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ABSTRACT

Less consume energy materials have recently received increased attention as an ecological and sustainable
alternative. We propose to study a building approach with raw earth (adobe) combined with plant fibers.
The latter used as reinforcement in composite materials have specific competitive mechanical properties
compared to those of synthetic fibers (glass, carbon, ...) and are an environmentally friendly alternative to
these fibers because of their low cost, low density, biodegradability and availability. We introduce our
approach to formulate an earth mortar allowing the making of blocks of adobe, intended for the construction
of works such as walls, arches and domes. Adobe is stabilized and reinforced with treated rush fibers.
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Introduction

There is no doubt today that our planet is going
through a global warming phase never experienced
before, it is manifested by an increase rate of the
highest temperatures since 10,000 years. Global
warming is unequivocal; it has a linear trend esti-
mated at + 0.6 °C between 1901 and 2000. Tempera-
tures have risen almost everywhere. However, this
increase was more sensitive to high latitudes of the
Northern Hemisphere.

The construction sector is one area that remains
one of the sectors that consume a lot of energy and
responsible for the depletion of large amounts of
nonrenewable natural resources of our planet.
Which generated not only millions of tons of mineral
waste released into the environment, but also mil-
lions of tons of carbon dioxide emitted into the at-
mosphere which aggravated the sustainable house
effect causing climate change (Morel, et al., 2001;

Binici, et al., 2005). Therefore, and as an act of aware-
ness, new generations are demanding healthier and
environmentally friendly, building materials which
puts the embodied energy in the heart of the debate.
This gray energy that comes from the extraction,
processing, to deal with this crisis non-renewable
energy and the depletion of natural resources need
materials that carry a footprint with strong social
expectations in terms of eco-housing and sustainable
development has become a necessity to reconcile
culture and the social, ecological and economics
which are the pillars of sustainable development.
Eco-building can be the solution that contributes
to significantly reducing the energy footprint of
buildings. For these reasons we have opted to pro-
mote the use of local materials that we have under
our feet to build tomorrow. In recent years, and fol-
lowing the increase in the price of fossil fuels, the
decrease in non-renewable resources, the disruption
of the climate with an increase in the proportion of
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sustainable house gases in the atmosphere, and as
an act of taking awareness, the Tunisian State repre-
sented by the Ministry of Equipment, Housing and
Spatial Planning participated in a twinning project
with three member states of the European Union
(France, Germany, and Portugal) whose objective is
to support the Tunisian administration on three fun-
damental areas of work in the field of eco-construc-
tion:

- Strengthen laws and building regulations in fa-
vor of sustainable development in the proposed le-
gal texts promoting the development of eco-con-
structed buildings.

- Develop and promote sustainable building
throughout the territory, and for all types of build-
ings: the awareness centers of influence and target
populations with well-based sustainable building,
by the organization of seminars addressing all the
actors of buildings in the chain from design and con-
struction to provide essential knowledge of supple-
ments in the field of ecological and sustainable con-
struction.

- Strengthen the expertise and know-how of the
mastery of public work in this area.

The earthen architecture flood is used quite
widely in the dry regions of the world and it is esti-
mated that currently one third of the world popula-
tion lives in earthen houses based (Binici ef al., 2005).
Unlike materials and semi-finished products includ-
ing industrial manufacturing requires a lot of en-
ergy; the earth material requires very little energy
production. The production of a cubic meter of con-
crete requires 400 to 800 kWh. The land, natural
material, requires only 5 to 10 kWh per cubic meter
(Meukam, 2004).

Related works

The problem of raw earth construction is that they
suffer from a resistance deficit, from cracking sys-
tematic due to shrinkage and encounter problems
related to their sensitivity to water. Raw earth mate-
rial can be reinforced by fibers allowing improving
its physico-mechanical performance and its sensitiv-
ity towards water, which has given birth to several
earth products: adobe, mud, earth block compressed
and others.

Compared to the history of raw earth construc-
tion, Adobe technique is a very old technique, it al-
lows to have blocks molded without compaction in
terms of the masonry and can be integrated as well
in a column-beam structure as a filling material that
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as the main material in a load-bearing wall.

To obtain better mechanical characteristics of the
molded raw earth as to other types of bricks, for re-
ducing its porosity, its dimensional change and im-
proved resistance to erosion from wind and rain (re-
duce surface abrasion and permeability of the
block), more stabilizers binders such as: cement,
lime and bitumen can be used alone or in combina-
tion with the reinforcement of the earth matrix plant
fibers such as: straw, hemp, bamboo, etc. (Morel et
al., 2001; Binici, et al., 2005; Doat, et al., 1991; Houben
and Guillaud, 2006; Taallah, 2014). The mechanical
behavior of raw earth in general and in particular
molded earth is similar to that of concrete. In fact the
earth has a good compression behavior which is
provided by the inherent strength of the grains that
compose it.

