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Abstract

Currently, the largest among the earth excavation sites in Europe are located in the Paris
region. The soils excavated from these sites are often considered waste and are not valorized.
With an increasing focus on sustainable development, the demand for low-carbon building
materials is rising. Although construction using raw earth is a vernacular technique, the
diversity in the behavior of the raw earth building materials warrants better control of their
mechanical properties. The construction techniques differ depending on the location of the
site, the composition of the earth, and the stabilizers used. Plant-based fibers and compounds
extracted from plants are commonly used for reinforcing raw earth. Since such byproduct
solutions have been developed worldwide, they differ significantly, and it becomes difficult to
set a benchmark. The majority of the reported studies have directly used organic waste,
rendering it difficult to characterize the material and extend the obtained results to other
contexts. In order to reduce these variabilities, it becomes important to study the
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reinforcement of earth-based building materials with biopolymers that constitute the active
molecules of the bio-based solutions. In the present study, different biopolymers derived from
various vernacular techniques were utilized to increase the compressive strength of the
construction soil collected from the Paris region. It was revealed that cellulose fibers and
wheat starch increased the compressive strength of the earth from 3.5 MPa to 5.5 MPa and
4.5 MPa, respectively. In addition, the interactions of these biopolymers with clay were
analyzed. The biopolymers identified as suitable for use in construction materials in the
present study are widely available as wastes from paper, agricultural, or agro-food industries.
These identified biopolymers would contribute to the development and standardization of
construction using earth-based building materials.

Keywords
Earth-based building materials; biopolymers; mechanical behavior; compressive strength

1. Introduction

The increasing focus on sustainable development has led to high demand for low-carbon building
materials. A simple solution to this is to reduce the quantity of cement in the building materials and
replace it partially with industrial co-products or other binding materials such as clay [1-4]. The Paris
region currently has the largest earth excavation sites in Europe [11], and the soils excavated from
these sites are considered waste and are not valorized. These soils could be used in construction as
components of building materials. Construction using raw earth is a vernacular technique. Different
methods are used depending on the location, the composition of the earth, and the stabilizers
available. For instance, the building material could be compressed, filled with fibers, or poured [5-
10].

The diversity in the composition and behavior of raw earth warrants control of its mechanical
properties [12, 13]. This objective could be achieved using two approaches. The first approach is
earth stabilization using an inorganic material, such as cement or lime. However, this stabilization
approach modifies the building material and might consequently increase its carbon footprint [2,
14-18]. The second approach is to stabilize the earth organically using various organic additives from
wastes or byproducts, depending on the availability at/close to the construction. Plant-based fibers,
animal fibers, and compounds extracted from plants are commonly reported for use in raw earth
reinforcement [4, 19-25].

Various low-carbon solutions have been developed worldwide, which results in significant
differences among the solutions, rendering it difficult to set a benchmark. The majority of the
reported studies have directly used organic waste, due to which it becomes difficult to characterize
the building material and extend the results to other contexts. In order to reduce such variabilities,
it becomes important to study the reinforcement of earth-based building materials with
biopolymers that serve as the active molecules of these bio-based solutions. However, it should be
ensured that these biopolymers do not influence the environmental footprint (LCA) of the material.
The biopolymers from organic sources, such as agricultural byproducts, are best suited for the
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purpose. Such biopolymers would contribute immensely to the development and standardization
of the earth-based construction industry.

In this context, the present study aimed to analyze the influence of different biopolymers derived
from vernacular techniques on the compressive strength of the construction soil collected from the
Paris region. The bio-based additives from known solutions were identified, and the influence of the
extracted biopolymers on the mechanical behavior (compressive strength, critical strain, and elastic
modulus) of the construction soil was measured quantitatively. Furthermore, the interactions of
these biopolymers with clay were also analyzed.

2. Selection of Biopolymers

In the present study, biopolymers are defined as the high-molecular-weight molecules extracted
from bio-based additives. Relevant biopolymers were identified based on the referencing of
traditional recipes reported by the PaTerre+ project group, funded by the French Ministry of Culture
and Communication [24, 26], which documents 29 traditional recipes used across the world for the
stabilization of raw earth using biopolymers. All these recipes involve the use of local organic
resources, which are mostly waste, byproducts, or residues from agriculture and available locally
around or close to the construction site [19, 21-23, 27]. These biopolymers could be from plants,
plant byproducts, algae, or animal sources. Biopolymers are classified into four major categories -
polysaccharides, lipids, proteins, and complex molecules. According to reports, these biopolymers
appear to improve the properties of raw earth.

