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Abstract
Rammed earth construction provides an efficient alternative construction material to limit
energy consumption and CO2 emission. It possesses various characteristics of sustainable
material, but its mechanical behavior is sensitive to humidity variations, which is a real
difficulty for developing this construction technique. Thus, this study concerns the cou-
pled hydro-mechanical behavior of rammed earth. This study is carried out using an
experimental and numerical approach at both material and structural scales.

At the material scale, compression and shear testing were done at different
suction conditions. The samples used were compacted using a technique of double-
compaction. The results showed that the mechanical parameters improved with the suc-
tion state of rammed earth. Non-linearity in the failure envelope was observed over all the
suction range, and thus a modified failure criterion was proposed. The intrinsic shear pa-
rameters were determined from saturated triaxial tests. From these tests, the expression
of generalized effective stress for unsaturated soils was determined.

At the structural scale, the hydro-mechanical behavior of rammed earth columns
was studied at non-uniform suction conditions. The columns were subjected to 1D natural
convection drying, where the boundary conditions are representative of a real rammed
earth wall. The drying phase kinetics were studied. The compressive testing of the
columns was studied after the natural convection drying. The result showed that the
strength and stiffness of the columns increased significantly within the first two weeks of
drying. In addition to this, the consistency of the material changed from plastic to brittle
with the increase in suction.

Coupled THM simulations of the drying phase and the compression testing
were performed on the rammed earth columns using the finite element code called Code
BRIGHT. The drying simulations were carried out using more realistic atmospheric
boundary conditions. A good fitting with the experimental results was obtained for
drying. For the compression simulations, a linear elastic-perfectly plastic mechanical con-
stitutive model was used. The expression of generalized effective stress was introduced
in the shear strength expression. The compressive strength obtained from the simulation
was compared with the experimental results. A sensitivity analysis for the effective stress
parameter on the compression strength was done.

Finally, a numerical case study was done to determine the drying period required
for the walls to gain sufficient strength for subsequent floor construction. Two different
configurations of walls were carried out at warm and cold environmental conditions while
taking into account the safety criterion, inspired from the “Guide des bonnes pratiques”.



Résumé
La construction en pisé offre un matériau de construction alternatif efficace pour limiter
la consommation d’énergie et les émissions de CO2. Il possède diverses caractéristiques de
matériau durable, mais son comportement mécanique est sensible à l’eau et aux variations
d’humidité, ce qui est une réelle difficulté pour développer cette technique aussi bien
à la mise en œuvre qu’à la construction. Ainsi, cette étude concerne le comportement
hydromécanique couplé du pisé. Cette étude est réalisée selon une approche expérimentale
et numérique à la fois à l’échelle du matériau et d’éléments de structure.

À l’échelle du matériau, des fabrications puis des essais de compression et de
cisaillement ont été effectués dans différentes conditions de succion. Les échantillons
utilisés ont été compactés à l’aide d’une technique de double compactage statique. Les
résultats ont montré que les paramètres mécaniques s’amélioraient avec l’état succion de
pisé. Une non-linéarité dans l’enveloppe de rupture a été observée sur toute la plage de
succion et ainsi un critère de rupture modifié a été proposé. Les paramètres de cisaillement
intrinsèques ont été déterminés à partir d’essais triaxiaux saturés. A partir de ces tests,
l’expression du stress effectif généralisé pour les sols non saturés a été déterminée.

À l’échelle structurelle, des éléments de structures ont été fabriqués puis testées,
le comportement hydromécanique de ces colonnes de pisé a été étudié dans des conditions
succion non uniformes. Les colonnes ont été soumises à un séchage par convection naturelle
1D où les conditions aux limites sont représentatives d’un véritable mur de pisé. La
cinétique de la phase de séchage a été étudiée. L’essai de compression des colonnes a été
étudié après le séchage par convection naturelle. Le résultat a montré que la résistance
et la rigidité des colonnes augmentaient considérablement au cours des deux premières
semaines de séchage. En plus de cela, la consistance du matériau est passée de plastique
à fragile avec l’augmentation de la succion.

Des simulations THM couplées de la phase de séchage et des tests de compression
ont été réalisées sur les colonnes de pisé en utilisant le code élément fini appelé Code
BRIGHT. Les simulations de séchage ont été réalisées en utilisant des conditions aux
limites atmosphériques plus réalistes. Un bon ajustement avec les résultats expérimentaux
a été obtenu pour le séchage. Pour les simulations de compression, un modèle constitutif
mécanique linéaire élastique parfaitement plastique a été utilisé.
L’expression de la contrainte effective généralisée a été introduite dans l’expression de la
résistance au cisaillement. La résistance à la compression obtenue à partir de la simulation
a été comparée aux résultats expérimentaux. Une analyse de sensibilité pour le paramètre
de contrainte effective sur la résistance à la compression a été réalisée.

Enfin, une étude de cas numérique a été réalisée pour déterminer la période de
séchage nécessaire pour que les murs acquièrent une résistance suffisante pour la construc-
tion ultérieure du plancher. Deux configurations de murs différentes ont été réalisées dans
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des conditions ambiantes chaudes et froides en tenant compte des critères sécuritaires du
guide des bonnes pratiques sur le pisé.
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Chapter 1

Introduction

This chapter provides an overview of different earth construction techniques and mainly
focusing on rammed earth. The various advantages of using rammed earth as a sustainable
construction material will be discussed. Despite having numerous advantages, there are
few drawbacks in using this material for construction. Thus in order to have a better
understanding of rammed earth from a mechanical point of view will help to overcome the
drawbacks, and this serves as a motivation for the current study. Finally, the objectives
of the current study will be highlighted along with the outline of the different chapters.

1.1 Earth as a construction material

Earth is one of the oldest construction material and has been used to build houses, mon-
uments, temples, churches etc. According to Schroeder et al. 2012 [26], the first use of
earth as a building material can be dated back to 10000 BC in the eastern Mediterranean
and Mesopotamia. In these archaeological constructions, mixtures of locally excavated
sand, gravel, and clay were used [27][28]. There are also numerous historical monuments
made from earth construction around the globe. A few examples include Potala Palace in
Tibet, Ben-Haddou in Ouarzazate (Morocco), the temple of Ramses II at Gourna, Great
wall of China, Alhambra palace of Granada (Spain) etc. Even today, earth construction
exists throughout the world, and it is the primary process of construction for some coun-
tries. Around 30% of the world population still lives in buildings of earthen construction.
The worldwide use of earth construction and various UNESCO world heritage sites have
been shown in figure 1.1. In most countries of the world, it is possible to compact earth
using either sophisticated or primitive tools for building construction. The range of the
technical, constructional and architectural possibilities of earth is extremely wide [29].
Earthen construction is being used not only in developing countries but also in developed
countries because of its sustainable properties.

The basis of earth construction implies using locally available material. Since the
earth composition is different in different places, the construction techniques have been
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Figure 1.1: A world map showing the different areas of earthen architecture and UNESCO
world heritage sites (Source: CRATerre/ENSAG)

evolving with time. There are different techniques for earthen construction based on the
method of compaction, moisture content, drying of material, the composition of soil etc.
The various construction techniques used are: wattle and daub, cob, adobe, compressed
earth bloc, and rammed earth. The distinction between these techniques according to the
classification proposed by Hamard et al. 2016 [1] is shown in figure 1.2. This classification
was based on three criteria:

• Water content of the mixture

• Implementation either as masonry unit, monolithic wall or infilling

• Structural role, i.e. load-bearing or non-load bearing walls

Figure 1.2: The classification of the earth construction process by Hamard et al. 2016 [1].
Wm is the manufacturing water content, WOP is optimum water content, Wp and Wl are
the plastic and liquid limit of soil
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Wattle and Daub: It is perhaps one of oldest earth construction technique and has
been used for over 6000 years. It consists of two parts: wattle and daub. Wattle is the
woven lattice of timber elements acting as a load-bearing frame. Daub or mud is the
clayey earth which is put on the wattle to cover the entire surface. It does not serve
any structural function. The earth used is mixed with straw or other vegetable fibers to
prevent shrinkage upon drying. This technique is used for non load-bearing walls which
can be either external walls or partition walls of thickness 8-20 cm. The construction
process and an example of this construction are shown in figure 1.3.

Figure 1.3: The construction process of wattle and daub technique (a) and house made
with this technique in Miltenberg, Germany (b)

Cob: It is one of simplest earth construction technique which does not require many tools
or a form-work. It usually consists of a wet mixture of clay, sand and organic fibers such
as straw or reed, which is molded by hand without any form-work to construct a wall. A
plaster made out of lime and sand is used sometimes to windproof the exterior walls from
wind damage. Since the cob mixture is applied in a wet state, the mechanical strength of
this material is low and it settles under its own weight which limits the height of the wall.
Thus cob walls are constructed in multiple layers of monolithic units called lifts. A new
lift is constructed after allowing the last lift to dry for around two weeks to gain sufficient
strength. The construction of a cob wall and a modern house made with cob is shown in
figure 1.4.

Figure 1.4: Construction of a cob wall (a) and a modern cob house in Ottery St. Mary,
United Kingdom (b) (Source: Wikipedia)
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Adobe: It is a construction technique that consists of pouring a wet mixture of clayey
soil and straw are made inside a mold with dimensions similar to conventional bricks.
These are left to dry in the sun for days and are used as masonry units. Straw or other
fibers helps to reduce the shrinkage and serves as a reinforcement. The same earth is used
as a mortar. Sometimes additives such as asphalt emulsions are added to waterproof the
adobe bricks. A mixture of cement and lime can also be used, although it increases the
cost of construction. An example of a construction of the wall with adobe bricks is shown
in figure 1.5.

Figure 1.5: Manufactured adobe bricks (a) and wall construction using adobe bricks (b)

Compressed earth blocks (CEB): It is a relatively modern construction technique
which is an improved form of traditional adobe construction. This method involves press-
ing a moist mixture of soil to obtain higher density than adobe bricks. The obtained
earth blocks are heavier and mechanically more resistant. The compaction pressure can
be applied either manually or by using a mechanical press which reduces the original soil
volume by half. The blocks are assembled into walls using standard masonry technique.
The mortar can be a slurry made of the same soil, or a cement mortar can be used for
higher strength. Figure 1.6 shows the manufacturing of Compressed earth blocks and an
example of a building using this technique.

Figure 1.6: A compressed earth block using mechanical press (a) and center of earth
architecture building made from CEBs in Mopti, Mali (b)
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1.2 Rammed earth

Rammed earth is a construction technique by which dense load-bearing walls can be
made by the dynamical compaction of moist soil in layers between removable shuttering
or form-works. It is an ancient technique, but the interest in this has been revived due to
its sustainable characteristics.

Rammed earth can be used for the construction of foundation, floors and walls.
The construction process begins with a temporary frame called form-works. It consists
of 2 parallel frames which are clamped together to hold them in position during the
compaction process. Wood or plywood form-works were used in traditional construction
practice. These form-works should be sufficiently braced in order to maintain the desired
shape and dimensions during the construction of the wall. Nowadays, metallic frameworks
are used, which allows to input higher compaction energy.

Figure 1.7: A scheme for construction of rammed earth wall in layers [2]

The process of construction of a rammed earth wall is shown in figure 1.7. The
moist soil is poured in layers of about 10-15 cm into the temporary form-work and com-
pacted using either manually using a tamper or mechanically using a pneumatic rammer.
The thickness of the rammed earth wall is around 45-50 cm. After the compaction pro-
cess is complete, the thickness of each layer is around 6-10 cm [5]. In this way, a layer
of rammed earth is formed. This process of compaction is continued until reaching the
top level of the form-work. Rammed earth has sufficient strength and stability to not
collapse under its own weight, and the form-works can thus be removed immediately after
the compaction process. The part of the wall is allowed to dry for sufficient duration to
gain strength, and then another form-work can be placed over it to continue the com-
paction process until the desired height of the wall is achieved. Rammed earth is generally
founded on a base made from stones and pebbles of about 50 cm height [30] in order to
avoid the damping effect from the ground. In modern construction, the base is usually
made of concrete. An example of a rammed earth wall and a house is shown in figure 1.8.
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Figure 1.8: A rammed earth wall made in LOCIE laboratory (a) and Château de Reyrieux
made from rammed earth (b) in France (Photo: Auroville, earth institute)

There are two different types of rammed earth: unstabilized and stabilized
rammed earth. When the clay is the only binder material, it is termed as unstabilized
rammed earth or simply rammed earth. When additional binding agents such as cement
or lime is added to the soil mix, it is termed as stabilized rammed earth. Stabilization
increases the mechanical strength and durability of rammed earth. It reduces the sus-
ceptibility to water erosion. It also decreases the permeability of the soil and thus the
ability of moisture to pass through the wall. Stabilization reduces the potential of the
material to be recycled and also increases the construction cost due to an increase in
the embodied energy [5][31]. Thus stabilized rammed earth has reduced environmental
and cost benefits. This study will focus only on unstabilized rammed earth and will be
labelled as rammed earth in the manuscript.

1.2.1 Advantages and limitation of earthen structures

The building sector is responsible for more than 40% of the total emission of greenhouse
gases, and it contributes to the high levels of pollution. According to ADEME 2015,
the amount of waste from the building sector was around 44% of the total waste in
France. This waste is usually not recyclable and is disposed of in landfills leading to loss
of land and pollution. Thus there is a necessity of alternative construction material which
has more eco-friendly characteristics compared to concrete and steel. Earthen materials
provide a viable solution to this problem since earth is available in abundance and can
be sourced at the construction site. It reduces the consumption of natural resources not
only during the construction but also during its lifetime. Thus earthen construction such
as rammed earth represents a sound alternative to conventional construction techniques,
from both energetic and mineral resources point of view and, thus, exactly fulfills the
criteria for the urgent and intense ecological transitions needed for the sustainability of
society. It has numerous characteristics as a sustainable construction material, and the
various advantages have been mentioned below:
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1. Reduction of embodied energy: Embodied energy is the total energy consumed by all
the processes associated with the production of building, from mining and processing
of natural resources to manufacturing and transportation. The embodied energy
required for an earthen material is around 1% of the energy needed for construction
with cement-based materials [32]. Morel et al. 2001 [33], studied the environmental
benefits of construction using local materials. A comparison was made between the
energy consumed by a rammed earth house and a concrete house. It was found that
rammed earth consumes less energy (70 GJ) compared to the concrete house (239
GJ).

2. Hygro-regulator effect: Earthen construction leads to the reduction of operational
energy due to the hygro-regulator effects. In atmospheric conditions where the
relative humidity is high, earthen walls absorb moisture due to the presence of clay
particles. When the relative humidity of the surrounding atmosphere becomes low,
this absorbed vapor is released back. Thus it helps in maintaining the hygroscopic
conditions and reduce the need for air-conditioning.

3. Thermo-regulator effect: It also reduces the operational energy due to the thermo-
regulatory effects. The hygro-regulatory effects discussed above also impact the
average temperature inside the earthen building. During the hottest hours of the
day, evaporation takes place in the earth mass which is an endothermic process
which, requires heat and thus reduces the temperature of the surrounding. Similarly,
during the cold hours of the day, condensation takes place in the earth mass, which
is an exothermic process releasing heat and thus raises the temperature.

4. Recycling or demolition of building: The recycling and the demolition of the building
also contribute to a significant amount of energy consumption [2]. The amount of
waste generated from construction and demolition of a building is responsible for
filling between 13-30% of the total landfills around the world [34]. For raw earth
construction, recycling is not a problem because the same earth can be reused for
construction activity and does not need any landfills for its storage. This advantage
is lost if the earth is stabilized using chemical binders.

In addition to these advantages, earth construction has several other benefits such as
acoustic insulation properties, fire resistance etc.

Limitations of earthen materials

Despite the numerous advantages of the earth with regards to sustainability, various lim-
itations hinders the widespread use of earthen materials such as rammed earth for con-
struction. One of the biggest limitations of using an earthen material is its sensitivity to
water which makes its use challenging to be generalized. Indeed, moisture ingress induces
changes in the consistency of the earth from solid to plastic. This leads to a change in the
mechanical strength and rigidity. When earthen structures are present in a dry climate,
they are durable which can be seen from different historical monuments which are still in
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well-preserved conditions. On the other hand, in wet climatic conditions, durability and
stability decrease, especially for unstabilized earth. Rainfall can cause surface erosion and
capillarity from the ground surface leads to an increase in saturation and thus decrease
in the strength and rigidity. These unfavorable humid pathologies lead to different prob-
lems and uncertainties in the stability of earthen buildings. Different measures can be
followed to avoid these problems such as overhanging roofs and protective foundations.
Despite that, the changes in relative humidity during typical working environment cannot
be avoided. During the lifespan of the building, the ambient conditions are continuously
evolving, which affects the mechanical performance. Thus the lack of characterization of
this hydric influence is a major disadvantage for its direct practical application.

Another drawback that the earthen construction faces are the lack of technical
guidelines and codal provisions. Although some countries have their own set of guidelines
and standards, there are uncertainties in the design methodologies. In addition, there is
a lack of coherence between guidelines from different countries. This is partly because of
different environmental conditions in these countries which makes it difficult to be gen-
eralized. There is a lack of standardized procedures for the determination of mechanical
parameters in the laboratory. Some of the procedures used are from concrete or soil me-
chanics which are not suitable since it does not take into account the properties specific
to earthen materials.

1.3 Thesis objective and outline

As discussed in the previous section, the earthen materials such as rammed earth have
numerous advantages to be used as a sustainable construction material. Despite having
these advantages, it suffers from a sensitivity to water which limits its use in the main-
stream market. The main objective of this study is to emphasize the use of rammed earth
for energy-efficient construction since it is an eco-sustainable material. This will help to
have a better understanding of the hydro-mechanical behavior of rammed earth. This
hydro-mechanical coupling is essential to be understood and quantified both for new con-
struction and preservation of historical buildings and monuments, which are very relevant
nowadays. The various aspects that will be studied in the thesis are mentioned as follows:

• An extensive experimental campaign will be carried out at a material scale on
rammed earth to study the hydro-mechanical behavior. The tests will be carried
out at different hydric conditions. This will help us to understand the variation of
various key mechanical parameters with the hydric state.

• To study the hydro-mechanical behavior at a structural scale, an experimental cam-
paign will be done on representative columns. The columns will be subjected to
drying for different durations and then mechanically tested to study the variation
of strength and stiffness parameters.
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• From the experimental campaign conducted at the material scale, suitable parame-
ters will be chosen and adapted in a constitutive model for performing finite element
modelling. Using the concepts of unsaturated soil mechanics, the hydro-mechanical
coupled modelling will be taken into account. The objective will be to reproduce the
results of experiments on columns with non-uniform hydric states using numerical
modelling.

• A numerical case study will be done performed on rammed earth walls with different
orientations. The early age drying behavior of walls will be studied. The objective
will be to determine the drying period required after the preparation of a wall in
order to construct another floor above it. In this way, a very important practical
problem in rammed earth construction will be analyzed.

This thesis is divided into six chapters, a brief outline is discussed below:

Chapter 1 (Introduction): This chapter highlights the use of earth as a construction
material using different techniques, particularly rammed earth. The various advantages
and limitations of earthen materials are discussed. Finally, the main objectives of this
thesis are highlighted.

Chapter 2 (Literature review): This chapter presents the detailed literature review of
the experimentation performed on rammed earth. The various factors influencing the
mechanical parameters will be studied, especially the hydric influence. The various studies
done on the constitutive modelling taking into account the hydric influence are presented.