The other considerably remarkable problem with
earth mortars in general and unstabilized (100%
ground) in particular is the shrinkage which is a di-
mensional variation of the drying material being
caused by the evaporation of the water just after the
confection. This decrease in volume causes internal
stress that can lead to shrinkage cracks. These cracks
can change the homogeneity of masonry or structure
built based on the land and its sustainability if there
is no coating, and also can leak through cracks. This
dimensional variation increases with the increase of
this clay content in the soil matrix. When the plastic-
ity index exceeds 20, the removal of drying increases
rapidly.

The resolution of the mechanical fragility prob-
lem and dimensional change during drying may be
made by stabilization by various hydraulic binders
(cement, lime water), air (air lime) or organic (bitu-
men), which significantly improve the mechanical
strength of the composite material crafted, the water
resistance relative to the blocks of traditional adobe
and also the dimensional stability is also improved
(Morel et al., 2001; Toupe, 2015; Taallah, 2014). These
solutions already mentioned allowed the ground
material to achieve physical and mechanical perfor-
mance similar to the clay and masonry with concrete
blocks, rather than the molded wet method by hand
generally used for adobe.

In order to address the excessive dimensional
change problem of molded earth another solution
was checked in (Doat et al., 1991; Houben and
Guillaud, 2006), which is the granular matrix correc-
tion by adding to the matrix of mineral inclusions.
The fibers used as reinforcement, distributed
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throughout the mass of the material tensions caused
by the removal of the clay (Taallah, 2014), reduce the
size of cracks caused by shrinkage and improves the
durability and tensile strength.

Our approach: Adobe stabilized and reinforced
with treated rush fibers

Our objective was therefore to formulate an earth
mortar allowing the making of blocks of raw earth
(adobe), intended for the construction of works such
as walls, arches and domes. These earth blocks must
have a compressive strength similar to that of fired
bricks and dimensional stability characterized by
limited shrinkage in order to avoid the appearance
of microcracks. For this, three approaches have been
adopted:

- Granular correction,

- Stabilization with hydraulic and aerial binders

(cement, lime and plaster),

- Reinforcement with vegetable fibers from rush
treated chemically.

Thanks to the chemical process by alkalization
(8% NaOH with Na,S,0, and NaOCI) we were able
to develop rush plant fibers of very high character-
istics with a diameter reduced to 40 um, a high den-
sity of 1.25 g/cm?, a breaking stress in tension of
1800 MPa and a modulus of elasticity of 122 GPa.

Origin of used Adobe

Our choice fell on the earth of the site of Sidi Amor
(Borj Touil) in the governorate of Ariana, Tunisia,
with which was carried out a pilot construction in
classic adobe (mortar of raw earth mixed with straw
and the water). Figures 1 and 2 show the location of
the earth extraction site that is the subject of our re-
search.
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Fig. 2. Adobe matrix extraction site (Pilot site - GDA -
Sidi Amor - Ariana)

Grain size of the earth used

Raw earth is said to be exploitable if it has a continu-
ous particle size and as linear as possible. The sizes
of the grains constituting the earth chosen for this
study were determined by two methods, namely:

- The particle size analysis by dry sieving for the
granular fraction with a diameter greater than 80 im
in accordance with standard NT 21.07 (1984). This
test is carried out at the mechanical laboratory of the
national school of architecture and town planning
(ENAU) - Tunisia.

- Granulometric analysis by laser diffraction
granulometer (Brand: Mastersizer 2000 from
Malvern) by dry method for the granular fraction
with a diameter of less than 80im. This test is carried
out at the National Institute for Research and Physi-
cal-Chemical Analysis (INRAP) - Tunisia.

We carried out a particle size analysis on the soil
sample in order to be able to locate its granularity
compared to a conventional particle size spindle
from CRATerre (Houben and Guillaud, 2006). This
test was repeated three times on three samples ex-

Fig. 1. Aerial photos of the earth extraction zone used in this study (Pilot site - GDA - Sidi Amor - Ariana)
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tracted from three different places from the stock
brought from the site, in order to be able to ensure
the exact granular distribution to be taken into ac-
count in our case study.

The particle size analysis shows that it is a very
fine soil (50% <0.05 mm) (Figure 3) and its compari-
son with the limit zone characteristic of the earth
developed by CRATerre for the preparation of
adobe or of molded earth mortar (Houben and
Guillaud, 2006), indicates the possibility of its use
for the elaboration of adobe.