With the objective of developing sustainable constructions using raw earth, in the present study,
biopolymers rather than complete plants were used for improving the mechanical properties of the
construction earth [1, 2]. In total, ten biopolymers, covering all four major categories, were selected,
including six polysaccharides, one lipid, one protein, and two complex molecules.

Polysaccharides are the most frequently occurring biopolymers in nature. These are composed
of sugar units. Cellulose is a ubiquitous polysaccharide, composed of (1, 4) linked D-glucose units
linked in a linear chain. At the molecular level, cellulose comprises helix and fiber arrangements.
These two levels of arrangement are stabilized by the hydrogen bonds formed between the
numerous OH groups present in the structure. In plants, these fibers are held together by lignin.
Polysaccharides exist in varying degrees of purity, crystallinity, and dimensions depending on their
botanical source and the mechanical and chemical treatments employed for their extraction [28-
30].

Cellulose fibers constitute the main component of wood. In order to improve the mechanical and
chemical resistance of wood, cellulose bonds with hemicellulose and lignin mainly. Hemicellulose is
a branched polymer comprising xylose sugar and is difficult to separate from other wood
components. The average lignin content in wood is 20%. In the present study, cellulose fibers
subjected to alkali treatment for lignin removal were selected and were designated as "alpha-
cellulose" [31]. Moreover, lignin alone was also used in the construction earth used in the
experiments. Lignin is an amorphous and hydrophobic biopolymer [32, 33]. Lignin is not a
polysaccharide and rather a complex molecule that is highly branched. The major units in lignin are
coniferyl alcohol, sinapyl alcohol, and paracoumaryl alcohol.

One of the purest forms of cellulose fibers (99% purity) is present in cotton, and it does not
contain lignin. In the present study, two forms of cellulose were selected. One form had been
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subjected to a few processing steps and was designated as "cotton cellulose". The other one had
been treated to preserve only the crystalline fraction of the fibers and was designated as the
"microcrystalline cellulose" or "u-cellulose" [34, 35].

Besides lignin and cellulose, pectin also has a significant influence on the mechanical properties
of plants, and this influence varies with the plant species [32]. Pectin is a polysaccharide present in
the plant cell walls surrounding the cellulose fibers. Pectin is a block biopolymer, i.e., it comprises
alternating linear and branched blocks. The sugar units in the pectin structure are mainly galactose.
Among the plant sources of pectin, fruits contain the highest pectin content. Therefore, apple pectin
was selected for use in the present study and is, hereafter, referred to as "pectin” [36].

Traditional recipes for earth-based construction materials often include starch, which is also
present in certain agricultural products. Similar to cellulose, starch is also a polysaccharide, which
comprises glucose units linked with a (1, 4) bonds. Starch does not form fibers and is present mainly
in cereals and tubers. Starch serves as an energy source for plants, animals, and humans. In plants,
starch is present in the form of granules of different shapes and sizes depending on the botanical
source. These granules have an onion-like structure internally, with each layer comprising two
constituent polysaccharides - amylose and amylopectin. Amylose is a long linear biopolymer, and
amylopectin is a branched biopolymer. In the present study, wheat starch was selected as it has
been used in traditional recipes based on flour glue. Traditionally, the granules crack in boiling water,
following, which the polymeric chains gel as the temperature decreases [37-41].

Finally, among the polysaccharides, sodium alginate produced by brown algae was selected and
designated as "Na-alginate" [42]. In Japan, sodium alginate is mostly used for producing smooth
coatings. Sodium alginate is a linear block copolymer comprising blocks of mannuronate units linked
with blocks of guluronate units. Sodium alginate is soluble in water and gels when it comes in
contact with chelating metallic ions, such as calcium and magnesium ions. These two metallic ions
are already present in the earth and, therefore, the addition of sodium alginate to the construction
earth would result in the formation of a linking gel inside the earth mix.

