp shiv has an aspect
ratio ranging from 2.28 to 8.75, sunflower bark ranges from 2.99 to 4.74, and sunflower pith
varies between 1.00 and 1.50 (Ratsimbazafy et al., 2021 [17]).

4.3.3. Influence of Preferential Orientation on Thermal Behavior

Due to the anisotropic thermal behavior of plant particles, the shape of the aggregate nec-
essarily influences the effective thermal conductivity of the resulting geo-sourced composite.
In addition, the preferential orientation of these particles within the material—whether due
to compaction or spray application [38,39]—adds to the phenomenon and probably amplifies
or compensates for the inherent anisotropy of the particles.

Regarding particle orientation, various cases are tested, ranging from random orien-
tations to the extreme case of the perfect alignment of all particles in the same direction.
It is important to note that while perfect alignment does not correspond to any practical
implementation seen to date, exploring this extreme case allows for a more comprehensive
discussion of the material’s thermal behavior.

5. Results
5.1. Initial Modeling

In each study within this section, only the calibrated model appropriate for each
composite is utilized. When particle orientation is not specifically examined, a random
distribution is adopted if it results in a smaller relative deviation from the experimental
value compared to orientation in a plane. To investigate the effect of changing aggregates
(either in nature or shape factor), it is assumed that all other modeling parameters remain
constant. During the optimization process, the reference thermal conductivity, denoted as
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/\‘Z:;’Zf ' is determined by the modeling results. The thermal conductivities associated

with selected models and their calibration values are detailed in Table 5.

Table 5. Recapitulation of the models chosen for each composite and the reference thermal conductiv-
ity values before optimization.

Earth-Based Materials

Composite FH3-Laborel FH6-Laborel CSP-Belayachi CSB-Belayachi
Model type EB-2-2D EB-2-2D EB-3-3D EB-1-2D
Calibrated value 18% cracking 24% cracking 15% coating /
Acomposite [W-m ™1 K] 0.3 0.2 0.055 0.158
ACOMPOSHE 7. m—1.K 1] 0.304 0.201 0.055 0.159
Relative deviation 3% 1% 1% 1%

s 0.304 (ref.)
L7
0.30

o o o o
= = N N
<) « <) «n

Thermal conductivity (W.m-1.K-1)
o
=

0.00

0.201 (ref.)

Calibration allows for a consistent prediction of modeled thermal conductivity to
below 5% of the experimentally measured value. Based on this value, simulations are
conducted by varying several criteria: the type of plant aggregate, the aggregate shape
factor, and the aggregate orientation.

5.2. Influence of Aggregate Type on Thermal Conductivity

Simulation results allow for assessing the impact of each composite’s substituted
aggregate on thermal conductivity (Figure 13). For instance, in a composite, hemp shiv is
replaced by sunflower pith or sunflower bark, as described in Section 4.3.1. The composites
are abbreviated with letters here below: H for hemp shiv, SP for sunflower pith, and SB for
sunflower bark.

0.339

0.303

0.055 (ref.)

0.196

0161 9159 (ref.) 0.154

HEMP SHIV SUNFLOWER BARK SUNFLOWER PITH

Type of aggregate in the composite

M FH3 -Laborel FH6-Laborel B CSP-Belayachi m CSB-Belayachi

Figure 13. Impact of a plant aggregate change in lightweight earth.

The sunflower pith stands out as the optimal plant-based aggregate for thermal
performance across all composite types due to its consistently low particulate thermal con-
ductivity. Conversely, composites incorporating sunflower bark exhibit the lowest thermal
efficiency, which is attributed to its significantly higher particulate thermal conductivity
compared to hemp shiv and sunflower pith.
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In FH-Laborel composites, substituting hemp shiv with sunflower pith does not
notably alter thermal conductivity. This is likely due to the similar particulate thermal
conductivities of the aggregates and the relatively low aggregate volume fractions in
FH3 and FH6 composites (less than 50%). However, if sunflower bark is used, thermal
conductivity increases by 10% in FH3 and 20% in FH6, consistent with the higher mass
fraction in FH6.