Having a particle size curve in the particle size
zone in general or above and close to this lower limit
of the particle size zone relating to adobes in par-
ticular means that it is an optimal particle size and
this guarantees a certain security. in works con-

Cumulated sieve (%)
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structed from this material. But that does not mean
that if it is not, in whole or in part, located in the
spindle it is not possible to build with this earth. But
there will be major problems (withdrawal, etc.) that
will have to be solved and it is possible, by mixing
with another soil rich in elements missing from the
first, to obtain a satisfactory product (Doat, et al.,
1991).

Plasticity of the earth used - the limits of Atterberg

To assess the effect of the earth’s contact with water
and to be able to quantify its passage from the solid
state to the plastic state then to the liquid state and
thus determine its plasticity index, we carried out
limit tests of Atterberg on three samples of the earth
used and which showed that the plastic limit is 16%,

/
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Fig. 3. Granulometry of the earth used compared to the reference curve
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Fig. 4. Plasticity of used Adobe Densities of used Adobe
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that the liquid limit is 22.5% and that the plasticity
index is 6.5%. We deduce from the positioning of
these values on the plasticity chart (Figure 4) accord-
ing to the LCPC-USCS classification (ASTM D2487-
11) (Kanema, et al., 2016), that this earth is classified
as a little plastic silt which needs a large amount of
water to be able to pour it into molds or formwork.

Apparent density

The apparent density (pa) was determined from the
ratio of the weight of the sample by its apparent
volume according to the standard in accordance
with standard NT 21.05 (2002).

Specific or actual density

The actual or absolute density (y) is determined ac-
cording to ASTM D854 (Standard test methods for
the density of soil solids using a water pycnometer)
(ASTM Committee 2006; Kazmi et al., 2016). The
values found, presented in Table 1, show a large dif-
ference which reflects the strong presence of voids
between the grains of the dry soil sample.
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Table 2. Elementary chemical analysis of the earth used

Elements (%)
SiO, 52,15
ALO, 6,71
Fe,O, 3,36
CaO 16,92
MgO 0,92
Na,O 0,16
KO 0,92
SO, < 0,01

In addition, a check was made on the minor ele-
ments, presented in Table 3, which show us that
they are in majority in the trace state (a few ppm)
with however a certain presence of the element P
(Phosphorus) and the element Ti (Titanium). The
land of Sidi Amor can therefore be considered to be
land that does not contain concentrations of ele-
ments that are contaminating or polluting for hu-
mans.

Table 3. Elementary chemical analysis of the earth used

Table 1. Densities used Adobe Element Ba Cd Co Cr Cu Mn Mo
Properties Value ppm 184 02 49 23 89 160 20

. Element Ni P Pb Sr Ti Zn -
Apparent density (p,) g/ e’ ppm 11 148 25 131 920 160 -
Actual density (v) 2.4 g/cm?

These two properties which we have just men-
tioned, will subsequently allow us to deduce the
porosity by the formula:

P
P(%)=1- ¥ 100 (1)
The chemical composition of used Adobe

A chemical analysis was carried out on the earth
used for the preparation of the mortar in order to
know the chemical elements present in the earth and
also to know if there are elements that are contami-
nants or pollutants for humans.

Elementary chemical composition

The values found indicated in Table 2 show that the
soil of the Sidi Amor site used is highly siliceous
(large presence of sand), moderately calcic (medium
presence of limestone) and weakly aluminous (weak
presence of clay) and very weakly ferruginous (very
low presence of iron), but also it contains 17.55% of
organic matter which was measured by the loss on
fire test.

Chemical bonds - Analysis by Fourier transform
infrared spectrometry (FTIR)

Fourier transform infrared spectrometry (FTIR) is an
effective technique that will allow us to analyze the
chemical and structural properties of raw earth. The
IR spectra were recorded at ambient temperature
using a device of the Nicolet IR 200 FT-IR brand
with an ATR spectrometer, equipped with a dia-
mond crystal and in a spectral range which extends
in the interval (4000-400 cm™).

The analysis by Fourier transform infrared spec-
trometry allows, by detecting the vibrations charac-
teristic of chemical bonds, to perform the analysis of
the chemical functions present in the material. It al-
lowed us to note that the chemical bonds present in
the earth used (Figure 5) are predominantly sili-
ceous (S5iO) with the presence of calcite (CaO) and a
small percentage of hydroxyls (OH) attributed to
Kaolinite and Illite clays.

The mineralogy of the used Adobe

In order to mineralogically identifying the soil used,
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Fig. 5. Fourier transform infrared spectrometry of the used Adobe

we also performed an X-ray diffraction analysis to
detect and quantify the minerals existing in the
sample tested.

The raw earth was analyzed under ambient con-
ditions on an X-ray diffractometer (D8 Advance,
Brucker, AXS, Germany), with a voltage of 40kV
and 30 mA, Cu Ka radiation (1.5418A), at a scanning
speed. 2° / min, and on a 20 angle interval between
2° to 40°.