Furthermore, bovine casein was selected as the protein and is designated as "casein" hereafter.
Bovine casein is isolated from milk and is used as a coating agent for earthen surfaces. It is a globular
phosphoprotein that is insoluble in water [43]. In traditional recipes, the milk pH is decreased using
ammonium or by adding ions [44, 45]. This causes the casein protein to form a gel, which is then
used as a glue or a coating agent for earthen surfaces. In the present study, the aqueous solution of
casein was used with sodium hexametaphosphate (NaHMP) for promoting gel formation [46-48].

In the lipid category, linseed oil was selected. Linseed oil is hydrophobic in nature and, therefore,
known to protect the earth against water. Therefore, it is generally used as a coating agent for
earthen surfaces [49]. Moreover, linseed oil polymerizes under the influence of heat and the sun.
These properties enable this novel biopolymer to form a protective 3D structure inside the
construction earth.

Finally, the last biopolymer selected was tannic acid from the category of complex molecules.
Similar to lignin, tannins are also present in wood. Both tannins and lignin are polyphenols. The
structure of tannic acid varies with its botanical source and the different growing conditions of the
plant. After solubilization in water, tannic acid is used as the coating agent for earthen surfaces.
Tannic acid forms complexes with metallic ions, thereby creating negative charges in the function
of pH or dispersing clays. Tannins modify the behavior of the earthen material as the arrangement
of earth particles is a function of the earth's composition and the nature of the tannin [50-52].
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Finally, the ten biopolymers selected were mixed in the earth mortar to produce adobe-like
bricks. The proportion of each biopolymer was adjusted according to the traditional recipes and the
literature. Vegetal fibers are used extensively and in huge quantities in earth-based building
materials. Therefore, in the present study also, cellulose and lignin were added to the mortar mixes,
each at a concentration of 10% of the construction earth. On the contrary, the other biopolymers
are usually added in smaller quantities as they may form gels or due to their higher reactivity.
Therefore, in the present study, casein was used at 5% of the mass of the earth, while the other
biopolymers in the traditional recipes (pectin, wheat starch, sodium alginate, linseed oil, and tannic
acid) were added at 1% each. All the mortar proportions are detailed in section 3.2.

3. Materials and Methods
3.1 Materials
3.1.1 Inorganic Materials

In the present study, earth collected from the "Briqueterie deWulf" in the Paris region in France
was used after mixing with sand to limit shrinkage and avoid cracks during drying.

This earth contained approximately 9% clay, which is defined as the soil containing particles of
size under 2 um. The grain size distribution of the earth used is plotted in Figure 1. The XRD
diffractogram revealed that the clays present in the earth were smectites, vermiculites, illite, and
kaolinite (Figure 2 and Table 1). The main clay was illite, accounting for 7% of the earth. The
Atterberg limits and the cation exchange capacity (CEC) of the pure samples of these clays are
presented in Table 2. The CEC, in milliequivalents per 100 g of dry solid, was measured through
exchange with cobalthexamine, the liquid limit was determined using the conventional method
proposed by Casagrande, and the plastic limit was determined by rolling out a thread [53].
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Figure 1 Cumulative particle size distribution of the earth and the sand, the 75/25 earth
sand sample, and the BTC standard [54].
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Figure 2 XRD spectrograph of the earth with the identified constituent minerals.

Table 1 Fractions of different clays identified in the earth.

Clays Smectites lllite Chlorite Kaolinite

Fraction (%)  Traces 7.0 £0.7 1.0 +0.7 0.5+0.5

Table 2 Properties of the earth.

CEC Plastic limit Liquid limit
(meq/100 g) water content (%) water content (%)
17.9£0.5 21.9 35.1

The sand used was from the "Sablieres Palvadeau" in France. It is a naturally rounded sand, with
particles of size range 0.315-1 mm (Figure 1).