Chapter 3 (Hydro-mechanical behavior at material scale): This chapter includes the
experimental campaign at material scale to study the hydro-mechanical behavior. The
various characterization tests, method of compaction of samples, method of control of hy-
dric conditions, the variation of mechanical parameters with the hydric state are presented
in detail.

Chapter 4 (Experiments and simulation at structural scale on columns): The hydro-
mechanical behavior of representative rammed earth columns is investigated. The first
part of this chapter includes the drying behavior and the compression characteristics of
the rammed earth columns. The second part includes the hydro-mechanical coupled finite
element method simulations of the drying phase and the compression results. Finally, a
comparison of the experimental and simulation results is presented.

Chapter 5 (Case study on rammed earth walls): In this chapter, a numerical case study
is performed on rammed earth walls to study the early age drying behavior. The drying
period required for subsequent floor constructions in different environmental conditions
is determined to answer a practical issue in rammed earth construction.

Chapter 6 (Conclusions and perspectives): This chapter presents the key findings of the
thesis and proposals for future research work.
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Chapter 2

Literature review

In the past centuries, earth has been employed for construction purposes using various
traditional construction techniques such as rammed earth, daub, adobe, and cob. Due
to the advent of technology and availability of powerful machinery earth can now be
developed using modern construction techniques such as compressed earth blocks (CEB),
prefabricated rammed earth, casted earth etc. The present work focuses on the use of
rammed earth as a construction material.

Until a few years ago, the design rules of rammed earth constructions were based
on empirical relations and physical properties of soil which did not take into account the
hydro-mechanical coupling. Recently, this material has been analyzed using the concepts
of soil mechanics, in particular using unsaturated soil mechanics theories, since rammed
earth is basically a compacted soil existing in an unsaturated state. Jaquin et al. 2009
[13] discussed the unsaturated characteristics of rammed earth. Rammed earth samples
were prepared at the optimum moisture content, and after undergoing significant drying,
it leads to lower water contents and provides additional strength. Gallipoli et al. 2014 [32]
underlined the role of unsaturated soil mechanics in rammed earth construction. Indeed,
until recently rammed earth construction was considered as ‘weak masonry’ rather than
a porous continuum. Gulkan et al. 2004 [35] studied the earthquake damage of rammed
earth building which was due to loss in cohesive strength, which was better explained
by porous continuum models rather than masonry models. This highlights the need for
research in the interface between structural engineering and geotechnical engineering to
better understand and predict the behavior of earthen structures.

In this section, a bibliography synthesis of the key mechanical parameters of
rammed earth mechanical such as the compressive strength, tensile strength, modulus
of elasticity is presented. The various factors influencing the mechanical behavior are
discussed in detail, especially the water influence. Finally, a brief discussion is presented
on the constitutive modelling of rammed earth and coupled hydro-mechanical analysis to
take into account the unsaturated behavior of rammed earth.

11
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2.1 Key mechanical parameters

Rammed earth has been used as a construction material for centuries, yet the scientific
characterization of the earth is very recent. There are very few guidelines and standards
for testing of this material. The design guide by Walker et al. 2005 [36] for the con-
struction of rammed earth structure indicates that the most widely used indicator of
strength is compressive strength. It depends on several factors such as moisture content,
compaction energy, sample geometry, and, dry density based on the optimum moisture
content. According to New Zealand standard NZS:1998 [37] for rammed earth to be used
as a construction material, it should have a minimum characteristic compressive strength
of 1.3 MPa. The Australian Earth Building Handbook [38] recommends the design value
of compressive strength in the range of 0.4 to 0.6 MPa. Whereas, New Mexico code, 2001
[39], suggests a range of 1-2 MPa for the characteristic compressive strength. It is worth
noting that although this value is low when compared to other construction materials
such as bricks or concrete, the typical downward pressure of a single storey building made
of earth is of the order 0.1 MPa.

Concerning the value of Young’s modulus, there are no coherent design stan-
dards. The recommend design value of Young’s modulus is 150 MPa from the New
Zealand standards and 500 MPa from the Australian handbook. No recommendation for
Young’s modulus was provided in the New Mexico code. Thus in this part, the discussion
about the strength and stiffness characteristics at both material and structural scale in
the literature has been presented.

Material Scale

Various testing programs for the experimental characterization of the mechanical param-
eters of rammed earth has been done at material scale. Several studies have been carried
out to analyze the mechanical behavior and evaluate its compressive strength (Rc) and
elastic modulus. The tangential Young’s modulus (Etan) is evaluated from the initial lin-
ear part of the stress-strain curve. Hall et al. 2004 [3] performed compressive strength test
on 10 cm cubic rammed earth samples (figure 2.1) with different particle size distribution.
The samples before testing were cured for a minimum of 28 days at a temperature of 20
◦C and relative humidity (RH) of 75 %. It was observed that only a few samples exceeded
the threshold of minimum compressive strength = 1.3 MPa mentioned in NZS:1998 [37].

Lilley et al. 1995 [40] also performed the compressive strength testing on 15 cm
rammed earth cubes of different soils in a British Standard concrete cube test machine at
ages of 24 hours, 7 days, and, 28 days. The dry density of samples was between 1970 to
2110 kg/m3, and the compressive strength obtained after 28 days of curing was around
1.8-2 MPa.

Maniatidis et al. 2007 [41] determined the unconfined compressive strength on
cylindrical samples of 10 cm diameter and 20 cm high. The average compressive strength
obtained was 2.46 MPa (coefficient of variation of 6.42%) with an initial tangent modulus
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Figure 2.1: The results of characteristic compressive strength (f’) and dry density for
different rammed earth soil type [3].

of 160 MPa.

Table 2.1 shows the different mechanical parameters in compression found in the
literature. These different results will be discussed in the further sections. A discrepancy
for the value of compressive strength is observed. A significant degree of dispersion is
also found in the value of Young’s modulus. These dispersions can be due to difference
in the soil, the method followed, dry density after compaction, scale and geometry of
samples, workmanship etc. Besides, it is essential to note that the compressive strength is
also dependent on the hydric state at which the samples are conditioned. The difference
in the ambient atmospheric conditions in the literature mentioned above can lead to a
discrepancy in the results.

Table 2.1: Range of different mechanical parameters in compression from literature

Specimen size Rc ρd Slenderness Etan Reference
(MPa) (kg/m3) ratio (MPa)

10 ∗ 10 ∗ 10 cm3 0.75-1.5 2020-2160 1 - Hall et al. 2004 [3]
15 ∗ 15 ∗ 15 cm3 1.8-2 1970-2110 1 - Lilley et al. 1995 [40]

φ = 30 cm, H = 60 cm 1.9 1850 2 160 Maniatidis, 2008 [42]
30 ∗ 30 ∗ 60 cm3 0.62-0.97 1760-2027 2 60-70

φ = 10 cm, H = 20 cm 2.46 1850 2 205 Maniatidis, 2007 [41]
100 ∗ 100 ∗ 30 cm3 0.6-0.7 - 3.3 60 Jaquin et al. 2006 [4]
40 ∗ 40 ∗ 65 cm3 1 1820-1980 1 100 Bui et al. 2009 [7]

φ = 16 cm, H = 30 cm 1.7-2.1 1920 1.87 460-540 Bui et al. 2014 [5]
46 ∗ 31 ∗ 13 cm3 6.56 - 0.42 71 Piattoni et al. 2011 [43]
25 ∗ 15 ∗ 13 cm3 2.55 - 0.87 131
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Structural scale testing

It is vital to understand that test at the material scale is not sufficient to understand
fully the behavior of rammed earth. The scale and geometry effects lead to a difference in
mechanical behavior. In addition, rammed earth is compacted in layers which is harder
to reproduce at the material scale. Thus, in order to have a better idea of the behavior
of in-situ rammed earth walls, various authors have conducted compression and shear
testing at a structural scale on wallettes.

Jaquin 2006 [4] tested 5 rammed earth walls of size 100 x 100 x 30 cm3. The
walls after compaction at optimum conditions were left to dry in the ambient condition for
14 days. The loading on the walls was applied across the whole width, and the load was
spread using timber of size 6 cm x 30 cm (figure 2.2). The failure stress was determined
while the displacements were not recorded. Diagonal cracking was observed in walls, and
the peak stress obtained was between 0.6 and 0.7 MPa. It is to be noted that the walls
were not allowed to dry fully and reach quasi-static water content. The failure stress
obtained was thus less than 1 MPa and is lower than the values observed in other studies
mentioned in table 2.1.

Figure 2.2: The rammed earth wall studied (left) and the loading pattern and the failure
mechanism for the wall from Jaquin, 2006 [4]

Bui et al. 2014 [5], conducted compression test by applying concentrated loads
on (30 x 30) cm2 surface at the middle of two wallettes of size (100 x 100 x 30) cm3(figure
2.3). Before testing the wallettes were subjected to drying for 148 and 155 days to ensure
stable water content (1.8 ± 0.2%). The mean failure load of 112 kN, corresponding to a
displacement of 4.5 mm from the central point of the wallettes was obtained (figure 2.3).
The maximum normal stress in the wallettes was 1.22 MPa at the loaded zone, whereas
the mean compressive strength of the cylindrical specimens for the same soil was 1.9 MPa.
It was pointed out that slenderness of wall was greater than two that can induce buckling
and could decrease the failure stress. Also, the real compressive strength of wallette could
be less than the cylindrical specimens.

It was observed that the zone under loading had a greater settlement and under-
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Figure 2.3: Experimental setup for the compression testing of the wallettes (left) and
Load-displacement curve (right) from Bui et al. 2014 [5].

went failure. A quasi-vertical failure surface was formed due to the differential settlement
between the loaded and unloaded zone (figure 2.4). To study this behavior, it is essential
to determine the shear strength of rammed earth wallettes. Shear strength is required to
check the punching strength of rammed earth walls, such as beam placed on rammed earth
wall and vertical ties in anti-seismic devices. Also, it is mobilised due to wind loading
and seismic conditions, which causes stability issues. The shear strength was analytically
determined using apparent values of cohesion and friction angle (Mohr-coulomb theory).
They identified the value of the shear parameters c = 0.14fc and φ = 51◦. Thus, for
rammed earth with compressive strength in the range of 1-3MPa, cohesion is about 0.14-
0.42 MPa. These values were found to be coherent with Jaquin et al. 2008 [18]. These
parameters are apparent, in the sense that they vary with the humidity condition in the
earth are do not characterize the material intrinsically. These effects will be dealt with
later in the text.

Figure 2.4: Fracture surface on the wallette due to differential settlement between loaded
and unloaded zone [5].

The compressive strength and shear strength for the wallettes was also deter-
mined by Miccoli et al. 2015 [6]. They conducted axial compression, and diagonal com-
pression test on stabilized rammed earth wallettes of dimensions 50 x 50 x 11 cm3. Before
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testing the samples were dried in a climate room with a temperature of 23 ◦C and relative
humidity of 50 %. Five compression tests were carried under displacement control. The
axial stress-strain curves highlighted non-linear behavior under compression, starting at
low-stress levels (Figure2.5a). Compressive strength showed relatively low scattering and
varied from 3.3 MPa to 3.9 MPa while elasticity modulus showed high scattering and
varied from 2844 MPa to 5048 MPa (2.5a). Five diagonal compression tests were carried
under force control. Rammed earth wallettes exhibited early peak shear stress followed
by shear hardening (2.5b). Both shear strength and shear modulus showed relatively high
scattering, shear strength varied from 0.54 MPa to 0.83 MPa and shear modulus varied
from 1260 MPa to 2146 MPa. Cracks were observed in the interface between the layers
suggesting that in this stress state rammed earth should be considered anisotropic. The
values of strength and stiffness obtained from these test were significantly higher due to
the stabilization of earth. It has a direct effect on increasing the mechanical performance
leading to a high value of compressive strength and Young’s modulus.

Figure 2.5: Experimental results of axial compression test (left) and diagonal compression
test (right) on wallettes from Miccoli et al. 2015 [6]

The shear strength parameters were determined by El Nabouch et al. 2018,[44]
at large scale. Direct shear tests were performed in a tailored shear box (length = width =
49 cm and height = 45cm) to test representative samples. A drying period of one month
was chosen, which led to a water content of 4-6%. The samples were tested so that the
horizontal shear plane was at the middle of the layer and at the interface. The apparent
cohesion and apparent friction angle obtained at the interface of the layer (c = 24.7 kPa
and φ = 32.9 ◦) was lower than in the middle of the layer (c = 30 kPa and φ = 35.3 ◦).
The direct shear test was also done in a Casagrande box on samples that were taken from
the wall, which was at quasi-dry state (2-2.5% water content). The apparent cohesion
and apparent friction angle were significantly higher for the small samples since the water
content was lower. Also, the specimen size could have also affected the results. It is pretty
evident that there is a great dispersion in the evaluation of mechanical characteristics in
the literature. There are various factors which affect these parameters, and thus it is very
important to discuss them for studying the mechanical behavior.
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2.2 Factors influencing the mechanical characteristics

In the previous section, the mechanical parameters of rammed earth were discussed. It
was found that there is a discrepancy in the value of these parameters in the literature. It
is because there are multiple factors which affect the mechanical strength of rammed earth
related to the method of compaction, sample geometry, the composition of soil, nature
of clay, soil structure, and hydric state. In this section, these factors will be discussed in
detail.

2.2.1 Sample geometry and scale

The geometry of the samples used for studying mechanical characteristics can significantly
affect the value of compressive strength. Maniatidis et al. 2008 [42] studied prismatic
samples (60 cm x 30 cm x 30 cm) and cylindrical samples (H = 60 cm and φ = 30cm) which
were stacked at different heights and then compressed. Before compression, the samples
were dried in ambient laboratory conditions for 4 to 6 weeks. Comparison of the prismatic
samples with the cylindrical ones with the same height shows that the cylindrical sample
had 50 % higher compressive strength compared to the equivalent prismatic sample. It
was suggested that it could be due to the localized and less effective compaction of the
material at the corners of the prismatic specimen. It seems thus that it is preferable to
use a cylindrical sample to determine more representative characteristics.

In addition to the geometry, slenderness ratio of the sample also significantly
affects the compressive strength. Slenderness ratio (SLR) is defined as the ratio between
the height and width (for prismatic samples) or diameter (for cylindrical samples). There
is an increase in the compressive strength of material for lower slenderness ratio. It is
because of the more significant boundary effect, which leads to additional friction between
the loading platen and the sample top and bottom surfaces. This leads to additional
confinement which results in increased strength. Piattoni et al. 2011 [43] studied the
compressive strength of rammed earth blocs with a slenderness ratio of 0.42 and 0.87 and
compared it with a wall of slenderness ratio of 1.26. The compressive strength decreased
with the increasing slenderness ratio, from 6.56 MPa for SLR = 0.42, 2.55 MPa for SLR
= 0.87 to 1 MPa for wall with SLR = 1.26. Ciancio et al. 2012 [45] concluded that for
a cylindrical sample with slenderness ratio equal to 2, the effect of boundary condition is
negligible on the computation of compressive strength if measurements are done in the
central third of the sample. Also, several studies have shown that for a slenderness ratio
of about 2, the compressive strength does not depend on the geometry and depends only
on the material used and method followed [46][47].In addition, the slenderness ratio of
2 avoids buckling effects. Thus, for conducting a compressive strength test on earthen
material, a slenderness ratio of 2 with cylindrical geometry is generally recommended.

In addition to the sample’s geometry, the scale at which the study of mechanical
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behavior is carried out is also important. Maniatidis et al. 2007 [41] performed small
scale compression test on cylindrical sample of height = 20 cm and diameter (φ) = 10cm,
which were compacted using modified Proctor test and cured at 65 % RH and 20 ◦C
for four weeks. There was significant variation in material performance between small
scale specimen and samples closer to the size of the walls. The strength of the cylindrical
sample with 30 cm diameter was found to be 23 % lower than the 10 cm diameter sample.
The reduction in strength and stiffness was attributed to higher gravel content according
to the weak link theory.

Mechanical characteristics was also determined by Bui et al. 2009 [7] on three
different experimental scales (figure 2.6).

• Wall scale

• Representative Volume Element (RVE) scale

• Compressed earth blocs (CEBs) scale

This study was done on full-scale in-situ walls, on a column which is manufac-
tured in the same process as the in-situ wall which is representative of the actual wall
conditions and at material scale on equivalent CEBs which facilitates laboratory test pro-
cedures. The elastic modulus of rammed earth was determined at these three different
test scales. Figure 2.7 shows the comparison of modulus of elasticity at three different
scales. The results calculated from equivalent CEBs were close to the rammed earth RVEs
tested in the laboratory. At the wall scale, the in-situ dynamic measurements gave higher
results than the other two approaches.

Figure 2.6: Different scales of study including wall scale, a representative element scale
and material scale (CEB) from Bui et al. 2009 [7].
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Figure 2.7: Reloading modulus of elasticity variation with preload stress for the three
scales of study by Bui et al. 2009 [7]

2.2.2 Granulometry

A very important question is whether a particular soil can be considered suitable to
be used as a rammed earth construction material or not. The earth which is used for
construction is generally sandy loam subsoil. The topsoil is unsuitable for rammed earth
as it contains organic matter. The quantity of this soil must be limited to 1-2 % if allowed
at all [48].

Further, the granulometry a key factor for the suitability of the soil as rammed
earth material. The particle size distribution curve is obtained from a combination of dry
and wet sieving, and sedimentometry. The composition of rammed earth soil is analogous
to concrete. It contains an inert aggregate fraction (sand and gravel) and a binding agent
(silt and clay). The relative proportions of gravels, silts, sand, and clay providing a well-
graded material are more suitable for construction as it makes it possible to reach a high
degree of imbrication of grains.

Houben et al. 1994 [8] suggested a range of particle size distribution for the soil
to be suitable for rammed earth construction purposes (figure 2.8). It means that if the
particle size distribution of the soil is within the envelope proposed, the soil can be used as
rammed earth material. It is the most well-known guideline related to the granulometry
of the soil.

However, there is evidence in the literature that granulometry is not sufficient
for the suitability of soil. Ciancio et al. 2013 [49] highlighted that it is not always
recommended to predict the mechanical performance of rammed earth only on the basis
of soil properties. Hall et al. 2004 [3] studied the compressive strength of 10 different soil
mixes corresponding to the particle size distribution parameters suggested (figure 2.8). It
was found out that only 4 out of 10 samples had sufficient compressive strength of 1.3
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Figure 2.8: Particle size distribution of different soil mixes [3] and limit envelopes accord-
ing to Houben et al. 1994 [8]

MPa according to NZS:1998 [37] standards.

Other studies such as Champire et al. 2016 [9] studied three different soils
(labelled as STR, CRA, and ALX) which came from old rammed earth buildings. The
particle size distribution curve (figure 2.9) shows that the soils were not in the envelope
proposed by Houben et al. 1994 [8]. They concluded that granulometry cannot be solely
used as a criterion for suitability of soil as rammed earth material. It was suggested
that nature of clay is useful in addition to amount of clay, which is characterized by
granulometry.

Figure 2.9: Particle size distribution of tested material [9] and upper and lower bounds
according to Houben et al. 1994 [8] represented as BS1377-Min and BS1377-Max
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2.2.3 Clay content and nature

A large proportion of clay, especially swelling clays, is not recommended. Volumetric
variations due to shrinkage under drying are unwanted as it generates cracks which have
an impact on the global deformation of rammed earth structures. The addition of a small
quantity of sand or gravel could have a positive impact on the reduction of shrinkage [20].

Lilley et al. 1995 [40] conducted compressive strength tests on cubes with
soil mixes with different clay contents. Figure 2.10 shows the difference in compres-
sive strength at different ages of drying (24 hours, 7 days, and 28 days). The strength of
the soils after 28 days reduced by 14 % of their strength at 7 days. It was highlighted
that this decrease in cube strength was due to the shrinkage cracks upon drying, which
weakens the soil having a higher percentage of clays.