5.3. Effect of Aggregate Shape on Thermal Conductivity

Due to the variability in resources, the literature reports different aspect ratio values
for a given type of plant aggregate [17]. Therefore, assuming a uniform particulate thermal
conductivity, the aspect ratios of aggregates in each composite are adjusted across the
range documented in the literature (see Section 2.2). These aspect ratios are input data
for the homogenization process. The aim is to examine the impact of this variation on
each composite’s effective thermal conductivity. The outcomes of these homogenization
calculations are depicted in Figure 14.
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X
—
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0.055
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ASPECT RATIO
Figure 14. Impact of an aggregate aspect ratio change in modeled composites.

Based on our homogenization calculations across the selected composites, the aspect
ratio can influence thermal conductivity notably when a wide range of values prevail due
to variability in raw materials. However, in comparison to measurement uncertainties, this
influence is generally negligible regarding the thermal conductivity of the composites under
study. It is substantial to highlight that our modeling assumed fixed aspect ratios, whereas
in reality plant aggregates exhibit a specific size distribution, which can be quantified
through particle size analysis [40]. This study could therefore be extended by incorporating
the results of a granulometric analysis of aggregates used in lightweight earth materials.

5.4. Impact of Aggregate Orientation on Thermal Conductivity

Current processing techniques tend to favor a preferential orientation of plant particles
in the plane perpendicular to either compaction or projection. In order to consider the de-
velopment of new techniques that would enable plant aggregates to be oriented differently,
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the full range of possible orientations has been considered in this study. Different values
of the angles described in Section 3.3 are considered and the first results are presented in
Figure 15.
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Figure 15. Impact of a granulate orientation change in modeled composites: case of average thermal
conductivity values.

When focusing only on average thermal conductivity values, particle orientation seems to
exert minimal influence on thermal conductivity in the studied composites. However, exploring
the variability in component values of the thermal conductivity tensor with respect to particle
orientation is insightful. Figure 16 illustrates these findings for the considered materials.

Depending on the orientation of the plant particles, the composite’s thermal conductivity
in a specific direction can vary about 20% in lightweight earths. In Laborel’s FH3 and FH 6
lightweight earths, the low relative volume fraction of aggregates—by volume and, respectively,
22% and 37%—and of cracking in the plane perpendicular to compaction attenuate the influence
of particle orientation on thermal conductivity. Finally, in the case of the CSB-Belayachi
composite, both the relatively moderate volume fraction of sunflower bark (below 40%) and
the effect of the low-conductivity matrix (air) explain the low degree of anisotropy.

In order to be more explicit about the most favorable or unfavorable cases for each of
the composites, the following table summarizes the extremum results (Table 6).

Table 6. Extreme thermal conductivities for each modeled composite.

Earth-Based Materials

FH3-Laborel FHé-Laborel CSB-Belayachi
0.324 0.232 e
= -7 —
Composite 0.267 l 0.178 l O_MBl >
— o> ..
-_— =
_
Amax / Amin 1.2 1.3 1.2
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Figure 16. Impact of a granulate orientation change in modeled lightweight earth: case of thermal
conductivity tensor components.

No value can be found in the literature concerning sunflower bark-based com-
posites to assess the relevance of these results. However, in the case of hemp-based
composites, the ratio between normal and tangential thermal conductivity reported
by experimental work is about 1.5 for non-optimized composites [27] i.e., where par-
ticle alignment is not necessarily identical. According to this work, the ratio is from
1.2 to 1.3 when the hemp particles are aligned in the same direction. The influence of
the binder is not considered, as it has an isotropic thermal behavior according to our
assumptions. Eventually, modeling results are consistent with the orders of magnitude
given in the literature; the results highlight that processing techniques controlling
particle orientation could be used to optimize the thermal properties of a geo-sourced
material with a given formulation.

6. Conclusions
6.1. Relevance of Methods Used

In this study, the goal is to develop a reliable tool to predict the thermal conductivity
of lightweight earth and raw earth blocks incorporating plant aggregates. Four composites
selected from the literature are used to support the modeling work. To ensure consistency,
the proposed models take both the macrostructure and the microstructure of the selected
materials into account. In cases where data are missing—such as the proportion of cracking
after drying or the extent of aggregate coating by the binder matrix—model calibration
is proposed.