3.1.2 Biopolymers

Ten different biopolymers were used in the present study. Nine of these biopolymers, cotton
cellulose, a-cellulose, microcrystalline cellulose, lignin, casein, pectin, wheat starch, tannic acid, and
sodium alginate, were purchased from Sigma-Aldrich. The size distribution of these biopolymers
was measured in distilled water through either diffusion light scattering or laser granulometry; The
median sizes are reported in Table 3. Since there were two biopolymers for wheat starch, two
particle sizes are reported for it. Prior to conducting measurements, wheat starch was heated at
90 Tindistilled water for a few minutes. Casein was also heated at 60 T in an 8% aqueous solution
of NaHMP. The biopolymer linseed oil, extracted using cold pressing, was purchased from a shop
selling organic products. The viscosity of this linseed oil was 43 mPa.s.

Table 3 Sizes of different biopolymers in agueous solution.

Biopolymers Size (nm) Biopolymers Size (nm)
Cotton cellulose 20-103 Pectin 350
a-cellulose 90-103 Wheat starch 7.4 &35-103
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K cellulose 30-103 Tannic acid 1
Lignin 10-103 Sodium alginate 150
Casein 100 - 103

3.2 Production of Bricks
3.2.1 Preparation of Biopolymers

The literature recommends performing certain preparation steps prior to using biopolymers in
earth-based construction. The celluloses, lignin, tannic acid, sodium alginate, and linseed oil were
used as received, while the other biopolymers were transformed prior to usage.

Pectin forms a gel when it contacts water. Therefore, for pectin, the preparatory step included
simple mechanical agitation in distilled water at the concentration of 2.5% by weight. The gel
formed as a result was then used as the mixing water for preparing the mortars.

The molecules constituting wheat starch and casein require being released by heating prior to
use in earth-based mortars. Therefore, wheat starch was heated at 90 T for a few minutes in
distilled water at a concentration of 5.8%. Casein was also heated at 60 <C at a concentration of 8.9%
in a 0.8% aqueous solution of NaHMP. As the mixtures cooled down, gels were formed. These gels
were then used as mixing waters for preparing mortars at room temperature.

3.2.2 Production of Samples

Mix Design. The present study aimed to investigate the influence of different vernacular
biopolymers on the compressive properties of construction earth. In order to achieve this objective,
a reference mortar mix was designed, which had a sand/earth mass ratio of 25/75 for limiting crack
formation during drying. The particle size distribution of the sand/earth mix was plotted and is
depicted in Figure 1 along with the plot for the BTC Standard [54]. Moreover, a water/materials
ratio of 20.5% by mass was selected. Biopolymers were added to the reference mix in different
proportions, referring to the values reported in the literature [24, 55-58]. Accordingly, the celluloses
and lignin were used at 10% by mass [of the construction earth], casein was used at 5%, while the
other biopolymers (linseed oil, tannic acid, pectin, wheat starch, and sodium alginate) were used at
1%. Finally, a total of eleven mixes were prepared: one was the reference mix with the earth, the
sand, and the distilled water, while the other ten were corresponding to each biopolymer.

Mortar Mixes. All eleven mixes were prepared by following the same steps. First, the- earth and
the sand- were mixed in a mixing bowl for 30 s using a spatula. Next, the -distilled water was- poured
into the powder mix, followed by stirring in a planetary mixer for one minute at a constant speed of
67 rpm. The mixing was terminated after a minute, and the walls of the mixing bow! were scrapped.
Subsequently, another round of mixing was performed at a constant speed of 125 rpm for 30 s.
Afterward, the mixtures were allowed to rest for a minimum of 48 h in hermetical beakers. Prior to
testing, the prepared mixes were homogenized in the planetary mixer at 67 rpm for 30 s.

Since the biopolymers exist in different forms, each was added at a different step in the process.
The celluloses, lignin, tannic acid, and sodium alginate were poured into the bowl at the powder-
mixing step, while the pectin gel, wheat starch gel, and casein gel were poured into the mixing bowl
at the liquid-mixing step. Finally, the linseed oil was added after the 30 s of mixing of the total mix
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(earth, sand, and water) at 67 rpm to prevent aggregation of particles and enhance the uniform
distribution of the biopolymer.