Figure 2.10: Evolution of compressive strength with drying age for soils having different
clay content

Helson et al. [10] studied the effect of clay content on the compressive strength
for two different stabilised soils. Figure 2.11 shows that the unconfined compressive
strength increases with clay content until reaching an optimum percentage of clay and
then decreases.

Champiré et al. 2016 [9] highlighted that the activity of clays has a much more
significant impact on the mechanical behavior of compacted earth in comparison to the
quantity of clay. This is true provided that the amount of clay in the cohesive matrix is
sufficient to provide cohesion. The activity of clay which depends on the mineralogical
nature is defined as the ratio of plasticity index to the percentage of soil finer than 2 µm
and the amount of clay is quantified from the particle size distribution curve.

The particle size distribution of the three soils studied (STR, CRA, and ALX) is
shown in figure 2.9. The amount of clays (particles lower than 2 µm) was equal to 15% for
STR, 16% for CRA and 8% for ALX. The activity of clay was qualitatively linked to the
Methylene Blue Value (MBV). Higher the MBV value, more active is the soil. The soil
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Figure 2.11: Variation of unconfined compressive strength with clay content (modified
after Helson et al. 2017 [10])

CRA was most active soil (MBV = 2.7) amongst the three, whereas STR (MBV = 1) and
ALX (MBV = 0.8) have similar activity. The damage which is related to the degradation
of stiffness (E) and plasticity behavior represented by the residual strain (εres) at the end
of each loading cycle is shown in figure 2.12 for the different soils. The soil with more
active clay (CRA) showed very high irreversible plastic strains and almost no damage at
all. In comparison, the other two soils (STR and ALX), which were less active showed
significant damage and lower irreversible plastic strains.

Figure 2.12: Damage and plasticity behavior for different soils at different storage humid-
ity
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Figure 2.13 shows the strength to stiffness relationship for the different soils
studied by Champiré et al. 2016 [9]. Soils with similar activity values showed a similar
relationship, whereas the soil with higher activity exhibits a higher strength to stiffness
ratio.

Figure 2.13: Relationship between compressive strength and Young modulus for different
soils

2.2.4 Dry density and method of compaction

Dry density is one of the main parameter influencing the strength of rammed earth.
The dry density is dependent on the granulometry, which we already discussed, moisture
content during compaction, the energy input for compaction, and the type of compaction
(static or dynamic) [50]. The dry density value for different earth structures usually ranges
from 1700 kg/m3 to 2200 kg/m3 [8].

Various authors studied the variation of compressive strength with the dry den-
sity obtained after compaction. Morel et al. 2007 [11] studied the compressive strength
of compressed earth blocs (CEBs) for unstabilised soil and soil stabilised with cement.
Figure 2.14 shows that the compressive strength increases with increase in dry density.

Kouakou et al. 2009 [12] studied the unconfined compressive strength of two
types of Adobe material: Traditional adobe blocs and Pressed adobe blocs (PABs). For
both types of adobes, the compressive strength increased with the dry density (figure2.15).

In order to achieve the maximum dry density, it is important to determine the
optimum moisture content (OMC) and the appropriate method of compaction for deter-
mination of OMC. Different compaction techniques have been used in the literature such
as ‘standard’ Proctor test using 2.5 kg rammer and ‘modified’ Proctor tests using 4.5
kg rammer (BS 1377-4, 1990), vibrating hammer generally used for granular soils, heavy
manual compaction test etc.
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Figure 2.14: Variation of compressive strength with dry density for different types of soil
after [11]

Figure 2.15: Evolution of compressive strength with dry density for traditional adobe and
pressed adobe blocs (PABs)[12]

Jaquin et al. 2009 [13] used vibrating hammer test to determine the optimum
moisture content (figure 2.16). Burroughs, 2010 [51] used modified Proctor test as the
compaction effort applied provides a greater simulation of compaction to on-site ramming.
Beckett et al. 2012 [16] used the Light Proctor test for optimum moisture determination
in accordance with British Standard BS 1377- Part4: Compaction following the work of
Hall et al. 2004 [3].

Gerard et al. 2015 [14] determined the optimum compaction conditions using
a specific Proctor method. Dynamical compaction of soil in layers imparting greater
compaction energy than standard Proctor was done at different moisture contents. The
compaction of each layer was achieved when the handle of the hammer (2.5 kg) “rings"
when dropped over the compacted soil. These samples were further tested in uniaxial
loading condition to obtain the uniaxial compressive strength and dry density in function
of compaction water content. Based on the compressive strength value, the optimum
conditions of compaction (OMC = 8% and ρd = 2000 kg/m3) were chosen (figure 2.17b).
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Figure 2.16: Determination of OMC using vibrating hammer test by Jaquin et al. 2009
[13]

This kind of specific Proctor provides a much denser sample as compared to
standard Proctor where the maximum dry density reached was 1840 kg/m3 (figure 2.17a).
The comparison of dry density between these two methods has been shown in figure 2.17b.

(a) Standard Proctor curve of the soil
studied

(b) Uniaxial compressive strength and dry density as
a function of compaction water content

Figure 2.17: Comparison of dry density between the standard Proctor test (a) and specific
Proctor method (b) [14].

The different methods of compaction used in the literature to determine the
optimum moisture content for maximum dry density have been summarized in Table
2.2. Thus different methods have been used in the literature to determine the optimum
conditions with the objective is to reach the dry density of rammed earth walls.
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Table 2.2: Dry density and OMC from different experimental campaigns on rammed earth

Reference Dry density (kg/m3) OMC (%) Method of compaction
Hall et al. 2004 [3] 2020-2160 8 Light Proctor

Maniatidis et al. 2008 [42] 1850 12.5 Modified Proctor
Bui et al. 2008 [7] 1900 10 Pneumatic Rammer

Jaquin et al. 2009 [13] 2017-2061 12 Vibrating hammer
Beckett et al. 2012 [16] 1918.1-1947.5 12 Light Proctor
Gerard et al. 2015 [14] 2000 8 Specific Proctor
Martinez, 2015 [52] 2100 10.1 Standard Proctor

Champiré et al. 2016 [9] 1950-1980 9-11 Double Compaction

When rammed earth wall is prepared at the optimum compaction conditions, it
undergoes drying, which leads to an increase in the strength of the wall. Conversely, when
it is subjected to wetting (e.g. rainfall or inundation), a reduction in strength is observed.
A rammed earth wall is subjected to changing humidity conditions during its lifetime,
which leads to change in the hydric state of the wall. As the hydric state of the wall is
evolving continuously, the mechanical behavior and other properties are affected. This
hydric influence on mechanical characteristics is the main topic of study for the current
research. The literature on the hydric influence is discussed in detail in the next section.

2.3 Suction as a variable for describing water state

For conventional construction material such as concrete, the study of strength parameters
is acceptable without the regulation of relative humidity. However, for earthen materials
such as rammed earth, mechanical behavior is strongly affected because of the interaction
of soil particles (mainly clay) with the water molecules. The moisture plays a role in the
cohesion of earthen materials, and thus it is necessary to study this water influence on
the mechanical behavior [53]. Different authors have studied the influence of moisture on
the strength and stiffness characteristics of rammed earth.

Compressive strength and Stiffness

Bui et al. 2014 [15] conducted unconfined compressive strength (UCS) test at
a wide range of moisture contents which varied from wet state (11%) after compaction
to dry state in normal atmospheric conditions (1-2%). The influence of moisture on
the mechanical characteristics of rammed earth considering 5 different soils (with lime
stabilization, i.e. soil B and E, and without lime stabilization, i.e. soil A, C, and D)
was done. Compressive strength tests were conducted with unload-reload cycles, and
secant modulus was determined for stress levels between 0 and 20% of maximum stress.
The compressive strength decreased (from 2 MPa to 0.1 MPa) with increasing moisture
content. However, when the moisture content was below 4%, it was found that the
compressive strength did not change much with the decrease in the water content for
sandy soil A, and stabilized soil B and E. In contrast, a decrease of 10 % in strength
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was observed for clayey soils C and D (according to French Standard NF P 11-300)(figure
2.18). Secant modulus varied in a similar manner with water content (figure 2.18).

Figure 2.18: Variation of compressive strength (fc) and secant modulus (E) with moisture
content for different soils studied from Bui et al. 2014 [15]

Beckett et al. 2012 [16] studied the effect of humidity and temperature conditions
on the unconfined compressive strength of rammed earth using two soil mixes. They
were represented as 5-1-4 containing 50% sand, 10% gravels and 40% silty clay and 7-
1-2 containing 70% sand, 10% gravels and 20% silty clay. Soil mixes have maximum
and minimum clay content, respectively, necessary for rammed earth (as suggested by
Houben and Guillaud 1996 [8]) to determine the role of clay in strength determination.
Both soil mixes contain minimum gravel content to reduce the risk of over-sized particle
affecting the results. Cubic samples of 100 mm were prepared by compaction in layers
at optimum water content determined by light proctor test. Unconfined compression test
was conducted on both mixes conditioned at different temperature and humidity values
(15, 20, 30, 40 ◦C and 30, 50, 70 and 90%). It was found that for two different types of
soil studied; the compressive strength is predominantly dependent on relative humidity
than temperature(Figure 2.19).

Champire et al. [9] performed unconfined compressive strength test with and
without unload-reload cycles on 3 different types of earth, conditioned at 3 different
relative humidities. The samples were cored from compressed earth blocs extracted from
existing rammed earth buildings. The three soil mixes contain 15%, 16% and 8% clay
respectively and having a different level of activity. It was observed that both compressive
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Figure 2.19: Comparison of the unconfined compressive strengths of mixes 5-1-4 and 7-1-2
against humidity and temperature [16].

strength and initial Young’s modulus decreased with increasing water content (Figure
2.20). This behavior has also been observed in various studies [13][15][54][55][56]. The
reduction of compressive strength and Young’s modulus ranges from 25% to 50% with the
change in relative humidity from 25% to 75 %. Whereas, the change in absolute moisture
content is less than 0.5%. This is due to the retention behavior of the soil.

Figure 2.20: Variation of compressive strength and Young’s modulus with relative humid-
ity from Champire et al. 2016 [9]
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Various authors studied the hydric influence on the mechanical parameters in
terms of water content or relative humidity. Unfortunately, water content and relative
humidity are not state variables and consequently, cannot account for objective behavior.
Olivier et al. 1995 [57] first initiated the use of suction as a parameter to study the hydric
influence on compacted earth material. In unsaturated soil mechanics, suction is one of
the most important state variables to represent the hydric state. Suction (s) is defined
as the difference of air pressure (ua) and water pressure (uw) i.e. s = ua − uw. It can
be linked with the relative humidity of the pore air through Kelvin’s equation which is
defined as:

s = −ρw.R.T
Mw

ln(RH) (2.1)

where, s is the suction defined as difference of pore air pressure (ua) and pore
water pressure (uw) at a given temperature T (in Kelvin, K), R is universal gas constant
(R = 8.3143 J/mol/K), Mw is the molar mass of water (Mw = 0.018Kg/mol), ρw is the
bulk density of water (ρw = 1000Kg/m3) and RH is the relative humidity, which is defined
as the ratio of partial vapor pressure P in the considered atmosphere and the saturation
vapor pressure Po at a particular temperature (T = 298 K).

The water content or degree of saturation can be related to suction using the
soil water retention curve (SWRC). The SWRC represents a fundamental constitutive
relationship in unsaturated soil mechanics to define the affinity of the porous medium
with water. The water retention curve is thus essential to characterize since the retention
and mechanical behavior are interconnected. Different techniques have been used for
plotting the retention curve. Gerard et al. 2015 [14] used the saline solution method
which imposes different suction to obtain the SWRC. Bui et al. 2014 [5] used filter paper
method to obtain the relationship between water content and suction.

The change in the mechanical strength with the hydric state can be explained by
the change of suction in the porous medium. Rammed earth derives its strength from two
parts. A part of strength is due to the interlocking between the particles due to frictional
resistance induced by the compaction process [58]. Also, in addition, there is a part of
strength because of suction induced cohesion due to partial saturation of the earth which
contributes a major part of the resistance [13][59][60][61][62][63][64][65][66][67][68][26].

Thus, the mechanical behaviour of rammed earth is strongly affected by the
suction state of the wall. The increase of apparent cohesion with suction is not unlimited.
When the soil completely dries out has no apparent cohesion due to suction as no water is
present [13]. However, this situation is unrealistic since a real rammed earth wall is never
completely dry, and even in an oven-dry state in the laboratory, there is still presence
of adsorbed water. Toll et al. 1990 [69] has shown that for unsaturated soils, strength
increases with suction but as soil completely dries out, the additional strength peaks and
then vanishes.
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Jaquin et al. 2009 [13] studied the influence of variation of suction on the
compressive strength and stiffness of rammed earth. They performed a series of triaxial
compressive strength test on samples prepared in Proctor split compaction mould and air-
dried to different suction values. The samples were axially compressed at constant water
content conditions. The suction was measured at the top of the sample continuously
during the test using a high-capacity tensiometer. A link between suction and both
strength and stiffness was observed. Increase in strength with suction state was observed
(Figure 2.21a). Suction seems to decrease for tests in the lower water content range (5.5-
8.4 %), whereas suction increases for tests at higher water content (9.4-10.2 %). Stiffness
studies indicated that wetter samples have greater ductility, whereas the behavior of drier
samples is more brittle in nature (Figure 2.21b). Figure 2.21c shows that the rate of
suction change decreases with axial strain. During the shearing of samples at constant
water content conditions, samples with initially low suction showed an increase in suction,
whereas samples having higher initial suction showed a decrease in suction. This suggests
that there exists a unique water content-suction relationship at critical state.

(a) Plots of suction against deviator stress
(b) Plots of axial strain against deviator
stress

(c) Plots of axial strain against suction

Figure 2.21: Results of the triaxial tests on rammed earth samples carried under constant
water content conditions from Jaquin et al. 2009 [13].

The results from Bui et al. 2014 [15] and Jaquin et al. 2009 [13] were correlated
and represented as the variation of compressive strength and suction (figure 2.22). It
was found that the compressive strength is linearly correlated to suction in logarithmic
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scale even though the material composition is different from each other for the four soils
studied. However, it was pointed out that, in order to validate this result, analysis should
be carried out on a large number of soils of different types.

Figure 2.22: Variation of compressive strength with suction for the unstabilised soil from
Bui et al. 2014 [15] and Jaquin et al. 2009 [13]

Gerard 2015 [14], studied the ability of Belgian clayey silt to develop sufficient
mechanical strength under variable relative humidity conditions to be used as an unstabi-
lized rammed earth construction material. The evolution of the strength as a function of
atmospheric relative humidity was characterized through Uniaxial compression test. Suc-
tion was imposed using saturated saline solutions of different salts. Following conclusions
were drawn: Unconfined compressive strength increased with suction. In addition, with
increase in suction, brittleness also increases, i.e. dryer is the material, more brittle it is.
Upon saturation, the compressive strength is almost zero, and the behavior is very ductile,
highlighting the contribution of suction-induced cohesion on strength. The Unconfined
compression strength was correlated linearly to logarithm of suction (Figure 2.23) similar
to the results obtained by Bui et al. 2014 [15].

Figure 2.23: Variation of compressive strength with suction from Gerard et al. 2015 [14]
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Bruno et al. 2017 [17] performed a study in context to hypercompacted raw
earth, which was compacted to three compaction pressures of 25, 50, and 100 MPa.
These samples after compaction at optimum moisture content were subjected to different
relative humidity conditions to impose suction values of 7, 36, 66, 112, and 190 MPa. In
addition, to determine Young’s modulus, the samples were subjected to 5 unload-reload
cycles. Figure 2.24 shows that, in general, Young’s modulus and compressive strength
increases as total suction increases from 7 MPa to 112 MPa tending towards a constant
value with further increase in total suction. This behavior of tending towards a constant
value of the mechanical parameters with increasing suction is justified according to the
meniscus model of Fisher et al. 1926 [59] which shows that the additional cohesion due
to capillary effects increase with suction asymptotically towards a constant value.

Figure 2.24: Variation of peak compressive strength and Young’s modulus with total
suction from Bruno et al. 2017 [17]

Tensile strength

Various studies have been done on the compressive behavior of rammed earth but only
a few focus on the influence of suction on tensile strength. Jaquin et al. 2008 [18],
determined the tensile strength using the modified Brazilian test on two soil mixes A
(more coarse particle) and B (more fine particles). This test is generally used for tensile
strength testing in rock and involves compressive loading on cylindrical specimen across
the diameter. As the suction increases, the tensile strength increases, indicating suction
as a source of tensile strength. Comparison on the basis of particle size distribution for
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the tensile strength shows that at same tensile strength, more water content was retained
in mix B which contains more finer particles than mix A (Figure 2.25).

Figure 2.25: Variation of tensile strength from Brazilian test (from Jaquin et al. 2008
[18].

The indirect tensile strength was also studied by Gerard et al. 2015 [14] using
the Brazilian test. In the saturated conditions, the indirect tensile strength was almost
zero, and it increases with suction. The indirect tensile strength was correlated linearly
to the logarithm of suction, as shown in figure 2.26. Thus it follows the same trend of
variation with suction as the compressive strength (figure 2.23).

Figure 2.26: Variation of tensile strength with suction from Gerard et al. 2015 [14]

Damage and plasticity

In the previous discussion we have seen that suction affects the strength and stiffness of
rammed earth. In addition to that, suction has a significant influence on the plastic strain-
ing and mechanical damage. Champiré et al. 2016 [9] observed that relative humidity (or
suction) appears to affect plasticity which was characterized by residual deformation and
damage which was characterized by a drop in Young’s Modulus (figure 2.27). The damage
was significantly greater for samples conditioned at higher suction states, whereas plastic
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behavior was more prominent at lower suction states. It was concluded that the earth ex-
hibits a complex mechanical behavior which combines elasto-plasticity and damage, each
one evolving with the ambient climatic conditions.

Figure 2.27: Young’s modulus and residual strain shown as function of stress level at
different humidity conditions from Champiré et al. 2016[9]

Similar results were observed by Xu et al. 2017 [19]. Triaxial tests were per-
formed on compacted on rammed earth (labelled as CRA) at 2 different confining pressures
of 100 kPa and 600 kPa conditioned at different humidity conditions. The degradation
of Young’s modulus with the increase in applied stress, i.e. damage (figure 2.28) was
observed. Damage was higher for samples conditioned at higher suction states. Similarly,
strong irreversible strains were observed at lower suction state.

Figure 2.28: Evolution of Young’s modulus and residual strain with increasing stress state
for samples conditioned at different relative humidities and tested at different confining
pressures from Xu et al. 2017 [19].
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Poisson’s ratio

The variation of Poisson’s ratio with moisture content was studied Bui et al. 2014 [15]. In
dry state i.e. less than 4% water content, the value of Poisson’s ratio was 0.2 ± 0.02. This
value increased to 0.37 ± 0.01 for wet samples at higher water content (figure 2.29). The
increase in the value is justified as for saturated samples, the Poisson’s ratio approaches
to 0.5.

Figure 2.29: Variation of Poisson’s ratio with moisture content for different soils studied
from Bui et al. 2014 [15]

Champiré et al. 2016 [9] also studied the volumetric behavior during the unload-
reload cycles to determine the Poisson’s ratio at different humidity conditions. This study
was done for relative humidity ranging from 25% to 95% and corresponding water content
varying from 1% to 4.5%. It was observed that the value of Poisson’s ratio varied between
0.15 and 0.2. It was concluded that the hypothesis of constant Poisson’s ratio was valid
for the humidity range studied. Thus a constant value of Poisson’s ratio can be taken
unless the relative humidity is closer to 100%.