The results of this XRD analysis (Figure 6) cor-
roborate with those of the chemical analysis and in-
frared spectrometry, confirming that this earth is
mainly siliceous (presence of Quartz), moderately
dolomitic limestone and weakly clayey (Illite and
Kaolinite). These proportions are acceptable in the
case of adobes or molded earth (Houben and
Guillaud, 2006).

Characterization and treatment of rush fibers

Vegetable rush fibers

Among the different plant species existing in Tuni-
sia, our choice was fixed on the rush plant because
of its presence throughout the Tunisian territory.
The rush plant belongs to the Joncaceae family

(Saad, 2013; Ribeiro, et al., 2013), of which there are
around 200 species that grow in wetlands such as
the surroundings of lagoons, lakes and rivers (Saad,
2013). It is currently used to make mats, rugs, bas-
kets, fans and baskets. In addition, it could consti-
tute a potential source of organic matrix reinforce-
ment (polyester resins or epoxy components) or
mineral (cement or lime mortar or gypsum or natu-
ral earth).

The rush used in our study (Figure 7) comes from
the Amroun region in the governorate of Nabeul in
north-eastern Tunisia, and the rush rod has an aver-
age length of around 125 cm.

Morphological characterization (“SEM” scanning
electron microscope)

The rush plant is composed of a multitude of radiant
contiguous stems as shown in Figure 7. Each of its
stems is made of cellulose fibers located on the pe-
riphery and others trapped inside the stem and
separated by empty alveolate cells as seen on the
pictures (Figures 9 and 10) of SEM observations that
we have made. The rod with its diameter of about
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Fig. 6. Earth X-ray diffraction
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3300 pm cannot be used as it is as reinforcement in
composites. Cellular lignin and hemicellulose cells
should be removed to extract clumps of cellulosic
fibers peripheral and internal fibers called ultimate
fibers (Nakano, et al., 2015), which have a diameter
of around 300 pm as seen in Figure 18.

Fig. 7. The rush plant (Nabeul - Tunisia)

To evaluate and see the natural rush rod and also
the influence of the different treatments on the
defibration of the rush fibers, their surface condition
and their diameter, we used a scanning electron
microscope (SEM) of the JEOL JSM 5400 type (Fig-
ure 8). The observations were made on the natural
rod, fiber bundles and on isolated fibers, coated
with a thin layer of gold in a JEOL JFC 1100 sputter-
ing device (Figure 16) and scanning electron micro-
graphs of the fibers have been saved.

Conclusion

In this research work we are interested in the earth
construction method which has become one of the
ecological and sustainable alternatives allowing to
save energy and preserve the environment. We
started from the principle that all land could be
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Fig. 9. Rod of rush observed with SEM respectively with
a magnification 35 and 200 times

valid for construction, even if its initial properties
were not entirely suitable for the mode of construc-
tion (adobe, adobe, compressed blocks, etc.), with
the application of correction particle size and / or
stabilization by aerial or hydraulic binders or by re-
inforcement with vegetable rush fibers.

Among the different earth construction methods
we have chosen to study the case of the adobe. How-
ever like other earth construction techniques, the
Adobe raises certain problems of use due to its
brittleness and its dimensional variation character-
ized by a significant shrinkage during drying.

To solve the problems of dimensional stability
(drying shrinkage) and brittleness of the earth mor-
tar, we have adopted in our study approaches of sta-
bilization with mineral binders and reinforcement
with vegetable rush fibers chemically extracted by
alkalization.

In order to reduce the shrinkage phenomenon,
we applied an approach of granular modification of
the matrix by adding mineral inclusions. It was
based on the one hand on the characterization of the
material “Earth” from the granulometric, physico-
chemical and mineralogical point of view, and on
the other hand on the characterization of the earth
mortar: the Adobe.

The addition of rush plant fibers had the effect of
decreasing the thermal conductivity of the adobe on
the one hand, thereby improving its thermal insula-
tion capacity, and on the other hand improving its
acoustic absorption, thereby adobe a building mate-

Fig. 8. The scanning electron microscope with the sputtering device used
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Fig. 10. Cross section of a rush rod observed with SEM respectively with a

magnification 35 and 150 times

rial having an improved capacity of thermal insula-
tion and acoustic correction, without making it lose
its property of acoustic weakening in spite of its
lightening.

However, as perspectives and continuation of
this work we can propose two lines of research:
Study the fire behavior of materials already made
other than the characterizations carried out and
study the use of rush fibers in the reinforcement of
the earth in other areas. Other earth construction
techniques (daub, mud, etc.).
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