Molding and Drying. The mixes were molded inside cubic molds with a diameter of 5 cm. Three
cubic bricks were produced for each mix containing a biopolymer. Seven bricks were produced for
the reference mix. The bricks were prepared by molding in two successive layers, each layer shocked
by ten impacts using a shocking table to reproduce a handcrafted adobe production. The bricks were
dried inside the molds in a room with controlled conditions of 20 C temperature and 60% relative
humidity (RH) until they could be unmolded (approximately 3 to 12 days). After unmolding, the
bricks were placed in an oven at 30 T and 20% RH until a constant mass was achieved
(approximately one week). The dry density of each brick was calculated using the following equation:

Pary = m/V' (D

where, pgry, denotes the dry density, m denotes the mass, and V denotes the volume. The dry
density of the reference brick was 1.87 g/cm3.

3.3 Compressive Test

In the present study, the mechanical behavior was evaluated using only the compressive test.
The test was performed using a Shimadzu AUTOGRAPH AGS-X press equipped with a 300 kN force
sensor. The surfaces of the dried bricks were flattened using a wood file, and bricks with horizontal
and parallel surfaces were obtained. The bricks were compressed at a rate of 1 mm/min [53]. Each
test was photographed using a NIKON D300 camera at a rate of one image per second.

The stress is described by the equation below:

a=F/,, 2)

where o denotes the stress, F represents the force, and A represents the horizontal surface. The
compressive strength was considered the maximal stress.

The critical strain was calculated based on the first and last photographs of the fracturing record.
Using the Imagel software, the number of pixels on a median line corresponding to the brick's height
was measured for each of the two photos. The critical strain value was calculated using the following
expression:

€ (%) = Al/lO %100, (3)

where € denotes the critical strain, Al represents the difference between the initial and the final
height of the brick, and lp denotes the initial height of the brick.

Elastic modulus was considered the linear part of the slope of stress as a function of the strain
measured from the press experiment. The linear part between 30% and 60% of the maximal stress
was considered.

All the result values reported are the means of the values obtained in each compressive test,
while the error bars correspond to the 90% confidence interval. Since only two bricks prepared from
the sodium alginate mix were tested, the two results obtained are presented in each figure.
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4, Results

The present study aimed to investigate the effect of biopolymers on the mechanical properties
of earth-based building materials from vernacular methods. In order to achieve this objective, ten
biopolymers were evaluated by mixing them with the construction earth collected from the Paris
region. Since all the materials used are natural, particularly the construction earth, there existed an
inherent variability due to their origin, which is reflected in the confidence intervals.

The mechanical properties of the building materials were evaluated using a uniaxial compression
test. The results of the compressive test revealed that the stress decreased smoothly after reaching
its maximum value, which confirmed that the earthen materials' failure was ductile (Figure 3).
Certain additions, such as linseed oil, extended the high-stress plateau to an almost infinite plateau.
Moreover, biopolymers could also change the elastic modulus of the materials at a small strain value.
For instance, cellulose and linseed oil increased the strain of the material by 1% prior to the break,
implying that these biopolymers tend to decrease the elastic modulus. Furthermore, certain
biopolymers could maintain the properties of the earth prior to breaking while increasing the
maximum strength; for example, wheat starch increased the breaking strength by 1 MPa.

6
B | /——\
n- .
= Earth brick
: —— Reference
& —— Coton cellulose
= 2 Wheat starch
0 Linseed oil
0 T T T T

1 2 3 4 5
Strain (%)

Figure 3 Stress plotted as a function of strain for selected samples.

The first property of interest was the critical strain of the bricks. Figure 4 depicts the maximum
strain as a function of sample composition. In most cases, the addition of the biopolymer did not
significantly modify the strain of the material, and the strain value was maintained at approximately
2.5%. Nevertheless, there were variations in the confidence intervals. Most biopolymers increased
the values of these standard deviations; for example, the value was increased up to 2% for alpha-
cellulose, cellulose, and linseed oil, compared to the 0.5% value for the reference. On the contrary,
lignin and casein decreased the confidence interval value by 0.4% and 0.1%, respectively. The alpha-
cellulose biopolymer exhibited a huge [and significant] increase of up to 5.5% in the strain value.
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Casein
Tannic acid
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Bricks composition

Figure 4 Critical strain as a function of biopolymer addition for all samples.