36 Chapter 2. Literature review

2.4 Modelling of Rammed earth

Numerous studies have been carried out related to the experimental characterization of
rammed earth at different scales, including the material scale and wall scale. On the
other hand, there are few studies carried out on the coupled hydro-mechanical modelling
of rammed earth. These studies have used elasto-plastic constitutive models and damage
models for prediction of the mechanical behavior of rammed earth.

2.4.1 Damage models

Rammed earth in dry state behaves as a quasi-brittle material. Damage models are
more suitable for the constitutive modeling of quasi-brittle materials such as concrete.
When earthen material is subjected to mechanical loading or environmental conditions,
microscopic defects and cracks can develop. The distributed defects in the material are
responsible not only for crack initiation and final fracture but also induced deterioration
or damage such as a reduction of strength and stiffness (Zhang et al. 2010 [70]). This
behavior can be studied by the use of a damage model which can represent the change in
material properties and its failure due to initiation of damage, its growth and propagation.
The damage models require the definition of an appropriate damage variable to represent
the macroscopic effects of microscopic cracks. If the damage is assumed isotropic, a
scalar damage variable can be used, and for anisotropic damage, a tensor damage variable
is required. Also, a constitutive equation, including damage variable to describe the
mechanical behavior is required. The different damage models can be isotropic elastic
damage model, elastoplastic damage model, and elasto-viscoplastic damage model.

The most commonly used isotropic damage model is Mazars model [71], generally
used for concrete. The constitutive relationship between stress and strain in Mazars model
is given by the following relationship, which is based on generalized Hooke’s law:

σ = (1−D)Eεe (2.2)

where, E is Hooke matrix, εe is the elastic strain, and D is the scalar damage variable which
varies between 0 and 1. D is defined as a combination of two damaging modes defined
by Dc and Dt which also varies between 0 and 1 depending on the state of damage in
compression and tension respectively.

D = αcDc + αtDt (2.3)

where, αc and αt are weight coefficients depending on the principal strains.

Bui et al. 2014 [5] used damage model to simulated the mechanical behavior of
rammed earth wallettes under compression loading by taking into account the complex
behavior of rammed earth, i.e. non-linearity, cracking and damage. This study used
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Figure 2.30: Comparison of the experimental and the numerical results for wallettes under
axial compression (from Bui et al. 2014 [5]).

Mazar’s model which is an isotropic nonlinear damage model. It can identify the gradual
degradation in stiffness caused by micro-cracks. The wallettes analyzed were considered
homogeneous and isotropic. The numerical model could reproduce the initial stiffness
in compression and the strength, but could not predict the behavior once the cracking
begins, and stiffness decreased (figure 2.30). It is a common limitation of Mazar’s model
as it can reproduce the maximal load but not the behavior curve. On the other hand, the
Mazar’s model cannot reproduce the behavior cycles, which is not suitable in the case of
drying/humidification cycles as in the case of earthquakes.

2.4.2 Elasto-plasticity models

Another approach for constitutive modeling of rammed earth is the elastoplasticity frame-
work. This approach is more adapted to represent the behavior of the post-peak phase
as rammed earth is not perfectly brittle. Rammed earth can show significant ductility,
especially at higher moisture conditions. The assumption of elasto-plasticity is that for
small strain conditions, the total strain can be decomposed into elastic (dεe) and plastic
(dεe) strain (equation 2.4).

dε = dεe + dεp (2.4)

The elastic deformations in the soil are generally computed using the linear
Hooke’s law:

dεe = (
1 + ν

E
)σ − (

ν

E
)tr(σ)Id (2.5)

where, E is the Young’s modulus, ν is the Poisson’s ratio, and Id is the identity tensor.
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E and ν are the parameters of this elastic model.

Apart from the linear elastic Hooke’s law, other models have been used to model
elasticity in rammed earth. Francois et al. 2017 [20] used a non-linear hypoelastic law to
determine the elastic component of strain. Hypoelasticity is generally used to model ma-
terials that exhibit non-linear, but reversible stress-strain behavior even at small strains.
The strain in the material depends only on the stress applied and not on the rate or
history of loading. The stress is a non-linear function of strain even when the strains are
small. The Young’s modulus (E) was taken as a function of mean effective stress through
a hyperbolic function:

E = Eref

(
p′

p′ref

)ne

(2.6)

where, p’ is the mean effective stress, Eref is the reference Young’s modulus at the reference
mean effective stress p′ref , and ne is a material parameter. By using mean effective stress
in the expression of elastic modulus, the effect of suction on the stiffness was taken into
account.

Concerning plasticity, there are numerous models used for geomaterials such
as Mohr-Coulomb, Drucker-Prager, and Cam-Clay model. Mohr-Coulomb model is an
elastic-perfectly plastic model used to model soil behavior. It uses two parameters which
define the failure criterion, i.e. cohesion (c) and friction angle (φ). In addition, it uses
a parameter to describe the flow rule, i.e. dilatancy angle (ψ) coming from the non-
associative flow rule to model the irreversible change in volume due to shearing. Since it
is a perfectly plastic model, it does not include strain hardening or softening effects. The
Mohr-Coulomb yield surface in the principal stress space is shown in figure 2.31. The
simplification of Mohr-Coulomb model where the hexagonal shape of the failure surface
is changed with a circle is the Drucker-Prager model (figure 2.31). In simple 3D space,
the hexagonal failure cone is replaced by a simple cone in Drucker-Prager failure model.
It uses the same parameters to define the failure criterion.

Drucker-Prager model was used by Francois et al. 2017 [20] to model the plas-
ticity. The Drucker-Prager failure surface can be expressed as:

f = q −M
(
p′ +

c′

tanφ′

)
(2.7)

where, M = 6sinφ′/ (3− sinφ′), p’ and q are the mean effective stress and
deviatoric stress, c’ and φ′ are the cohesion and friction angle respectively.

The plastic strains are determined using the plastic multiplier dλ and plastic
potential g:

dεp = dλ
∂g

∂σ
(2.8)

The plastic potential g can be expressed as: g = q−M ′p′ = 0, withM ′ = 6sinψ/ (3− sinψ)

where ψ is the dilatancy angle.
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Figure 2.31: Mohr-Coulomb and Drucker-Prager yield surface in the isometric principal
stress space

Figure 2.32 shows the results of the simulation for the unconfined compressive
strength tests at different initial suction states. The non-linear elasto-perfectly plastic
model used was able to predict the effect of suction on the strength and stiffness. How-
ever, the sudden transition from elastic to perfectly plastic is not consistent with the
experimental observations. It is a known drawback of classic elasto-plastic models.

Figure 2.32: Experimental and modelling results of unconfined compressive strength at
different suction states from Francois et al. 2017 [20].

In addition to these models, there is Cam-Clay model which uses the strain
hardening theory of plasticity to formulate the stress-strain model. It is based on critical
state and generally used for normally consolidated or lightly overconsolidated soils.

Finally, for the constitutive modelling of unsaturated soil, it is essential to in-
corporate the effect of suction on the failure criterion. Thus the approach which has been
used in literature to do a coupled analysis is discussed in the next part.
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2.4.3 Coupled analysis

The link between the mechanical behavior and the hydraulic conditions can be considered
by an approach that takes into account the hydro-mechanical coupling. As rammed earth
is present in an unsaturated state, soil suction has a significant effect on the stress state
and thus the mechanical behavior. In unsaturated soil mechanics, the stress state of
a porous medium can be represented by two independent stress variables such as net
vertical stress (σ − ua) and matric suction (ua − uw) which are measurable and have an
experimental significance. On the other hand, an approach which uses single effective
stress to define the stress state can also be used. Effective stress is the stress which is
being transferred by grain to grain contact and responsible for the mobilization of shear
strength in the soil. In order to represent the results of tests at different suction conditions
in a single stress framework, Bishop’s generalized effective stress can be used:

σ′ij = σij + χsδij (2.9)

where, σ′ is the effective stress tensor, σ is the net stress tensor, s is the suction, δij is the
Kronecker delta (δij=0 if i 6= j, else = 1) and χ is the effective stress parameter which is
a function of degree of saturation.

It helped to obtain a unique failure criterion by including the effect of water
retention on strength directly in the stress definition. To define the unified failure criterion,
the intrinsic strength parameters: effective cohesion (c’) and effective friction angle (φ′)
were determined by Gerard et al. 2015 [14]. Consolidated and undrained (CU) triaxial
tests at different confining pressures were performed on saturated samples. The value
of cohesion and friction angle obtained was 6.2 kPa and 36.5 ◦ respectively. Using these
values, a Mohr-Coulomb failure criterion was drawn. This unified failure criterion and the
various unconfined compressive strength and indirect tensile strength tests represented as
their Mohr circle at failure state are shown in figure 2.33. The test which were carried
out in saturated conditions did not fit well with the failure envelope. Otherwise, a decent
fitting of the experimental data with the proposed unified failure criterion was observed.

Figure 2.33: Mohr circles at failure in terms of effective stress for UCS (left) and indirect
tensile strength test (right) at different initial suction conditions [14]
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2.5 Conclusion

In this chapter, the bibliographic review of the various experimental and numerical studies
carried out on rammed earth was presented. Firstly various key mechanical parameters
from an engineering point of view were discussed. Compressive strength was the most
widely used indicator of strength for the construction of rammed earth structure. The dif-
ferent standards and guidelines indicated that the minimum compressive strength should
be in the range of 1-2 MPa.

Various studies on the compressive strength and stiffness behavior indicated
that there were discrepancies in the values of compressive strength and Young’s modulus.
These dispersions in the results was attributed to various influencing factors such as
granulometry, nature of clay, method of compaction, scale and geometry of samples.
It was concluded that a cylindrical sample with a slenderness of 2 was preferable to
determine the mechanical characteristics of rammed earth. In addition to the sample’s
geometry, the scale at which study is carried out influenced the results. The different
methods of compaction for the determination of optimum conditions were discussed. It
was decided that the material scale experimental campaign in this study will be carried
out on cylindrical samples with a slenderness ratio of around 2. The optimum compaction
condition will be determined from the standard Proctor test. In addition, the samples will
be compacted by a double compaction process to produce samples with more homogeneity
of density to achieve a dry density representative of an in-situ wall. For the structural
scale, compression testing will be performed on columns representative of rammed earth
wall. These columns will be compacted in layers by dynamic compaction as in a real wall.

One of the most important factors influencing the mechanical behavior is the
hydric state of the rammed earth. When a rammed earth wall undergoes drying, there
is increase in strength, and conversely when it is subjected to wetting, there is reduction
in strength. Different authors studied this influence on the mechanical characteristics
in terms of water content and relative humidity of the samples. Since rammed earth is
an unsaturated compacted soil, suction can be used as a parameter to study the hydric
influence. Suction is an important state variable in unsaturated soil mechanics. Suction
was related to water content in terms of soil water retention curve. The soil water retention
curve was obtained using different methods such as filter paper technique and saline
solution method but for higher values of suction. Thus it was decided that in this study,
the retention curve will be plotted using the saline solutions method for higher suction
values and pressure plate method for lower suction values. Various studies were carried out
on the variation of compressive strength, Young’s modulus, tensile strength with suction.
Only a few studies focused on the determination of shear strength and shear parameters
such as cohesion and friction angle and none on its variation with suction. Thus in the
present study, an extensive experimental program will be carried out to understand the
variation of mechanical parameters with suction. Unconfined compressive strength test,
direct shear test, unsaturated triaxial test will be performed to study the variation of



42 Chapter 2. Literature review

compressive strength, Young’s modulus, shear strength, apparent cohesion and friction
angle with suction. In addition, saturated triaxial test will be done to determine the
intrinsic values of cohesion and friction angle.

Numerous studies were carried out on the experimental characterization but a
few on the coupled hydro-mechanical modelling of rammed earth. To take into account
the unsaturated nature of rammed earth, the stress state can be represented using an ef-
fective stress approach. The most commonly used stress framework is Bishop’s generalized
effective stress which takes into account the effect of water retention directly in the stress
definition. For the constitutive modelling, damage and elasto-plastic models were used.
It was highlighted that rammed earth has a fragile behavior which is more prominent in
dry state for which damage models are more suitable. On the other hand, rammed earth
has a ductile behavior which is more relevant in wet state for which elasto-plastic models
are preferred. Finally, in this study, the coupled hydro-mechanical modelling will be done
by using a linear elastic-perfectly plastic model with Drucker-Prager failure criterion.



Chapter 3

Hydro-mechanical behavior at material
scale

3.1 Introduction

The objective of this chapter is to investigate the effect of suction on different mechan-
ical parameters which will help to define a constitutive hydro-mechanical model able to
quantify the main features of the rammed earth material. For this purpose, we chose to
adopt the concepts of unsaturated soil mechanics, in which many constitutive develop-
ments already exist and could be applied to our material. The work presented in this
chapter gathers, in one hand, the presentation of subsequent hydro-mechanical tests led
at the material scale and on the other hand analysis of the results of the experimental
campaign which can be a step forward towards coupled modeling.

Firstly, the geotechnical description of the rammed earth used in this work is
presented including the basic characterization tests, the manufacture of the specimens,
which are representative of the compacted structure element, and the different hydric
conditions applied.

In the next section, the extensive experimental campaign aiming to highlight
the suction influence on mechanical characteristics is presented. Unconfined compres-
sive strength, Young’s modulus, and shear parameters (cohesion and friction angle) are
analyzed through unconfined compression tests, direct shear tests and triaxial tests as
underlined in the literature review. The shear parameters are studied since they are es-
sential parameters in soil mechanics, although very few studies about rammed earth focus
on it. Intrinsic shear parameters which are independent of suction state are evaluated by
performing saturated triaxial tests.

Based on this experimental analysis, the final section proposes a synthesis of
these hydro-mechanical tests, which can help to obtain a coupled constitutive model able
to predict the coupled hydro-mechanical behavior.

43
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3.2 Geotechnical characterization of the material

The material used in this study was procured from an existing construction site at La
Roche Condrieu in Auvergne-Rhone Alpes region of France. Thus the soil is an appropri-
ate material for the study as rammed earth.

3.2.1 Particle size distribution

Since the soil is to be used for small scale (material scale) testing, it was first sieved through
5 mm sieve, in order to have a representative size of grains considering the chosen size
of samples. The percentage of different size of particles in a given dry sample of soil was
determined using the particle size analysis, which is carried out in two stages:

• Sieve Analysis

• Sedimentation Analysis

Sieve analysis is completed by sedimentation analysis when 10% of the mass of
soil is finer than 63 µm. Since rammed earth soil is well graded, it consists of mostly all
sizes of particles, and thus both the stages of particle size analysis were performed. Wet
sieving of the soil was done to dislodge the small particles stuck on the particles bigger
than 5 mm size. The soil is further oven-dried which is used for the dry sieve analysis.

3.2.1.1 Sieve Analysis

Sieve analysis is carried out for soil fraction which is retained over 80 µm sieve, i.e. for
soil particles having size greater than 80 µm. The sieves are designated by the size of
the aperture of the square in mm. Different sieves were arranged one over each other
in descending order of their size having a maximum size of aperture at the top and
minimum size of aperture at the bottom. 1 kg of oven-dried sample of soil was placed
over the topmost sieve, and sieving was done for at least 15 min. Dry weight of the
particle retained over each sieve was noted and used to find the corresponding percentage
(%) finer:

% finer = 100− cumulative% retained

The different sieve sizes used were 80 µm, 100 µm, 200 µm, 400 µm, 630 µm,
1.25 mm. We recall that the greater size is 5 mm since all the material has been sieved at
5 mm in order to have Representative Elementary Volume while compacting decimetric
samples. The result of this analysis is shown in figure 3.1 and labelled sieve analysis.
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3.2.1.2 Sedimentation Analysis

Sedimentation analysis was carried out for soil fractions passing through 80 µm sieve. It
is based on Stoke’s law and assumes the particle to be spherical. Soil fractions which
are smaller than 0.2 µm cannot be analyzed with sedimentation analysis since Brownian
motion sets up due to which settlement does not take place, and Stoke’s law is not valid.
It is done by placing a hydrometer inside a soil suspension and noting density of the
suspension at different time intervals to compute the percentage finer.

Using the results of both the analysis, the particle size distribution curve is
shown in figure 3.1. It shows that it contains 11% gravel, 30% sand, 52% silt, and 7%
clay. In addition to the particle size distribution curve of the soil studied, a range of
maximum and minimum distribution curves proposed by Houben et al. 1994 [8] is also
plotted. From figure 3.1, it can be seen that the distribution curve is not enclosed within
this spindle. This spindle provides a criterion to identify suitable soils for rammed earth
construction purposes based on the shape of the particle size distribution curve. As seen
in the literature review, it is known that these specifications are often not followed by
rammed earth and that, particle size distribution is not the only determining parameter
for suitability of soil as rammed earth. This soil is well-graded and close from the range
proposed by Houben et al. 1994 [8]. Notably, the percentage of clay of 7%, although
in the low range of this recommendation, is consistent with those found in the literature
[49][9].

3.2.2 Atterberg limits

Consistency of a soil is the ease with which it can be deformed and denotes the degree of
firmness varying with the water content. Atterberg defined 4 stages of consistency:

• Solid stage of consistency

• Semi-solid stage of consistency

• Plastic stage of consistency

• Liquid stage of consistency

A Consistency limit or Atterberg limit is defined as the water content at which
soil passes from one stage of consistency to another.

• Liquid limit (wl) is defined as the minimum water content at which soil is in the
liquid stage of consistency. At this water content, the soil passed from the liquid
state of consistency to plastic state of consistency.
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Figure 3.1: Particle size distribution and the guidelines by Houben et al. 1994[8]

• Plastic limit (wp) is defined as the minimum water content at which soil is in plastic
state of consistency. At this water content, the soil passes from plastic state of
consistency to semi-solid state of consistency.

Liquid limit (wl) was evaluated using Casagrande Tool (figure 3.2a) according to the
French standard NF P 94-051, 1993 [72]. Soil was first sieved through 400 µm sieve and
then mixed at a certain water content. The soil is placed in the soil cup and cut by a
groove of 10 mm. Soil cup is allowed to fall freely over the rubber base from a height of
10 mm, and the number of blows required to flow the soil together is noted. The test was
carried out for five different water content, and the result of the test is expressed in terms
of Flow curve (figure 3.2b) which represents the water content and the corresponding
number of blows on a logarithmic scale. At the liquid limit, the groove must be closed
over a length of 10 mm after the application of 25 blows. The liquid limit was evaluated
to be wl =27.42%.

Plastic limit (wp) was determined as the minimum water content at which soil
begins to crumble or crack when rolled into a thread of 3 mm diameter. The plastic limit
(wp) was evaluated equal to 16.39%.

Plasticity index (Ip) gives the range of consistency in which the soil exhibits
plastic properties and is the numerical difference between liquid limit and plastic limit:
Ip = wl − wp = 11.03%.
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(a) Moist soil grooved in the
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Figure 3.2: Casagrande test for liquid limit determination

The soil is termed as fine-grained soil since it has more than 35% particles passing
80 µm sieve. Casagrande defined an A-line in order to separate inorganic clays from silt
and organic soils. The A-line represents the relationship between the plasticity index and
liquid limit of soil.

Ip = 0.73(wl − 20) (3.1)

According to Casagrande’s Plasticity chart, the soil is classified as inorganic clay
(lies above A-line) of low plasticity (wl < 30%) (figure 3.3). According to the triangular
classification for fine-grained soils, it is classified as silty loam (figure 3.4).