The approach presented here has proven effective for lightweight earth, maintaining
a discrepancy between experimental and modeled thermal conductivity values within
5%, which falls within measurement uncertainties. However, the Mori-Tanaka model may
become inconsistent with larger volume fractions of aggregate, making the double inclusion
model more appropriate. Overall, the results indicate that mean-field homogenization is
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a valuable tool for modeling the thermal behavior of earth materials, paving the way for
predictive tools to guide formulation choices.

6.2. Optimization of Formulations

By validating models for each studied composite, the impact of various criteria on
thermal conductivity is evaluated, identifying the type of aggregate as a key factor. This
is a significant result with a view to optimizing the formulation of geo-based materi-
als for insulating purposes. While particle orientation seems to exert minimal influ-
ence on thermal conductivity in the studied composites, aspect ratio can notably affect
thermal conductivity when there is significant variability in raw materials. However,
this influence is generally negligible compared to measurement uncertainties. Addition-
ally, the difference between normal and tangential components (along or perpendicu-
lar to the compaction axis) can reach 40%, underscoring the importance of appropri-
ate processing techniques in optimizing the thermal performance of geo-sourced mate-
rials. These findings highlight the need for a careful consideration of aggregate type
and processing methods to achieve optimal thermal efficiency in these composites. In
this way, the conclusions of this study could inspire new manufacturing techniques
for lightweight earth.

6.3. Future Outlooks

This work is a follow-up to the modeling work carried out at the scale of the plant
aggregate particle [26], a key element in the homogenization process presented here. The
addition of the binder phase constituted by the earth adds difficulty in determining the
volume proportion of the binder phase as well as the one due to cracking after drying.
Microstructure images such as X-ray tomography images could provide valuable informa-
tion to avoid the calibration step currently required. To enhance robustness, this approach
should be applied to a broader range of geo-sourced materials, as the current study’s
conclusions are limited to the selected materials.

Additionally, this research suggests the potential for mixing different plant aggre-
gates to accommodate local and seasonal availability. Recent studies indicate that plant
aggregates can swell or shrink in response to relative humidity [41]. Quantifying this
behavior could enhance the accuracy of models predicting thermal insulation performance.
Additionally, models could be further refined by incorporating the variability in aspect
ratio values for the same type of aggregate, addressing the intrinsic variability that has not
been considered in this study.

Finally, the developed virtual models represent real geo-based materials and could be
further enhanced with new experimental data, such as fire resistance and sustainability
indicators. This work serves as a precursor to digital twins, enabling the prediction of
the complex behavior of eco-materials under various conditions. For this purpose, the
modeling process needs to incorporate extensive experimental information [42]. Given
the vast diversity of possible formulations for geo-sourced materials, advanced data ex-
ploitation techniques—such as Bayesian networks—may help address the inevitable data
gaps [43,44].
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Nomenclature

Latin symbols

A Thermal conductivity tensor

;&, Concentration tensor

by Interaction tensor

A Thermal conductivity tensor of the inclusion i and the matrix 0.
Ag Thermal conductivity tensor of the matrix 0

Sr Depolarization tensor S,

fr Volume fraction of r phase

V, Volume of r phase

Greek symbols

A Thermal conductivity (W/(mK))

é Kronecker symbol

Superscripts

MT Mori-Tanaka scheme

EB Earth-based

Subscripts

r r-th phase

m Earth-based binder

ijk Reference to the Cartesian coordinate space vector base
tot Total

hom Homogeneous materials

T Parallel to the compaction (for the earth composites) or fiber axis (for aggregates)
N Perpendicular to the compaction (for earth composites) or fiber axis (for aggregates)
Abbreviations

RVE Representative Volume Element

FWAS Quarry fines from aggregate washing processing

FH3 Composite with FWAS and hemp shiv

FH6 Composite with FWAS and hemp shiv

CSP Composite with clay and sunflower pith

CSB Composite with clay and sunflower bark
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