The main mechanical property evaluated was compressive strength. Since the value of
comprehensive strength varies upon the application of consolidation techniques, this parameter is
generally compared based on the dry density value of the material [13, 58]. Figure 5 presents the
comparison of these parameters for all the bricks. The dry densities ranged from 1.5 to 1.9 g/cm3,
with the reference value of 1.87 g/cm3. Most biopolymers led to a decrease in the dry density of the
brick, except for wheat starch, cellulose, and pectin, which maintained the dry density value close
to the reference value. Lignin led to a strong decrease in the dry density value to 1.5 g/cm? while
maintaining the compressive strength of the brick. It is noteworthy that tannic acid, linseed oil, and
casein led to a decrease in the dry density and the fracture strength of the material. Therefore, it
could be inferred that in the present study, the compressive strength of the material did not depend
on the variation in the dry density of the material.

6 ,
il Earth brick

IS +j_+4 € Reference

5 4
E ® «o-cellulose
- J ® p-cellulose
)
=2 41 & Coton cellulose
v .—.T%-H Wheat starch
H 3 ¢ ¢ ¢ Na-alginate 01
.02’ + Na-alginate 02
a5 H:% Pectin
%’_ ¢ Lignin
g 4 ¢ Casein
8 ¢ Tannic acid

Linseed oil

0 T T T
1.5 1.6 1.7 1.8 1.9 2.0
Dry density (g.cm™3)

Figure 5 Compressive strength as a function of dry density for all samples.

The biopolymers evaluated in the present study could be classified as follows: the ones that
decreased the compressive strength, the ones that maintained the comprehensive strength, and
the ones that increased the comprehensive strength. Tannic acid, linseed oil, and casein decreased
the compressive strength of the material by up to 1 MPa. Sodium alginate, pectin, and lignin exerted
little or no effect on the compressive strength, maintaining it at approximately 3.5 MPa. Finally, the
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celluloses and wheat starch increased the compressive strength to 5.5 MPa and 4.5 MPa,
respectively.

The same categories were revealed when elastic modulus values were compared (Figure 6).
While tannic acid, linseed oil, and casein decreased the elastic modulus to 100 MPa, the celluloses
and wheat starch increased it to 400 MPa. Sodium alginate, pectin, and lignin maintained the elastic
modulus at 200 MPa.

100

S

g, 6

o 5 =

2 . Earth brick

0T HEl Reference

=3

aZ mm a-cellulose

) 2 : m -cellulose

g- 1 Il Coton cellulose

8 0 Wheat starch
B Na-alginate 01

S 600 Na-aAIglnate 02

S o P.ect'm

[0 B Lignin

_g 400 B Casein

3 300 B Tannic acid

€ 200 Linseed oil

=

-+

152

o

L

Bricks composition

Figure 6 Compressive strength and elastic modulus as functions of biopolymer addition
for all samples.

In summary, tannic acid, linseed oil, and casein weakened the analyzed earthen material while
increasing its capacity to deform prior to breaking. On the other hand, sodium alginate, pectin, and
linseed oil exerted little or no effect on these mechanical properties. Finally, the celluloses and
wheat starch strengthened the studied earthen materials and reduced their capacity to deform prior
to breaking. Therefore, it was inferred that the celluloses and wheat starch would enable these
earthen materials to support a greater load prior to failure while also limiting their strain under load.

5. Discussion

The results of the present study revealed that the chemical nature and the structure of
biopolymers exert different effects on the mechanical behavior of the earth used in the construction.
It was concluded that among the biopolymers used in the present study, the cellulose fibers and
wheat starch strengthened the construction earth. It would, however, be interesting to adjust the
proportions of other biopolymers to investigate whether that has any enhancement effect on the
mechanical behavior. The proportions selected in the present study were close to the ones used in
vernacular buildings, and it was assumed that these proportions were efficient. Therefore, it would
be interesting to observe the effects of other proportions on the properties of materials.

Cellulose fibers, as waste or a co-product, are quite abundant in France and are available in
various forms, such as recycled paper and cardboard, paper byproducts, and agricultural or food
processing byproducts, etc. Starch, which is another main component of the agro-food industry, is
also abundant in France as a product or co-product [59].
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Both cellulose and starch are glucose-based homopolymers, with either alpha or beta covalent
bonding. While the beta bonds of cellulose are responsible for fiber organization, the alpha bonds
in starch are responsible for maintaining the extended conformation of starch in solution. It was
assumed that these differences between the two biopolymers led to different ways of strengthening
the earth-based building materials. Indeed, on a macroscopic scale, i.e., in fibers and minerals, an
improvement in the mechanical properties of a physical nature might be observed. On the other
hand, at the molecular level, i.e., at the level of OH groups in the biopolymer structures and clay
surfaces, a physicochemical strengthening of the earth is expected.