Figure 3.3: Casagrande’s Plasticity chart for the classification of fine grained soils

According to the French Classification of soils GTR (Guide de Terrassements
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Figure 3.4: Triangular classification of fine grained soils

Routier) for fine-grained soils (i.e. more than 35% of grains passing 80 µm and no grain
size over 50mm), it is classified as A1, i.e. low plastic silt (Ip < 12%). It means that the
soil has low plasticity.

3.2.3 Other characterization tests

In order to finely characterize the clay, the activity (Ac) of soil is determined which is a
parameter used to indicate the compressibility of soil (swelling or shrinkage of soil with
a change in water content). Activity is a characteristic of soil that depends principally
on the mineralogical nature of clay as shown for example, in table 3.1 for various clay
minerals. It is defined as the ratio of Plasticity index (Ip) of the soil to the percentage of
the particles finer than 2 µm (f), i.e. the clay size.

Ac =
Ip
f

(3.2)

The activity was found equal to 1.44 and is in the active range (1.25 < Ac < 2.0)

and can be considered as slightly active soil (figure 3.5).

Table 3.1: Activity of different clay minerals

Mineral Activity
Montmorillonite 1-7

Illite 0.5-1
Kaolinite 0.5

In order to determine the behavior of clay in the soil, a few samples were sent
to ISTerre in Grenoble to measure the cation exchange capacity (CEC) and the specific
surface area (Ssp).
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Figure 3.5: Activity of soil studied based on the clay fraction and plasticity index

Cation exchange capacity (CEC) is a measure of the ability of soil to retain and
exchange cations which are retained on negatively charged sites that are found on the
surface of particles of clay. The cation exchange capacity (CEC) of 2.6 cmol/kg at a pH
of 7.63, which is considered to be a very low value (CEC < 9 cmol/kg). Therefore, the
soil has a low retention capacity.

The specific surface area (Ssp) measurement is based on the Brunauer, Emmett
and Teller theory (BET) which determines the specific surface due to the physical adsorp-
tion of a gas (dinitrogen) on a solid surface. The adsorbed gas molecules have a tendency
to form a thin layer which covers the entire surface of the solid. The surface of the solid
will be calculated from the section and the number of gas molecules (known) constituting
the monolayer. The volume of adsorbed gas is calculated from the following formula:

v = Vmonoc
PA/PA,sat

(1− PA/PA,sat)(1− PA/PA,sat + cPA/PA,sat)
(3.3)

where,
PA: partial pressure of adsorbate at equilibrium;
PA,sat: saturated vapor pressure of the adsorbate at the experiment temperature;
v: volume of gas adsorbed per gram of adsorbent;
Vmono: volume corresponding to a monolayer of adsorbed molecules;
c: BET constant, which is characteristic of the interaction between the adsorbate and the
adsorbent.

The total surface area (St) of the sample material was determined from the
following expression:

St =
vmNs

Vmono
(3.4)

where, s is the cross-sectional area of adsorbed gas molecules and N is the Avogadro’s
number (6.02 x 1023 molecules/mol).
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The Specific surface area was further evaluated from total surface area and mass
of sample (m) from the following expression:

Ssp =
St
m

(3.5)

The Specific surface area (Ssp) equal to 14.7m2/g was obtained. It is difficult to
determine the nature of the clays containing in this soil based to CEC and Ssp measure-
ments because of the heterogeneity of the soil, but we can predict that this soil contains
very low percentage or absence of clays which have a swelling character (such as smectite
and vermiculite) since these minerals have a very high specific surface and CEC (Table
3.2). Thus, this soil is representative of building construction since it has low activity.

Table 3.2: Cation exchange capacity and specific surface area of different clay minerals

Mineral Specific surface area (Ssp) CEC cmol/kg
Kaolinite 10-30 5-15
Illite 100-175 10-40

Smectite 700-800 80-150
Vermiculite 760 100-150
Chlorite 100-175 10-40

3.3 Sample Preparation

For sample preparation, the determination of optimum moisture content at which com-
paction is carried out is very important. In this part, the optimum conditions are de-
termined from normal Proctor test, and sample preparation using a technique of static
double compaction is discussed. The various advantages of using static double compaction
in comparison to classical dynamic compaction are mentioned. The energy imparted to
the soil during compaction in standard Proctor and static double compaction is compared.
Finally, the dry density achieved from these two methods is compared to the in-situ walls.

3.3.1 Proctor compaction test

In order to determine the water content to be achieved for optimum compaction, normal
Proctor test was done. The optimum Proctor water content is determined by carrying out
a series of dynamic compaction on a soil mass whose water content varies from one sample
to another. It is then possible to determine the optimum water content by comparing the
evolution of dry density after compaction. The normal Proctor test was carried out by
using automatic compaction device recommended in the French Standard NF P 94-093,
1999 [73] and EN 13 286-2 [74].
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• Water was added to air-dried soil to bring its water content to about 9% and mixed
thoroughly.

• This mixed soil was compacted in a normal Proctor mold in 3 layers using 25 blows
each. Compaction in each layer consisted of 5 sequences of 5 blows distributed in
the mold.

• The mass of soil is measured and a part of the soil is taken for water content
determination. The dry density (ρd) is calculated from the following expression:

ρd =
ρ

1 + w
with ρ =

m

Vmold
(3.6)

where, w is the water content, ρ is the bulk density, m is the mass of soil in the
mold and Vmold is the volume of mold.

• The water content is increased gradually and measured posteriori, and the com-
paction process was repeated until the mass of compacted soil in the mold decreases,
i.e. the dry density decreases.

The compaction curve is plotted in figure 3.6 to obtain the relationship between
water content and dry density. A range of optimum moisture content (11.8%-13.4%) to
obtain the maximum dry density was observed, and finally, optimum moisture content of
12.5% was chosen for the preparation of the soil. The maximum dry density obtained was
around 1905 kg/m3.

9 10 11 12 13 14 15 16

1750

1800

1850

1900

1950

2000

2050

D
ry

 d
en

si
ty

 (K
g/

m
3 )

Water content (%)

 Normal Proctor curve
 80 % Sr
 100 % Sr

Range of optimum

wopt=12,5%

Figure 3.6: Results of normal Proctor test and 80% and 100% saturation lines

In addition, a line showing the relationship between the water content and dry
density of the compacted soil at constant degree of saturation termed as saturation line
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(equation 3.7), is plotted at 80% and 100% degree of saturation. Usually, the optimum
compaction condition state passes through 85% to 95% saturation line.

ρd =
Gρw

1 + wG
S

(3.7)

where, ρd is the dry density of soil, ρw is the density of water, w is the water
content, G is the specific gravity of soil taken as 2.65, and S is the degree of saturation.

The energy imparted to the soil sample during the Proctor compaction can be
determined using the following expression [73]:

E =
HmgN1N2

Vmold
=

0.305 ∗ 2.405 ∗ 9.81 ∗ 3 ∗ 25

0.000948
= 569kJ/m3 (3.8)

where,
H : Height of free fall of hammer = 0.305 m
m : mass of hammer = 2.405 kg
N1 : Number of layers = 3
N2 : Number of blows in each layer = 25
Vmold : Volume of mold = 0.000948 m3

3.3.2 Double Compaction

During the compaction process of rammed earth, there is a density gradient in the soil
layers. The soil is denser at the top and looser at the bottom of the layer. As there is
heterogeneity in the sample, it adds an additional difficulty in the interpretation of hydro-
mechanical experiment results, since the dry density of soil is an important parameter
controlling the mechanical behavior as seen in the literature review. In addition, the
objective of this study is to understand in detail the hydric influence on mechanical
characteristics. Thus, it is very important to control the other influencing parameters
such as the dry density of compacted soil. In this regard, a method of static double
compaction in which compression is applied simultaneously at both ends of the sample
was used. Double compaction has been used as a method of sample preparation to study
the behavior of rammed earth by various authors in the literature[75][17].

A hollow cylindrical stainless steel mold was used, with an outside diameter 13
cm, an inside diameter of 5 cm and a height of 25 cm. The thickness of 4 cm of the mold
steel was chosen to resist the lateral pressure developed by the material (itself having a
diameter of 5 cm) during the compaction process. 4 lateral handles are attached to mold
in order to facilitate holding and turning of the mold. A cylindrical sample of diameter
5 cm and a height of about 10 cm was obtained from the compaction process. This gives
a slenderness ratio of about 2. This value of slenderness ratio is recommended in the
literature [46][47][45] as discussed in the literature review part. In addition, it prevents
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from buckling during compression. Cylindrical samples were prepared using this mold
with the static double compaction method. A final static compaction pressure of 5 MPa
was chosen, as it is the classical pressure for compressed earth blocs (CEBs)

Following are the steps for the preparation of specimen using the static double
compaction process and the illustration of each stage is given in figure 3.7.

1. Firstly, the soil which is sieved at 5 mm was mixed thoroughly at an optimum
moisture content of 12.5% and left for water content equalization for at least 24
hours in a sealed container.

2. Two cylindrical disks of 5 cm diameter and 1 cm height are inserted at the bottom
of the mold. These cylindrical disks are used to facilitate the insertion of cylindrical
piston once the mold is turned.

3. Around 425 g of wet soil estimated to obtain the desired dry density and height of
the sample is poured inside the mold (1).

4. A cylindrical piston labelled A (diameter 5 cm and height 12.5 cm) in figure 3.7
is inserted at the top and pressed manually to be at least 1 cm inside the mold
(2). The piston is rotated about the vertical axis to confirm that the piston is not
getting stuck and is vertical in orientation. If the piston is not vertical, there can
be abrasion between the piston and the inside of the mold, which can completely
halt the process and damage the mold.

5. Firstly 80% of the total compaction pressure, i.e. 4 MPa is applied at a displacement
rate of 2 mm/s. The first stage of compression can be seen in (2) to (3) in the figure
3.7.

6. The specimen is unloaded and the 2 cylindrical disks at the bottom of the mold are
removed by holding the complete assembly up. Then the mold is carefully rotated
so that the piston A is now at the bottom of the mold assembly.

7. Another piston B (diameter 5 cm and height 12.5 cm) is inserted from the top in
the gap that was created before by the cylindrical disks (4).

8. The loading plate is made to come in contact with the piston B and 100% of the
total compaction pressure, i.e. 5 MPa is applied from the top at a displacement rate
of 1 mm/s (5).

9. The double compaction process is complete. In order to remove the sample from
the mold, the piston B is removed. In order to create a gap at the bottom of mold,
the mold is placed on a mechanical nut, diameter of which is less than 5 cm. This
assembly is pressed downwards, and the piston B is inserted at the bottom (6).

10. In order to move the mold downwards and not compress the specimen, another
hollow cylindrical mold of inside diameter 10 cm is placed at the top of the assembly.
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11. This assembly is loaded very slowly from the top until both the pistons A and B
are inside the mold, and they gradually push the sample outside of the mold (7,8).

12. In this way, a cylindrical sample of diameter 5 cm and height of about 10 cm is
obtained (9).

Figure 3.7: Process of cylindrical specimen preparation using the static double compaction
technique

Figure 3.8: Mold (a) used for preparation of prismatic samples (b)
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The cylindrical samples were prepared in order to be tested mechanically. For
the unconfined compressive strength (UCS) test and triaxial test, 49 (24+25) cylindrical
samples were prepared using this mold with the static double compaction method. A
similar method of double compaction with same compaction pressure of 5 MPa was used
to prepare prismatic specimens (60 mm x 60 mm with height of 30 mm) for performing
Direct shear tests (DST). A total of 63 samples were prepared this way. Samples of these
dimensions were tested considering the mechanical capacity of the shear device. The
prismatic samples were prepared using a home-made mold which is shown in figure 3.8.

The method of static double compaction has various advantages with regards to
the classical dynamical compaction in regards to testing at experimental scale.

• This method gives a sample with more homogeneous density in contrast to the
classical dynamical compaction, where a gradient of density is observed, the earth
layer being denser at top and looser at bottom. In order to study the effectiveness
of double compaction in the cylindrical specimens, which are about 10 cm in height,
a test cylindrical sample was prepared and cut into 5 pieces of 15-20 mm thickness.
The dry density was measured for each part (figure 3.9). A maximum difference of
3% was observed in the dry density. This gives an insight that the double compaction
is sufficient for cylindrical specimens. In addition, for the prismatic samples, the
height is about 3 cm, and thus it was assumed that the double compaction is more
effective in this case.
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Figure 3.9: The dry density variation of a doubly compacted sample across the height

• The samples were prepared with very good repeatability. The mean dry density
and standard deviation from mean for each group of samples is shown in table 3.3.
A maximum standard deviation from mean of 1.74% was observed for prismatic
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samples. For samples made from dynamical compaction a standard deviation as
high as 11% can be observed [76].

Table 3.3: Average dry density and standard deviation from the average for cylindrical
and prismatic samples (Instron machine was more accurate than HM machine)

Samples Dimensions (mm) Number Avg. ρd (kg/m3) SD (%) Machine
Cylindrical (UCS) φ=50 , H = 100 24 1855 1.26 HM
Prismatic (DST) 60 x 60 x 30 63 1906 1.74 Instron

Cylindrical (triaxial) φ=50 , H = 100 25 1910 0.36 Instron

These values of dry density lie within the range of dry density for earthen struc-
tures (1700 kg/m3 to 2200 kg/m3 [36]). Thus, even though the method of compaction
differs from the actual method of compaction in the field, it is a material which is repre-
sentative of rammed earth.
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Figure 3.10: Force-displacement curve during compaction for both stages of loading for
sample at 10.8% water content

The specimens were compacted statically in two stages following the method of
double compaction. In the first stage a load of 7.85 kN was applied corresponding to 4
MPa pressure and in the second stage a load of 9.82 KN was applied corresponding to
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5 MPa pressure (figure 3.10). The static compaction energy was evaluated through the
following integral formula using the force-displacement curve.

W =

∫
F.du (3.9)

The energy of compaction in the double compaction method (at the proctor
optimum) is about 476 kJ/m3, and for standard Proctor, the energy is about 569 kJ/m3.
Still, the dry density is the most important parameter influencing the strength properties
[55], and the objective is to approach the dry density as in a rammed earth wall (dry
density for rammed earth wall of the studied soil is about 1900 kg/m3). Thus the optimum
moisture content obtained from the standard Proctor can be used for the method of double
compaction. In addition, it can be observed that energy imparted in Proctor test is higher
compared to static double compaction to obtain the same dry density. Thus, it can be
said that static compaction process is more energy-efficient probably due to the higher
energy loss during the impact of falling weight in the Proctor test [75][77].

3.4 Hydric conditions

The cylindrical samples and prismatic samples were prepared in order to test them me-
chanically when submitted to different uniform hydric conditions. This part presents how
these hydric solicitations are obtained.

As explained in the literature review, suction is one of the key parameters to
quantify the hydric state of unsaturated soil. Thus, in this section, firstly the definition
of suction and the retention behavior of soil is presented. In addition, it is necessary to
control the suction state of rammed earth samples before mechanical testing. For this,
the different methods to control the suction, such as Liquid-vapor equilibrium and axis
translation method are presented. Finally, the hydric properties of the rammed earth
studied, and the conditioning of rammed earth samples before testing is discussed.

3.4.1 Suction

Total suction quantifies the thermodynamic potential of the pore water in the soil in com-
parison to the reference potential of free water. Free water is defined as water containing
no dissolved solute, under no external force other than gravity, no interaction with other
phases leading to curvature in the air-water interface. The various factors that lead to
the reduction of the potential of pore water are:

• Capillary effects: due to the presence of air-water interface.

• Osmotic effects: due to the dissolved solutes in the soil pore water.
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• Short-range adsorption: due to the electrical and Van der Waal forces in the vicinity
of solid-liquid interface.

The capillary effects are unique to the unsaturated soils, which includes the cur-
vature of the air-water interface and the associated negative pore water pressure. The
osmotic effects and the short-range adsorption occurs under both saturated and unsatu-
rated conditions.

Suction due to the combined effect of capillarity and short-range adsorption is
termed as matric suction (sm).The suction arising from the osmotic effects due to dissolve
solutes in the pore water is termed as osmotic suction (so). Total suction (s) is the
algebraic sum of matric and osmotic suction.

s = sm + so (3.10)

The air-water interface existing in partially saturated soil is shown in figure
3.11. The water present in the surface experiences different forces in comparison to water
present in the bulk region. In the bulk region, the water molecule is under the effect
of neighbouring water molecules equally from all directions leading to zero net force.
Whereas, water molecule at the surface is affected only by the water molecules under the
surface, leading to a net inward force. This leads to the water surface being under tension
and a curved meniscus. The difference in the air pressure (ua) on the concave side of
the meniscus and lower water pressure (uw) on the convex side of the meniscus is termed
as matric suction. Here the short-range adsorption effects are neglected since they are
relevant at very low values of water content when the adsorbed pore water is primarily in
the form of thin films coating the particle surface.

Figure 3.11: Air-water interface of a partially saturated soil [21]

The height above the water table until which the soil remains in saturated state
is governed by the size of pore and the difference between air and water pressure. The
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free-body diagram is shown in the expanded view (figure 3.11), where, r is the radius
of idealized sphere representing the bottom of the air channel, Ts is the surface tension
in the membrane. Based on the vertical force equilibrium at the air-water interface, the
matric suction can be evaluated using Jurin’s law of capillary rise:

sm = ua − uw =
2Ts
r

(3.11)

Osmotic suction in clay is due to the chemical activity of the soil leading to
forces on the water molecules. Generally, distilled water is used for sample preparation
and in tests which include the exchange of pore water. This leads to osmotic part of the
suction to be zero, and the total suction can, in fact, be taken equal to the matric suction.

3.4.2 Soil water retention curve (SWRC)

The soil water retention curve (SWRC) represents a fundamental constitutive relationship
in unsaturated soil mechanics and is used to define the affinity with water of a porous
media. Soil water retention curve describes the thermodynamic potential of soil pore water
as a function of amount of the water adsorbed in the soil system. Specifically, it describes
the relationship between the soil suction and water content (gravimetric or volumetric)
or degree of saturation of the porous media. It is also called ’sorption behaviour’ when
relative humidity is used instead of suction. The SWRC has three different suction regimes
or zones, as shown in figure 3.12.

Figure 3.12: Different suction zones corresponding to the soil water retention curve [22]

• Capillary zone: It is a zone present in saturated state and ends at the air-entry
pressure value, which is defined as the value of matric suction at which the air
enters the biggest pore of the soil. In this zone of relatively high water content and
corresponding low suction values, capillarity is the main mechanism for pore water
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retention. It is governed by the particle and pore structure, and the distribution of
pores.

• Transition zone: In this zone, the water is displaced due to entry of air and is not
saturated. This zone is defined between the air-entry and the residual conditions,
where pore water becomes discontinuous. The transition between the low suction
zone where capillarity is the main retention mechanism and high suction zone where
short-range adsorption is the main mechanism is dependent on the type of soil. For
fine-grained soils such as clay, a significant amount of water is retained due to high
specific surface of the particles. Whereas for coarser soils such as sand, capillarity
is majorly responsible for water retention and very low amount of water is retained
in the high suction regime.

• Residual zone: In this section, the increase of suction does not produce significant
changes in the water content. As water is scarce, it does not flow between pores,
and its removal only occurs by evaporation. This zone is characterized by relatively
low value of water content and corresponding high values of suction, where the
pore water is present in the form of thin films over the soil particles. The main
mechanism of pore water retention is short-range adsorption which is governed by
the properties of soil particles.

The retention behavior of soils is significantly affected by particle and pore size
distribution, clay content and mineralogy, density of soil.

3.4.3 Control of suction

The main objective of the work is to study the effect of hydric conditions (suction states)
on the mechanical behavior of rammed earth. Thus, it is imperative to control the suction
of specimens before testing. Rammed earth structures during their lifetime are subjected
to changes in suction due to the changing atmospheric humidity conditions. After fabri-
cation at the optimum water content, it is subjected to drying. Thus, in this study, after
specimen preparation at optimum conditions, the samples will be subjected to different
suction conditions (different relative humidities) before testing mechanically. Two differ-
ent methods were used for the control of suction state based on the range of suction for
which these methods are valid [78].

• Liquid-vapor equilibrium method: used for high values of suction (3-350 MPa).

• Axis-translation technique: used for lower values of suction (0-1.5 MPa).

3.4.3.1 Liquid-vapor equilibrium method

In liquid-vapor equilibrium method, the relative humidity of the atmosphere is controlled
and imposed around the specimen. This method is realised by using saline solutions. The
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saturated aqueous solution of different salts (table 3.4) are used to control the relative
humidity of the air around the samples from 9% to 97.3%. Based on the difference of
relative humidity between the ambient conditions of the surrounding air and the specimen,
water exchanges take place by means of vapor transfer up to the equilibrium of the pore
relative humidity. The relationship between the equilibrium of relative humidity of the
pore air and the suction imposed on the specimen is based on Kelvin’s thermodynamic
equilibrium:

s = −ρw.R.T
Mw

ln(RH) (3.12)

where, s is the suction at a given temperature T (in Kelvin, K), R is universal gas
constant (R = 8.3143 J/mol/K), Mw is the molar mass of water (Mw = 0.018Kg/mol),
ρw is the bulk density of water (ρw = 1000Kg/m3) and RH is the relative humidity, which
is defined as the ratio of partial vapor pressure P in the considered atmosphere and the
saturation vapor pressure Po at temperature (T = 298 K).

Table 3.4: Different saline solutions, their solubility at 25 ◦C, the relative humidity, and
corresponding suction imposed

Salt KOH CH3CO2K MgCl2 NaBr NaCl KCl K2SO4

RH (%) 9 22.51 32.8 57.6 75.3 84.34 97.3
Solubility at 121 268.6 56 94.6 36 35.54 12

25 ◦C (g/100 ml)
Suction (MPa) 331.3 205.3 153.4 75.9 39 23.4 3.8

In order to impose different suction conditions, relative humidity boxes with
aqueous solutions were made for all the salts mentioned in table 3.4. The scheme of the
relative humidity controlled boxes is shown in figure 3.13. At the base of the box, saturated
solutions of the salt is poured, and inverted plastic cups are placed in the solutions so
that the top of the plastic cup is at a level higher than the aqueous solution. A plastic
mesh is placed at the top of the plastic cups to place the rammed earth specimens. This
box was closed and sealed to create ambient conditions which will impose suction on the
specimens.

The rammed earth specimens before being placed inside the RH boxes were
covered with a paper which allows only the transfer of liquid vapor and not the liquid.
This was done so that, if the specimen gets in contact with the aqueous solution, it does
not absorb the liquid directly. This ensures that the transfer between the specimen and
surrounding air only takes place by means of vapor transfer.

3.4.3.2 Axis translation technique

In order to control suction in the lower range, axis translation technique is used, which
involves measurement of the pressure differential across a high air-entry ceramic disk. It
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Figure 3.13: A scheme representing the relative humidity boxes which contains the salt
solution and rammed earth samples

is based on the assumption that two states are equivalent if they are subjected to the
same value of suction even if the individual liquid and gas pressure is different. In this
technique, suction is controlled by the application of positive water pressure along with
an increase in the ambient air pressure by same amount. Thus, this technique is referred
as the axis-translation technique as water pressure has been translated upwards with the
air pressure origin and away from the metastable states to eliminate the risk of cavitation.

Figure 3.14: Use of axis translation technique to avoid metastable states (left) Atmo-
spheric conditions; (right) axis translation (after Marinho et al. 2009 [23])

In order to avoid cavitation (figure 3.14) in the water system when depression
is applied, we keep an atmospheric pressure for the liquid water phase, and we apply
an increasing over-pressure in the gas phase. The difference between the two (capillary
pressure), is supposed to have the same effect than a capillary pressure obtained with a
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depression of the liquid water and an atmospheric pressure of the gas phase.

Figure 3.15: Scheme of pressure plate device [21]

Pressure plate tests make use of the axis translation technique. In these tests, a
chamber is divided by a high air-entry pressure plate (figure 3.15). Soil samples are placed
on the top of the high air entry pressure plate, and the values of air pressure and water
pressure are controlled. At the selected values of soil matric suction (ua − uw), samples
are removed and weighed for determination of water content.

3.4.4 Hydric properties of rammed earth

3.4.4.1 Soil water retention curve

The soil water retention curve was obtained using two different methods. Saline solutions
were used to have points on the retention curve from suction values ranging for 3.8 MPa
to 331.3 MPa, i.e. in the higher range of suction. In order to obtain points in the retention
curve for suction less than 3.8 MPa (RH > 97.3%), pressure plate method was adopted.

Liquid vapor equilibrium method

In order to formulate a part of retention curve of the rammed earth in the suction range
3.8 - 331.3 MPa, following procedure was adopted.

1. Firstly, 5 centimetric samples of dry mass ranging from 5-8g were compacted by a
similar method of double compaction described before.

2. The samples were air-dried at ambient conditions (temperature = 25 ◦C and RH =
62%), then placed inside the oven at 70 ◦C for sufficient duration of time (few days)
until the mass was stabilized. It is considered that their water content is zero.
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3. The saturation of 7 different saline solutions was checked. It can be determined
visually. If there are no crystals at the bottom of the solution, it is unsaturated.
In this case, additional salt is added in the solution and mixed with the magnetic
agitator to facilitate its dissolution.

4. The five rammed earth samples were then covered with a breathable sheet and
tightened with a rubber band.

5. The samples were placed in the KOH saline solution box having the lowest relative
humidity (9%). It was made sure that the salt solution is always saturated.

6. When the samples were equilibrated, i.e., mass variation is less than 0.05% in 24
hours, they were transferred to the next higher relative humidity box.

7. In this way, the data points for the sorption curve were obtained.

8. Once equilibrium was reached in the last box with the highest relative humidity
(97.3%), the samples were again transferred towards lower relative humidity boxes.
In this way, the points for the desorption curve are obtained.
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Figure 3.16: Variation of water content with time when the soil samples were move
between different relative humidity boxes

Figure 3.16 shows the variation of gravimetric water content with respect to
time for the five samples studied. The results of .the five samples showed relatively low
discrepancy with each other except for the highest relative humidity of 97.3%. The jumps
in the water content associated with the change of RH box were clearly visible and were of
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greater amplitude in the sorption phase (wetting phase). The highest jump was associated
with the change between 84.34% and 97.3% RH boxes for both sorption and desorption
phases. The major mass variation (either lost or gained) was recorded within the first
hours after changing the RH box, then the change in mass drastically reduces when the
difference in RH between the sample and surrounding air is less until reaching equilibrium
within 4-5 days. In total, it took about 3 months for the sorption and desorption phase
to complete. At relative humidity of 9%, the water content was at 0.31% for the wetting
phase, and then it increased up to 4.78% at 97.3% relative humidity. For the same relative
humidity of 75.3%, the mean value of water content in wetting phase was 2.13%, whereas
it was around 2.78% for the drying phase highlighting the hysteresis effect.

The soil water retention curve, where gravimetric water content and degree of
saturation is plotted in function of suction is shown in figure 3.17. This curve covers a
range of relative humidity values lying between 97.3% and 9% and respectively an imposed
suction from 3.8 and 331.3 MPa given by Kelvin’s equation. Thus in order to obtain data
points in the higher range of relative humidity and thus lower values of suction, Pressure
plate method was adopted. This range of suction can be reached for building in case of
humid pathology. The details of this test are presented in the next part.
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Figure 3.17: Soil water retention curve plotted from Liquid vapor equilibrium method for
both sorption and desorption phases

Pressure plate test

Pressure plate test was performed to have data points in the soil water retention curve
at lower values of suction (high relative humidity). Following steps were adopted for the
sample preparation and performing the test.
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1. Sample Preparation: 4 Cylindrical samples of height 1 cm and diameter 5 cm were
made in the cylindrical mold used before for sample preparation. Since the thickness
of sample is very small, total compaction pressure of 5 MPa was applied from one side
instead of performing double compaction keeping the dry density unchanged. The
sample was compressed at an optimum water content of 12.5%. After compaction,
the samples were placed in a metallic cup and water was sprayed in order to increase
the saturation degree of the samples. Then, they were covered with a plastic film and
left for homogenization of water content for at least 24 hours. This step was done
since; generally, the samples for testing in pressure plate apparatus are immersed in
distilled water until constant mass is obtained to saturate the samples. But for the
rammed earth samples studied, it was not possible since the samples disintegrated
once they were kept in water due to loss of cohesion.

2. Preparation of test: Firstly, the porous ceramic plate was saturated by immersing
it in distilled water for a minimum of 8 hours. Kaolin paste was applied to the
saturated plate and covered with a layer of acetate cloth in order to ensure good
contact without sticking. The water outlet tube was connected to the porous plate,
and a container was placed at the water outlet (figure 3.18). The device was then
closed and tightened with screws.

Figure 3.18: Testing of the samples in the pressure plate device and pressure regulation
system

3. Procedure of the test: A pressure of 0.19 MPa is applied to the air of the system.
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Once the pressure is admitted, it is necessary to wait until the samples are in
equilibrium. The equilibrium was supposed to reach when less than 0.05 ml of water
flow over a period of 48 hours. When the equilibrium was reached, the device was
depressurized, and the cover was opened. The samples were weighed immediately
to evaluate the water content/degree of saturation. The pressure was then changed
to 0.5 MPa, and the device was pressurized again. The process is repeated to obtain
the degree of saturation.

Two additional points on the soil water retention curve at a lower value of suction was
obtained through the pressure plate test. The results of this test, combined with the
results of desorption phase from saline solution method, is shown in figure 3.19.
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Figure 3.19: Soil water retention curve using the results of pressure plate test and saline
solution method (desorption phase)

3.4.4.2 Hydraulic conductivity

The hydraulic conductivity of rammed earth was determined on two static doubly com-
pacted cylindrical samples of diameter 5 cm and a height of 10 cm. The method of
sample preparation is mentioned in the previous section. The samples after compaction
were saturated in the triaxial device, description of which will be shown in further part
(section 3.5.3 and 3.5.4). Once the saturation is reached, a pressure difference of 20 kPa
was applied between the top and bottom of the sample. The total volume of water exiting
the sample was measured. The results of the test are summarized in table 3.5.
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Table 3.5: Hydraulic conductivity test results

Sample no. Dry density (kg/m3) Saturation w (%) Saturated hydraulic conductivity (m/s)
P1 1938.3 15.1 3.32 x 10−9

P2 1939.1 15.0 3.23 x 10−9

The saturated hydraulic conductivity was calculated using the following expres-
sion of Darcy’s law:

ksat =
ρlg∆l∆V

∆u∆tA
(3.13)

where, ∆V is the change in volume recorded within a certain time ∆t, A is the
cross-sectional area of the sample, ksat is the saturated hydraulic conductivity, ρl is the
density of water, ∆l is the length of flow path (i.e. length of the sample), and ∆u is
the pressure difference applied between the top and bottom of the sample (taken as 20
kPa, enough to create a flow path). The values of the computed saturated hydraulic con-
ductivity for the samples were close enough to conclude that the test is repetitive. The
saturated hydraulic conductivity of the soil is taken to be the average of the two tests
equal to 3.27 x 10−9 m/s. The intrinsic permeability (ki) can be related to saturated hy-
draulic conductivity (ksat) by the expression ki = (ksatµw)/(ρlg) where, µw is the dynamic
viscosity of water. This gives the value of ki = 2.97 x 10−16 m2.

3.4.5 Conditioning of samples

The rammed earth samples before mechanical testing were placed in relative humidity
controlled boxes with saline solutions in order to control the suction state. Figure 3.20
shows the cylindrical and prismatic samples placed in the RH boxes in for suction equi-
librium.

(a) (b)

Figure 3.20: Cylindrical specimens (a) and Prismatic specimens (b) placed in RH box for
suction equalization
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The suction equilibrium of the 21 cylindrical specimens (for UCS test) is shown
in figure 3.21. The 21 samples were distributed in 7 different relative humidity boxes
equilibrated at the following relative humidities 9%, 22.51%, 32.8%, 57.6%, 75.3%, 84.34%
and 97.3% (see table 3.4) in group of 3 samples (similar method was used for unsaturated
triaxial samples and direct shear samples). The samples were weighed regularly to follow
the variation of water content (average of 3 samples) with time. Every time, the saturation
of the saline solutions were checked, in order to ensure that samples equilibrate to the
desired suction states. The equilibrium in the samples is supposed to be achieved when
the variation of mass becomes less than 0.05% for more than 24 hours.
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Figure 3.21: Moisture content variation (average of 3 samples) with time during the
suction equilibration in humidity controlled boxes for samples of UCS test directly placed
in RH boxes after manufacture

The samples which were equilibrated at relative humidity less than 60%, i.e. the
ambient relative humidity for our region of France (Savoie), the equilibration time was less
than two weeks. For samples at a higher relative humidity (lower suction values), it took
them more than a month for moisture balance. From the graph, it was seen that samples
equilibrated with NaBr salt (RH = 57.6%) achieve a final water content which is less
than the samples with MgCl2 salt (RH = 32.8% ), which is inconsistent considering that
NaBr imposes higher relative humidity than MgCl2. The saturation of these solutions
was checked at posteriori and was found that MgCl2 saline solution was not saturated.
Thus, it applies an unknown suction value. In the further sections, the results from this
batch are not included. Also, the samples placed in the K2SO4 box (RH = 97.3%, s =
3.8 MPa) are not fully equilibrated. Thus, before testing, they were kept in the box for a
few additional weeks to be sure of the equilibrium.
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3.5 Influence of suction on mechanical parameters

In this section, results from unconfined compressive strength (UCS) test (24 samples),
direct shear test (DST) (63 samples) and unsaturated triaxial test (21 samples) are pre-
sented to study the variation of parameters like UCS, initial tangent modulus, apparent
cohesion and friction angle with suction. The analysis in these tests is done in terms of
total stresses. In addition, saturated triaxial tests (4 samples) are done to evaluate the in-
trinsic value of cohesion and friction angle. For the evaluation of the intrinsic parameters,
the effective stress concept is used. A scheme of the different test carried out, including
the number of tests, and the different hydric states is shown in figure 3.22. The 7 different
hydric states correspond to the relative humidity boxes mentioned in table 3.4.

Figure 3.22: Scheme of different tests including the number of tests and hydric states

3.5.1 Unconfined compressive strength test

Unconfined compressive strength (UCS) testing was done on 24 samples, i.e. 3 samples
for each 8 suction/RH conditions (3 x 8). These samples after compaction were placed
in RH boxes of different relative humidities (except for the samples tested at compaction
state) and once equilibrium was achieved, compression test was performed. Firstly, 2
samples from a batch were compressed with monotonic loading to obtain the compressive
strength. Then, 1 out of every 3 samples from the batch, was compressed with unload-
reload cycles in order to obtain Young’s modulus. The unload-reload cycles were done
at 30%, 60%, and 90% of the average compressive strength of the previous two samples.
During the testing, the strain was determined from a video extensometer surveying two
points (marked as crosses on the sample) spaced about 3 cm in the vertical direction in
the center of the cylindrical sample. This was done since it was not possible to obtain
correct Young’s modulus while taking strain from the global strain of the sample because
of fretting contact at top and base of the sample.

The samples were compressed with displacement control at a rate of 0.005 mm/s
to remain in quasi-static condition. Bui et al. 2014 [5] carried out several tests to observed
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the difference between force control or displacement control testing. When the loading
is done with force control, the rupture is sudden because the load quickly reaches its
maximum value. Whereas in case of displacement control, the speed of advance is constant
following the imposed displacement and thus the failure is less sudden, and the post-peak
behavior can be observed. However, it was observed that the failure stress was same
for both the cases. In addition, Bruno et al. 2015 [79], carried out tests to study the
influence of rate of displacement on the rupture of the samples. It was observed that the
displacement rate does not affect the peak stress but the shape of stress-stain curve.
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Figure 3.23: Variation of compressive strength with suction, samples compressed with
unload-reload cycles shown in circular marking

As a global trend of the variation of UCS with suction, it can be seen on figure
3.23 that, the compressive strength decreases significantly with the decrease of suction.
The UCS value varies from 0.35 MPa to 5.25 MPa for suction increasing from 0.328 MPa to
331.3 MPa. It can be related to the gain of resistance of the earth structures in a building
from the date of manufacture (corresponding to a water content of around 11-13%) up
to a long time state, after several weeks of drying (with a water content of about 2%).
Inversely, this can also be related to the loss of mechanical strength for unusual water entry
in the material. This helps to analyze the vulnerability of rammed earth structures when
subjected to meteorological events such as strong rainfall and inundation, or default in the
building (damage of the roof, insulation, base allowing capillarity, etc). The compressive
strength observed at the ambient relative humidity of around 60% for European latitude
was around 3 MPa. This value is consistent with what was observed in the literature [42].
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The stress-strain curve for 3 samples conditioned at 39 MPa suction is shown in
figure 3.24. It shows the results of two samples compressed without unload-reload cycles
and one sample compressed with unload-reload cycles. The Initial tangent modulus (Etan)
was evaluated from the initial slope of the stress-strain curve. The linear elastic region
is generally observed up to 30% of the failure load, and the slope of the stress-strain
curve in this region is termed as initial tangent modulus. The variation of the initial
tangent modulus (expressed as the average of 3 tests at the same suction) with suction
is shown in figure 3.25. A significant decrease in the value of initial tangent modulus is
observed with a decrease in suction. This behavior is also consistent with the literature
[15][9][54]. The trend is similar to the variation of the compressive strength with suction.
The initial tangent modulus decreases significantly from 1.37 GPa to 0.015 GPa as the
suction reduces from 331.3 MPa to 0.328 MPa. All the stress-strain curves for the UCS
test are shown in figure A.1 and A.2 in Appendix A.
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for 3 samples conditioned at 39 MPa suction including testing with unload-reload cycles

The secant modulus was evaluated as the ratio of difference in axial stress to
difference in axial strain between the maximum and minimum axial load states of the
cycle [9]. The evolution of secant modulus (Esec) with the ratio of maximum axial stress
previously experienced to the UCS value is shown in figure 3.26. The ratio of maximum
axial stress and UCS represents the progression of the compressive testing and value of
1 represents failure state. A gradual reduction of the secant modulus, i.e. damage, with
an increase in axial stress, was observed for most of the samples (except the sample
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Figure 3.25: Variation of initial tangent modulus Etan with suction conditions

conditioned at 331.3 MPa suction and compaction state). This damage is dependent on
the suction state, which is evident from the change in slope and increases with suction.
The stiffness degradation varies from 22% at 205.3 MPa suction to 13% at 3.8 MPa suction
and almost no variation at the compaction state (0.328 MPa). It means that dryer the
earth sample, more sensitive to damage it is and vice-versa.