The cellulose fibers used in the present study were several tens of um in length (Table 3). When
mixed with earth, these cellulose fibers might have attained the property of distributing the applied
stress along their length during compression, thereby conferring a higher load-bearing capacity to
the material and then reinforcing it. In addition, the fibers could have completed the particle packing
by filling the voids and reducing the number of defects in the material, which would have increased
the load-bearing capacity prior to failure. Finally, the hydroxyl groups on the surface of the cellulose
fibers could have formed hydrogen bonds with the clay surfaces. These bonds would have increased
the adhesion among particles, thereby contributing to the mechanical reinforcement of the
construction earth.

Prior to use in earth-based building materials, during the preparation of biopolymers, amylose
and amylopectin were released from the starch granules at high temperatures. Amylose is linear
and easily dispersed in water, while amylopectin is highly branched and forms a dense 3D network
that disperses weakly in water. Therefore, it was assumed that these expanded biopolymers would
create a network among the particles within the earth-based building material. As a consequence,
during compression, this network would better distribute the stress in bulk. Moreover, due to the
numerous hydroxyl groups present, starch would have formed hydrogen bonds with the clay
surfaces. These physical and physicochemical properties would have contributed to increasing the
compressive strength of the construction earth.

Each biopolymer influences the mechanical properties of the construction earth differently
depending on its nature. Moreover, it was assumed that based on the nature of the construction
earth, in particular the nature of the clays present, the biopolymers would exhibit a varying
influence on the mechanical properties. These different action mechanisms could be tested on
mortars composed of pure clays, while varying the botanical sources of the biopolymers as the
variations in the size and composition of the biopolymers originate at their botanical source. For
instance, one could vary the cellulose/lignin ratio or the length of the cellulose fibers.
Complementary studies would allow proposing the ideal sizes and proportions for reinforcing an
earth-based building material of a given composition.

Understanding these different mechanisms at different scales requires identifying the physical
and physicochemical parts of the construction earth's reinforcement. On the macroscopic scale, one
could measure the compressive strength of dry mortar bricks and the yield stress in the wet state
[60]. This would enable determining the influence of biopolymers on the mechanics of the dry
material and its workability as a building material. On the microscopic scale, one could analyze the
pore arrangement of the material through mercury porosimetry in the mode of failure during
compression using in-situ measurements such as X-ray microtomography. Finally, on the molecular
scale, the affinity between the biopolymer and the clays could be determined by measuring their
adsorption and detecting the presence of physicochemical bonds using different spectroscopic
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methods (infrared, Raman, and NMR). These aspects could be considered for future investigations
to be conducted in this research area.

6. Conclusions

The present study aimed to evaluate the effect of using different biopolymers derived from
vernacular techniques on the compressive strength of the construction soil collected from the Paris
region. Different bio-based additives from known solutions were identified, and then the extracted
biopolymers were used for quantitatively measuring their influence on the mechanical behavior
(compressive strength, critical strain, and elastic modulus) of the construction soil.

According to the results, cellulose fibers and wheat starch were observed to increase the
compressive strength of the construction earth from 3.5 MPa to 5.5 MPa and 4.5 MPa, respectively.
Cellulose fibers could increase the construction earth's critical strain depending on its natural source,
while wheat starch exerted no impact on the critical strain of the construction earth. Moreover, the
cellulose fibers did not change the elastic modulus of the construction earth, while wheat starch
tended to increase it. In conclusion, cellulose and starch enable an earthen material to support
greater load prior to failure.

Nonetheless, further investigations focusing on pure materials, i.e., different clays, earth binders,
and biopolymers from different sources, are required to understand the mechanisms underlying
these strengthening effects. The biopolymers identified as suitable for strengthening the earthen
material in the present study are widely available as wastes from the paper, agricultural, and agro-
food industries. Therefore, these biopolymers would contribute to the development and
standardization of constructions using earth-based building materials.
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