The evolution of the plastic strain (εpres) (residual strain at the end of the un-
loading cycles) with the ratio of axial stress and UCS (figure 3.27) shows that residual
strain increases with axial stress level. This effect becomes more and more important
when the axial load approaches the compression strength. It means that a humid pathol-
ogy of an earthen structure leads to simultaneous degradation of the material stiffness
correlated to an increase of the plastic strain. In addition, the plastic straining is depen-
dent on the suction state of the samples evident by the change in slope. The residual
strain was higher for samples at lower suction (wetter samples) and vice-versa.

The damage and plasticity behavior as discussed by Champire et al. [9] suggest
that the nature of the clay, notably its activity, is a more determining parameter as
compared to the content of clay. More active clays experience strong irreversible strains
and less damage and vice versa. The soil investigated in this work is considered to
be slightly active and thus shows both plasticity (characterized by residual strains) and
damage (characterized by stiffness degradation).
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3.5.2 Direct shear tests: Influence of suction on shear parameters

In this study, an effort was made to enrich the classical building material approach in
which only compressive strength and rigidity of the material are classically determined.
It was chosen to investigate mechanical parameters which are more able to describe the
strength properties of this unstabilized unsaturated soil: i.e. cohesion (c) and friction
angle (φ), which are essential parameters in soil mechanics. Very few studies focus on the
shear parameters of rammed earth [5][80][81] and none as far as we know, on the influence
of hydric conditions on these parameters. So, in the present work, direct shear tests
were conducted on different conditioning relative humidities to determine the variation of
apparent cohesion (c) and apparent friction angle (φ) with suction.

In this regard, 3 series of 21 samples each (3 x 21 = 63 samples) were subjected
to direct shear test. The series differ in the normal stress value applied while shearing
(table 3.6) varying from 0.139 to 0.556 MPa. These values were chosen as traditional
rammed earth wall are loaded by stresses of few hundreds of kPa at the wall base [42]. In
each series, there are 21 samples which are tested at 7 different initial suction states from
3.8 MPa to 331.3 MPa as mentioned in table 3.4. For each suction state, 3 samples are
tested at different sets of normal stress states, as mentioned in Table 3.6. Direct shear
test is a test where only a localized surface is tested mechanically, and the results can thus
differ significantly from one test to another. For this reason, it was decided to perform a
large number of tests.

Table 3.6: Normal load and stress applied in various series for a particular suction state

Load (kg) Normal stress (MPa) Series 1 Series 2 Series 3
5 0.139 o * +
10 0.278 o +
15 0.417 o * +
20 0.556 *

The Direct shear tests were performed on the Casagrande shear box. The
rammed earth sample of dimension 60 mm x 60 mm x 30 mm were placed inside a
shear box. The shear box contains two independent half boxes, i.e. upper box and lower
box, as shown in figure 3.28. The separation between these two boxes is where the shear
forces will be applied. The corresponding plane in the sample is called sliding plane. In
this test, a constant value of normal force is applied from the top, which remains con-
stant during the test. The sample is further sheared by imposing a constant rate of shear
displacement, which applies a horizontal shear force on the sample. The shear force and
the corresponding shear stress is noted at failure. The shear stress at failure and normal
stress applied is plotted in a graph, and the test is repeated at different values of normal
stress.

In order to evaluate the shear parameters of rammed earth, Mohr-Coulomb the-
ory of shear strength was used. According to this theory, the shear strength of a soil
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Figure 3.28: Schematic representation of the Casagrande shear box showing the different
components (modified from celtest.com)

depends upon:

• Cohesion between particles on the critical plane.

• Angle of internal friction between particles which accounts for interlocking resistance
and frictional resistance.

• Normal stress on the critical/Failure plane.

This is to say that:
τ = c+ σntanφ (3.14)

where,
φ: apparent friction angle of the soil
c: apparent cohesion
σn : normal stress on the failure plane
τ : shear strength

This equation is written in total stresses. Upon shearing, the width of the
shearing plane changes as the lower box displaces laterally (figure 3.28). Thus, the area
of the shearing plane changes and the stress was corrected.

τ =
F

W (W − d)
(3.15)

where, F is the shear force, W is the width of the shear box and d is the displacement
measured by the transducer.
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Direct shear tests were conducted on the 63 samples at a shear rate of 1 mm/min
with the automatic acquisition of both shear force and shear displacement every second.
An example of shear stress - shear deformation curve for 4 tests at a conditioning suction
state of 153.4 MPa (RH = 32.8%) is shown in figure 3.29. The shear modulus of all 4
samples sheared at different normal stress shows a low discrepancy. This behavior was
observed for majority of the direct shear tests. The shear stress - shear deformation curve
for all the series is shown in figure B.1, B.2, and B.3 in the Appendix B. Once the shear
strength is attained, there was a brittle failure in the samples. In this test, there is no
control over the drainage conditions and no mechanism to measure the pore pressure. As
it is a quick test, it can be supposed that the condition is undrained. Because the sample
are not very saturated, it was assumed that the shear affects the biggest pores (at least
at the beginning of the test) and that there is no strong variation of suction.
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Figure 3.29: Shear stress vs shear deformation curve during the direct shear tests for
samples at suction 153.4 MPa, RH = 32.8%

From the values of normal stress imposed on the sample while testing and the
corresponding shear strength, linear Mohr-Coulomb envelope was drawn. The Mohr-
Coulomb envelope for all the samples of series 1,2 and 3 are shown in figure 3.30a, b,
and c respectively. The values of apparent cohesion and apparent friction angle were
evaluated for the different suction conditions from the Mohr-Coulomb theory of shear
strength (equation 3.14). The dependency of the shear parameters, i.e. cohesion and
friction angle on the conditioning suction conditions, is quite evident. For series 1, the
value of apparent cohesion varies from 0.396 MPa to 0.826 MPa as suction increases from
3.8 MPa to 331.3 MPa. The value of apparent friction angle varies significantly from
44.27◦ to 67.73◦. For series 2, the value of cohesion varies from 0.365 MPa to 1.049 MPa
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with increase in suction, and apparent friction angle varies between 46.93◦ to 60.73◦.
Similarly for series 3, the apparent cohesion varies from 0.341 MPa to 0.835 MPa, and
the friction angle varies between 42.77◦ to 65.71◦.

From the results of apparent cohesion and apparent friction angle mentioned
before for the 3 series, the average variation of these shear parameters can be plotted.
The variation of apparent cohesion and apparent friction angle with suction conditions is
shown in figure 3.31a and b respectively, along with error bars expressed as the standard
deviation of results of 3 series.

The average value of cohesion of the samples increases from 0.383 MPa to 0.84
MPa with a linear tendency as the suction state changes from 3.8 MPa to 331.3 MPa
(figure 3.31a). This behavior is justifiable from the theory of generalized effective stress,
as there is an additional capillary cohesion induced by the partial saturation of the earth,
which contributes a significant part of the shear strength. In addition, it can be observed
that there is a lesser standard deviation in the results for samples conditioned at lower
suction states (higher relative humidity). Whereas for the samples conditioned at higher
suction states (lower relative humidity), there is a bigger standard deviation in the results.
This behavior was also observed in the results of unconfined compressive strength tests
(figure 3.23). This can probably be explained by the fact that a dry state of the material
induces a fragile behavior. In consequence, the failure is more localized and thus is
affected by small defaults in the matter, and its random distribution is responsible for
a dispersion of the strength results. On the contrary, wetter samples are ductile, which
induces a plastic failure concerning the global mass of the material. In this case, defaults
have less influence, and the results present a lower discrepancy.

In addition, there is also a significant variation observed for the average apparent
friction angle which varies from 43◦ to 63◦ with a non -linear tendency (the effect tends
to stabilize from 100 MPa of suction) when suction varies from 3.8 MPa to 331.3 MPa
(figure 3.31b). Bigger standard deviation for samples conditioned at higher suction state
and vice-versa was also observed in the results of apparent friction angle.

The variation of shear strength with suction at constant value of normal stresses
of 0.139 MPa, 0.278 MPa, and 0.417 MPa, and 0.556 MPa are shown in figure 3.32a, b,c,
and d respectively. It is clear that the shear strength gradually increases with suction at a
constant normal stress. This observation is true except for the variation of shear strength
with suction at constant normal stress of 0.278 MPa (figure 3.32b). It can be seen that
the shear strength at 153.4 MPa suction state is higher than 205.3 MPa and 331.3 MPa
suction state. The shear strength, in this case, is decreasing with increase in suction.

Also, it can be observed that the rate of increase of shear strength with suction is
very high at the lower suction values, and this rate tends to decrease as we approach higher
suction values. The explanation of this behavior can be found in literature [82][83][84].
Vanapalli et al. 1996 [82] compared the shear strength behavior with the soil water
retention curve. There is a linear increase of shear strength up to the air-entry value
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of suction. Further, there is a non-linear increase of shear strength up to the residual
suction value and then depending on the soil, the strength may increase, decrease, or
remain constant upon the increase in suction. On the one hand, for sand and silt water
content at residual condition is very low, and it may not transmit suction effectively.
Thus, even a substantial increase in suction will not increase shear strength. On the
other hand, clay has well defined residual point and even at very high value of suction,
there exists considerable water, which helps in effective transmission of suction, which
leads to increase in strength. Since the soil in this study is predominantly sand and silt,
there is a non-linear increase in shear strength, and at higher values of suction, the shear
strength reaches a plateau.
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3.5.3 Unsaturated triaxial tests

In order to complete the results of the shear testing of rammed earth, unconsolidated
undrained (UU) triaxial tests on unsaturated samples of rammed earth were performed.
These tests are further labelled as unsaturated triaxial tests due to the following reasons:

• Firstly, the samples studied here are very dense since the compaction pressure (5
MPa) is higher than the confining stress applied during the triaxial test (0.2-1.5
MPa). Thus the term unconsolidated state is not suitable for the samples; on the
contrary, the state of the earth can be described as ‘overconsolidated’.

• Secondly, the maximum degree of saturation at the lowest value of suction studied
is around 30%. Thus having drained or undrained conditions might not have a
significant effect on the results of the test.

Tests were performed on 21 samples conditioned at 7 different suction states mentioned in
table 3.4. For each suction state, 3 samples were tested at 3 different confining pressures
(σ3), i.e. 0.2 MPa, 1 MPa and 1.5 MPa. These values of σ3 were chosen to plot the
Mohr-Coulomb failure envelope at a higher range of normal stress as compared to the
direct shear test to obtain the failure envelope at higher normal stresses. The triaxial test
has various advantages as compared to direct shear test:

• There is no pre-determined failure surface, which was the case in direct shear tests.
The loading thus affects the bulk sample instead of a single surface. The failure
plane in the triaxial test is the weakest plane.

• Mohr circles can be drawn at failure conditions.

• Stress distribution on the failure surface is more uniform.

• There is complete control over the drainage conditions, and there is a mechanism to
measure the pore pressure during the test. Although during the unsaturated triaxial
test, the pore pressure was not measured.

For these reasons, the triaxial test is considered more representative of soil behavior.

Experimental setup

The experimental setup for the triaxial test along with its components is shown in the
figure 3.33. The functions of the various triaxial components is described as follows:

• Triaxial Cell: It contains the specimen and cell fluid

• Pedestal and top cap: They guarantee the sample anchorage and drainage ports.
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Figure 3.33: The experimental setup and the various components of triaxial test

• Rubber membrane, O-rings: The soil sample is first inserted into the rubber mem-
brane, and O-rings are placed over the membrane to seal the rammed earth sample
from the cell fluid which permits the effective stress to be applied.

• Cell fluid inlet / Volume controller: Pressure-meter connected to the cell pressure
inlet exerts confining stress to the specimen by pressuring the cell fluid.

• Back Pressure / Volume controller and pore pressure transducer: Pressure-meter is
connected to the inlet which exerts the pore/back pressure on the rammed earth
sample and measures the variation of volume. Pore pressure transducer can record
the pore pressure in the sample during the test. Thus it is possible to either control
or measure the pore pressure.

• Velocity controlled loading frame: This helps in shearing the sample by applying
axial displacement at a constant rate.

• Internal submersible load cell: It helps in recording the axial force applied to the
sample during the shearing process.

• Axial displacement transducer: It records the variation of height of the sample and
this the axial strain.

The unsaturated triaxial test is carried out in two stages:

1. Confining pressure stage: In this stage, an all-around confining pressure (σ3) was
applied using the pressure-meter connected to the cell pressure valve. Three differ-
ent confining pressures of 0.2 MPa, 1 MPa, and 1.5 MPa were applied to the three
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samples tested for each initial suction condition. The test in this stage is uncon-
solidated, and thus the back pressure drainage valve was closed and the expulsion
of pore water is not permitted. However, it can be underlined that the sample is
already very dense (compacted at 5 MPa) so that the consolidation phase would
have probably not change the state of the earth.

2. Deviatoric stage / Shear stage: The cell pressure was kept constant and additional
axial stress is applied which is called deviator stress (q = σ1 − σ3). Deviatoric
stress was applied by the compression of the sample at a constant rate of axial
displacement of 0.1428 mm/min [85]. The deviator stress increases gradually until
the soil fails in shear. Since the test is undrained in this stage as well, the drainage
valves were closed. However, since the degree of saturation is lower than 30%, the
drainage conditions might not impact the results.

Figure 3.34 shows the evolution of deviator stress - axial strain behavior for the
three samples conditioned at suction state of 23.4 MPa (84.34% RH). These three samples
were tested at different confining stress (σ3) of 0.2 MPa, 1 MPa, and 1.5 MPa. With the
increase of confining stress, the shear strength of the soil consistently increases. From
these results, the value of the axial stress at failure (σ1f ) can be computed, which was
used to plot the Mohr circles at failure (figure 3.35). The apparent value of cohesion and
friction angle was computed from the linear envelope of the Mohr Circles (Mohr-Coulomb
criterion, see equation 3.14).

Figure 3.36 shows the comparison of the variation of deviator stress and axial
strain for samples conditioned at 3.8 MPa (97.3% RH) and 331.3 MPa (9% RH) suction
states. At a lower suction state, when the sample is wetter, the behavior is more ductile
in nature. The axial strain at failure for samples at 3.8 MPa suction varies from around
3% to 11% at different confining stresses. On the other hand, the axial strain at failure for
samples at 331.3 MPa suction varies from around 1.5% to 4%. There is a gradual transition
from ductile behavior at lower suction values to a fragile behavior at high suction values.
Because of the presence of clay, the material becomes ductile when wetter. This transition
of behavior type is more or less significant depending on the clay proportion, and clay
nature [19] [9]. Soils having clay with higher activity experiences strong irreversible strains
and a ductile failure at high suction values. The transition from ductile to brittle failure
can be seen in figure C.1 in Appendix C. In addition, samples tested at a lower value of
confining stress behaves more brittle than samples tested at higher confining pressure for
the same suction state.

Using the three Mohr circles at each suction state and plotting Mohr-Coulomb
envelope, apparent values of cohesion (c) and friction angle (φ) were determined at all
suction states. The qualitative variation of c with suction, as shown in figure 3.37a is
similar to the one observed in the direct shear test (figure 3.31a). The apparent cohesion
value increases from 0.5 MPa to 1.8 MPa with suction. The rate of increase of cohesion is
higher in the beginning at lower suction values. This rate of increase of cohesion decreases



86 Chapter 3. Hydro-mechanical behavior at material scale

0 1 2 3 4 5 6 7 8
0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

11000

12000

13000
s =23,4 MPa, RH = 84,34%

D
ev

ia
to

r s
tre

ss
 q

 =
 

1-
3 (

kP
a)

Axial strain a (%)

 0,2 MPa
 1 MPa
 1,5 MPa

Figure 3.34: Variation of deviator stress versus axial strain during shear stage of triaxial
test for samples conditioned at 23.4 MPa suction and 84.34% RH

with suction, and the cohesion increases at a slower rate at higher values of suction. This
is due to the fact that the additional suction-induced cohesion increases with suction, but
there is a limit to this contribution. At higher values of suction, the saturation degree of
sample is lower. So, although the suction increases, it is acting on a lower proportion of
water.

On the other hand, there is no significant alteration in the friction angle. The
value of friction angle varies between 31◦ and 37◦ with a greater variation for low suction
and almost no variation from 50 MPa (figure 3.37b). In addition, it appears that values
of c and φ at a particular suction state are different for direct shear tests (done at lower
normal stress) and unsaturated triaxial tests (done at higher normal stress). This behavior
indicates that there is non-linearity in the failure envelope (τ − σn plane). This non-
linearity will be discussed in the further section.

Finally, figure 3.38 shows all the results obtained from UCS, DST, and unsatu-
rated triaxial test for 7 different suction states in τ−σn plane. It includes the Mohr circles
drawn at failure for the UCS and unsaturated tests and the linear Mohr-Coulomb failure
envelope from direct shear tests. It gives a global idea of the various tests performed and
makes it possible to plot the failure envelope at a higher range of normal stress. It can
be observed that the linear Mohr-Coulomb envelope drawn from the direct shear tests
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Figure 3.35: Mohr circles at failure for samples conditioned at 23.4 MPa suction and
84.34% RH

fits the results of all the UCS tests and unsaturated triaxial tests carried out at lower
confining stress of 0.2 MPa. It is to be noted that the results of UCS tests carried out
at suction of 153.4 MPa (32.8% RH) are excluded since the RH box in which they were
conditioned was not saturated, as mentioned in the previous section.
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Figure 3.36: Comparison of the variation of deviator stress with axial strain for samples
conditioned at suction values of 3.8 MPa (a) and 331.3 MPa (b)
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Figure 3.37: Variation of apparent cohesion (a) and apparent friction angle (b) with
suction states determined from the unsaturated triaxial tests
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Figure 3.38: Results of UCS, DST, and unsaturated triaxial test in τ − σn plane for all
suction states
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3.5.4 Intrinsic shear parameters

In order to explain the effect of hydric state on the shear parameters, it is necessary to
compare apparent parameters and intrinsic parameters i.e. intrinsic cohesion (c′) and
intrinsic friction angle (φ′). The intrinsic parameters are determined for saturated con-
ditions and are independent of suction. In this regard, Consolidated Undrained (CU)
saturated triaxial tests were carried out at 4 different effective confining pressures, i.e.
σ′3 = 100 kPa, 200 kPa, 300 KPa, and 1500 kPa along with measurement of pore wa-
ter pressure during the test. The tests were conducted in the following stages, and the
procedure is outlined as follows:

1. Saturation stage: Since the rammed earth sample is going to be consolidated dur-
ing the confining pressure stage, it was necessary to saturate the samples before.
Rammed earth samples after double compaction can be directly used for performing
saturated triaxial tests as the hydric conditions of the samples before the testing
was not relevant as saturated conditions are required. Rammed earth sample was
inserted into the triaxial cell after the sample is covered with the rubber mem-
brane fixed with O-rings. The triaxial cell is filled with distilled water, and the
pressure-meters for cell pressure and back pressure are connected. Before the begin-
ning of saturation stage, it was made sure that air bubbles were removed from all
the connecting pipes and the pressure-meters connected for cell pressure and pore
water pressure. The method of saturation used here was stepped saturation. In
this method, cell pressure increments of 100 kPa were applied, and the evolution of
pore water pressure was monitored. During this time, the saturation of the sample
was monitored by the value of Skempton’s parameter B = ∆u/∆σ3. If the value of
Skempton’s parameter B was less than 0.95, it signifies that the sample is unsatu-
rated. This phase during the test is called B-check. If the sample is unsaturated, the
pressure meter for back pressure injects water to increase the pore water pressure
(figure 3.39a). This was done to maintain effective stress of 10 kPa. This low value
of effective stress was chosen not to affect the soil structure during saturation. The
injection of back volume to maintain the effective stress is stopped when the volume
change is less than 10 mm3 for 5 min.

The zoomed-in view of the B-check phase is shown in figure 3.39b. It shows the
increment of cell pressure by 100 kPa and the corresponding change in back pressure.
The B-value is evaluated, and if it is less than 0.95, the back pressure is increased,
and water is injected to maintain 10 kPa of effective stress. Further, the saturation
of the sample was rechecked again with the same procedure by increasing the cell
pressure by intervals of 100 kPa and monitoring the change in pore water pressure
to evaluate the parameter B until reaching saturation (figure 3.39a). Typically,
B≥0.95 confirms full saturation of the sample. B value of 1 represents that for a
particular change of cell pressure, the pore pressure changes an equal amount. This
means that all the pores are filled with water, and the sample is saturated.
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2. Cell pressure / Confining pressure stage: After the saturation phase, the confining
pressure was 800 or 900 kPa. In this stage, an all around confining pressure (σ′3) was
applied using the pressure-meter connected to the cell pressure valve. An effective
value of confining stress σ′3 = 100 kPa, 200 kPa, 300 KPa, and 1500 kPa was applied
to the samples. Since it is a CU triaxial test, the valve connecting the back pressure
was open, and consolidation was allowed to take place due to the effective confining
stress. The consolidation phase was supposed to finish when the change in the back
volume was less than 10 mm3 for 5 min. Figure 3.40 shows the variation of back
volume with the square root of time for the sample subjected to 300 kPa of effective
confining stress.
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Figure 3.40: Variation of back volume with the square root of time during the consolida-
tion phase of the CU triaxial test

3. Deviator stage / Shear stage: The cell pressure was kept constant and additional
axial stress is applied which is called deviator stress (q = σ1−σ3). Deviatoric stress
was applied by the compression of the sample at a constant rate determined from
the French Norm NF P94-074 [86] for performing Consolidated undrained triaxial
test with measurement of pore pressure (CU+u). According to the norm, the rate of
axial displacement should not exceed the maximum speed evaluated by the following
expression:

Vmax =
Hoεf
at100

(3.16)

where,
a: is a coefficient determined based on the drainage conditions during the consoli-
dation phase. For drainage at top and bottom without any lateral drainage a = 2.1
εf : is the deformation at the presumed rupture. In the absence of this information,
it is recommended to use a value of 3% for over-consolidated soils.
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t100: is the value of consolidation time. The minimum value recommended is 10
minutes.
Ho: is the initial height of the specimen = 100 mm
The value of rate of axial displacement determined from this expression was 0.1428
mm/s, and the sample was sheared at this rate. The deviator stress increases gradu-
ally until the soil fails in shear. Since the test is undrained in this stage, the drainage
valves were closed.

In the triaxial conditions, the mean effective stress (p’) and deviatoric stress (q) are
defined as:

p′ =
σ′1 + 2σ′3

3
(3.17)

q = (σ′1 − σ′3) (3.18)

A highly ductile/plastic failure was observed for all samples which can be seen
from figure 3.41, where the axial strain during the shear phase was in the range of more
than 20%. As the sample is sheared, the deviator stress increases until reaching a plateau
and becomes constant even though the axial strain keeps increasing. No cracking or failure
plane was observed as the sample kept on dilating, and the radial strain was increasing.
The variation of the pore water pressure is shown in figure 3.41b. It was observed that
pore water pressure increases in the initial phase of loading and then decreases. This is due
to the fact that upon shearing the sample exhibits an initial phase of contraction followed
by a dilatant phase. The transition between these two phases occurs nearly around the
same axial strain (1%-1.5%) for the samples sheared at different effective confining stress.

According to ASTM D 4767-95 [87], the failure point is defined as the state of
maximum effective stress obliquity i.e., maximum value of σ′1/σ′3. The failure points from
this criterion has been shown in figure 3.42. Using these failure points, a linear failure
envelope was obtained in p’-q plane. The slope and intercept of this failure envelope were
determined, and the effective shear parameters c’ and φ′ were evaluated.

As the failure surface in p’-q and τ − σ plane represent the same failure state,
the geometrical relation between these two allow us to compute the intrinsic parameters.
The failure criterion in p’-q plane is defined as:

q = k +Mp′ (3.19)

where,

M =
6sinφ′

3− sinφ′
(3.20)

k =
Mc′

tanφ′
(3.21)
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Figure 3.41: Variation of devaitoric stress (a) and pore water pressure (b) for 4 saturated
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From these equations, the effective parameters were evaluated as c′ = 43.91 kPa
and φ′ = 32.53◦, which are good from a soil mechanics point of view. These value obtained
are similar to Gerard et al. 2015 [14], which is justifiable as the particle size distribution
of both soil used is similar.
It is interesting to note that, the apparent cohesion at different suction state from unsat-
urated triaxial is significantly higher than the intrinsic cohesion (figure 3.37). However,
the apparent friction angle values are quite similar to the intrinsic friction angle. This
supports the fact that, with an increase in suction, the capillary induced cohesion in-
creases and contributes a significant part to the strength. However, the part of shear
strength that is due to friction between the particles does not vary so much as it is mostly
dependent on the compaction state. Since the compaction state for both these tests was
similar, the value of apparent friction angle was comparable.
The comparison between the intrinsic shear parameters from saturated triaxial tests and
apparent shear parameters from direct shear test (figure 3.31) shows that apparent cohe-
sion (c) is significantly higher than intrinsic cohesion (c’), which is due to the additional
suction induced cohesion. Also, apparent friction angle (φ) is also higher than intrinsic
friction angle (φ′). This was due to the fact that φ is evaluated in direct shear test at a
normal stress range of 0.139 - 0.556 MPa. Due to the non-linearity in the Mohr-Coulomb
failure envelope, the value of φ evaluated from the initial part of the curve is significantly
higher, which was observed at all the suction states.
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3.6 Towards constitutive modeling

Linear Mohr-Coulomb failure criterion is the most common criterion for modeling the
behavior of rammed earth when considering plasticity and was used in different research
[6][88][89] [54][42]. However, this model has various limitations. For an over-consolidated
soil, the failure envelope is not a straight line, but a curved line which is concave towards
the normal stress axis [90][91][92]. Also, in the unsaturated samples due to higher confining
stresses, the degree of saturation can increase, leading to change in consistency of the
sample and affecting the behavior. The linear Mohr-Coulomb failure envelope is not
totally suitable in the case of rammed earth within the range of normal stress considered.
In addition, it is essential to incorporate the role of suction, for instance, by generalizing
the failure criterion as initially proposed by Gerard et al. 2015 [14].

To take into account the non-linearity of the failure envelope, we have used
modified Mohr-Coulomb criterion according to Shen et al. [93], in which cohesion c and
friction angle φ are described as a function of normal stress (σn). The expression for the
shear strength remains the same, whereas c and φ are dependent on normal stress. The
following functions were used to describe the shear parameters.

φ = φ0(1−
√

σn
2σc

) (3.22)

c = c0 + (σc − c0)
σn
2σc

(3.23)

where,
c0: apparent cohesion at low confining stress at a particular suction state,
φ0: apparent friction angle at low confining stress at a particular suction state,
σc: the critical confining pressure which is defined as the normal stress after which the
shear strength does not increase.

The non-linear Mohr-Coulomb failure envelope was plotted from Mohr circles
for UCS and unsaturated triaxial tests. The parameter σc was adjusted for each suction
state to fit the data and is mentioned in table 3.7. From figure 3.43, the failure envelope
is plotted for s = 205.2 MPa, RH = 22.51%, parameter σc = 6.5MPa is chosen to fit the
data set. The values of c0 and φ0 are used from the direct shear tests.

Table 3.7: Values of the parameter σc corresponding to each suction state

Suction (MPa) 331.3 205.3 153.4 75.9 39 23.4 3.8
σc (MPa) 8.35 6.5 6.4 5.3 4.8 4.7 2.5

In figure 3.44, the failure envelope for all the suction states is plotted. Here, we
can observe the evolution of the failure envelopes with both normal stress and suction.
The failure envelope from the saturated triaxial test has also been shown to observe the
influence of the suction state on the failure envelope compared to the saturated state.
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This influence is represented by the vertical shift between the saturated triaxial criterion
(in this case suction is null) and unsaturated triaxial ones. Saturated triaxial test give
4 points on the plot that tends to show a linear interpolation, which differs from the
unsaturated failure envelope in this range of normal stress.
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Generalised effective stress

The stress state variables represent the state of equilibrium of the system. For unsaturated
soils, there are 2 different approaches to define the system and completely analyze the
mechanical response. The first approach uses 2 independent stress state variables out
of the 3 state variables for unsaturated soils i.e. net stress (σ − ua), effective stress for
saturated soils (σ − uw) and matric suction (ua − uw) such as in BBM model [94] and
SFG model [93]. Commonly, σ−ua and ua−uw are used. This approach allows to model
behavior as a collapse for loose soil where only the suction variation can cause failure.
The second approach is generalized effective stress approach in which single effective stress
defines the stress state of a multi-phase porous medium [95][96][97][98]. Since we have a
highly compacted soil, the generalized effective stress approach is more suitable. Here we
use Bishop’s effective stress [90]:

σ′ij = σij + χsδij (3.24)

where,
σ′ij is the effective stress tensor,
σij is the net stress tensor,
s is the suction,
δij is the Kronecker delta (δij = 0 if i 6= j, else δij = 1)
χ is the effective stress parameter which is a function of degree of saturation.

To evaluate χ as a function of degree of saturation, first, we need to use the
intrinsic shear parameters c’ and φ′ in the approach proposed by Gerard et al. [14].
According to Bishop 1960 [90], in the effective stress state reference, the normal stress
shifts by an amount χs. It means that even for UCS test with σ3 = 0, in effective stress
reference it is internally stressed by an amount χs. To evaluate χ, failure envelope from
saturated triaxial is overlapped with Mohr circles from UCS and unsaturated triaxial test
in effective stress reference.

Finally, χs is evaluated geometrically from figure 3.45 by using σ′3 = χs for UCS
and σ′3 = σ3 + χs for unsaturated triaxial test. It gives:

χs =
r − c′.cosφ′

sinφ′
− r − σ3 (3.25)

where r = σ1−σ3
2

and σ3 = 0 for UCS test. The value of χ was evaluated
for each test and averaged (3 samples) for each suction state. It is plotted with the
corresponding degree of saturation in normal scale and log-log scale in figure 3.46. This
gives a relationship that we can model with the following expression :

logχ = αlogSl (3.26)
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Figure 3.45: Determination of expression for χs using saturated triaxial test and Mohr
circles from unsaturated triaxial test and UCS (σ3 = 0) using the methodology of Gerard
et al .2015 [14]

which is equivalent to:
χ = (Sl)

α (3.27)

The value of α evaluated from this method is equal to 1.9081. This value is
comparable to what was obtained by Gerard et al. 2015 [14]. It can be justified from
the fact the particle size distribution in both the studies are close. The expression for
Bishop’s effective stress is written as:

σ′ij = σij + (Sl)
1.9081sδij (3.28)

In this section, firstly, the results of UCS and direct shear test, which were done
at lower level of normal stress and unsaturated triaxial test done at higher normal stress
were analyzed. Using the results, a non-linear Mohr-Coulomb envelope was proposed
and was plotted for different suction conditions. The influence of suction on the failure
envelope was observed from the vertical shift of the envelope compared to the saturated
one. Secondly, in order to define the stress state of the medium, the Bishop’s effective
stress concept was used. This helps to define a constitutive model which takes into account
the effect of suction into the stress definition. To determine the Bishop’s effective stress
for the soil studied, effective stress parameter (χ) needs to be evaluated. For this, failure
envelope from saturated triaxial tests was overlapped with Mohr circles from UCS and
unsaturated triaxial test in effective stress reference. Finally, χ was determined as a power
function of degree of saturation to express the Bishop’s effective stress.
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In the next chapter, the hydro-mechanical coupled modeling of rammed earth
columns will be done. The non-linearity of failure envelope was not taken into account
since the normal stresses were low, and a linear failure envelope was considered. The
expression of Bishop’s effective stress was taken into account to introduce the effect of
suction directly in the failure criterion.
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3.7 Conclusion

In the present study, a methodology to study the hydric influence on mechanical behavior
is presented. The apparent mechanical parameters and intrinsic parameters were studied
to provide a synthetic hydro-mechanical model, using some relevant input parameters.

It has been proposed to work with more homogeneously compacted samples by a
method of double compaction instead of the traditional method of dynamic compaction.
Using this technique, the compaction pressure is better controlled, and samples are re-
peatable. Although this method differs from the actual method in the field, the dry
density obtained is the range for traditional earth construction, and thus, the samples are
representative.

Matric suction is a state parameter, and any change in matric suction represents
the hydric solicitation inside the material. The samples were conditioned to 7 different
suction states using the method of liquid-vapor equilibrium before they were tested.

Unconfined compressive strength test was performed, with and without unload-
reload cycles. The compressive strength and initial tangent modulus were found to in-
crease with suction. Direct shear tests were performed with the same technique for sample
preparation and control of hydric conditions. A brittle failure was observed upon attain-
ing the shear strength. The shear modulus for samples sheared at different normal stress
(but at same suction state) showed very less discrepancy. Apparent values of cohesion
and friction angle were determined at different hydric state using the Mohr-coulomb shear
strength theory. The cohesion of the sample increased with suction, due to the presence of
additional capillary cohesion, which is induced by the partial saturation. The results for
lower value of suction were more repeatable, since there was less deviation in the results
for samples at lower suction states (wet state), where more ductile failure occurs. On
the other hand, for samples at higher suction states (dry state), brittle failure occurred,
which is more localized, and small defaults affected the results. A similar observation was
found for results of UCS.

The apparent shear parameters were also evaluated with the unsaturated triax-
ial test at 7 different suction states. The failure envelope, using this test, was plotted
at a higher range of normal stress as compared to DST. It indicated that shear strength
predicted from the Mohr-Coulomb criterion using DST at higher range of stress is overesti-
mated and in fact, the failure envelope is non-linear. This non-linearity was predominantly
due to the unsaturated state of the samples rather than over-consolidation. Non-linearity
was introduced in the shear strength equation by varying the cohesion and friction angle
with normal stress. Finally, intrinsic shear parameters were determined using saturated
triaxial test. By using the intrinsic failure criterion in effective stress state reference and
Mohr circles for UCS and unsaturated triaxial test, a log-log relation was observed be-
tween χ and Sl. It helped in calculating the effective stress parameter and thus, obtaining
the Bishop’s effective stress relationship.
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By obtaining the global failure envelope and effective stress equation, it is a
step-forward for coupled hydro-mechanical constitutive modeling of rammed earth, which
can intrinsically introduce the effect of suction in the failure criterion. This will help to
reproduce the hydro-mechanical couple behavior of a given earth building and to estimate
whether the strains remain admissible and if the resistance of the structure is sufficient
or not.



Chapter 4

Experiments and simulation at
structural scale on columns

4.1 Introduction

The first objective of the study in this chapter is to investigate the hydro-mechanical be-
havior of rammed earth columns with enough layers to be a representative element volume
(REV) scale during drying. The columns are compacted using the dynamic compaction
technique which is used in a real rammed earth wall and the hydraulic boundary condi-
tions are imposed similar to a part of the wall which makes the columns representative
of the actual rammed earth wall. The work presented in this chapter includes the dry-
ing kinetics and the compression strength evolution during drying of the rammed earth
columns. The second objective of this study includes the hydro-mechanical coupled nu-
merical simulation of the drying phase and the compression results using a Finite Element
Analysis (FEA) software. The objective is to use the model and parameters obtained from
the hydro-mechanical coupled study at material scale which is done in uniform suction
conditions and check if it is possible to reproduce the results at a structural scale with
non-uniform suction conditions as in a column.

Firstly, this chapter includes the geotechnical characterization of the soil used
to prepare the rammed earth columns, including the particle size distribution curve and
other basic characterization results.

The experimental plan of this campaign is described, which highlights the du-
ration of drying of columns before compression testing and the boundary conditions to
which the samples are subjected. It also describes the type of loading under which the
columns are tested, i.e. loading until failure and cyclic loading. The method of sample
preparation, hydric instrumentation of them, and the hydro-thermic boundary conditions
will be presented.

The results of the drying phase in terms of relative humidity (and thus suction)

105
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obtained from the sensors is presented. The influence of different duration of drying,
which imposes non-uniform suction conditions, on the unconfined compressive strength
and modulus of elasticity is discussed.

In the last section, the numerical simulations of the drying and the mechanical
compression on the experiments carried on columns are performed using CODE_BRIGHT,
which is a finite element code. The theoretical aspects of CODE_BRIGHT will be dis-
cussed, including the soil-water retention model, hydraulic conductivity model, convection
of liquid flow, diffusive flux of water vapor in gas phase and the conductive heat flux. A
description of the mechanical model used, i.e. Drucker-Prager model is detailed. The
hydraulic boundary condition termed as atmospheric boundary condition mentioned in
detail. Finally, the results of the simulations, including the drying behavior and mechan-
ical behavior are compared with the experimental results of the columns testing.

4.2 Experimental study

4.2.1 Material

The material used for this study is the same soil as used previously for carrying out the
experimental campaign at material scale with a difference that the soil studied before
was sieved at 5 mm, in order to have a representative element volume, considering the
chosen size of the samples. In contrast, the present earth is not sieved and has particles
of maximum size (dmax) equal to 10 mm.

The particle size distribution curve was plotted for this soil using wet sieving
and sedimentometry analysis according to French standard NF P 94-057 [99] as described
in chapter 3. The PSD curve in figure 4.1 shows that it contains 12% gravel, 30% sand,
51% silt, and 7% clay. The soil used here is not in the limit range specified by Houben et
al. 1994 [8] because the soil is taken from a construction site.

The other basic characterization test results have already been mentioned in
detail in chapter 3. A small description of the results obtained has been summarized as
follows. Its index properties are: liquid limit wl = 27.42%, plastic limit wp = 16.39%,
and plasticity index Ip = wl − wp = 11.03%. It is classified as low plastic silt (Ip < 12%)
according to the French classification GTR (Guide de Terrassements Routier) for fine
soils. The activity of clay (Ac = Ip/f) defined as the ratio of plasticity index (Ip) and
percentage of soil passing 2 µm sieve (f) was equal to 1.48. The relatively low value
of Specific surface area (Ssp = 14.7 m2/g) and Cation exchange capacity (CEC = 2.6
cmol/g) suggests a very low percentage of swelling clays.

The optimum moisture content (OMC) of 12.5% was considered, which is the
same value as for the 5 mm sieved soil since the change in granulometry was around 2.4%.
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Figure 4.1: Particle size distribution of the soil used for manufacturing columns along
with the limit range specified by Houben et al. 1994 [8]

4.2.2 Experimental Protocol

The aim of the following experimental campaign is to characterize the effect of suction
conditions on the compressive strength rammed earth columns under realistic conditions
of drying, i.e. non-uniform suction conditions. Specifically, the objective is to evaluate
the mechanical capacity of rammed earth which is subjected through a drying solicita-
tion that is chosen to replicate a one-dimensional drying occurring in the wall once it
is manufactured at optimum compaction conditions. This experimental protocol aims
to reproduce both realistic configuration and boundary conditions, with surface drying.
The samples are of relatively larger scale, and the dimensions of the samples used for
the study are 14 cm x 14 cm x 30 cm. The method of compaction used for the sample
preparation used is dynamic compaction in four layers. Thus the sample is prepared in
multiple layers similar to the method of compaction of a real rammed earth wall. The
sample structure is more realistic than doubly-compacted samples, although it is supposed
that the mechanical and hydraulic behavior is similar. The samples after compaction are
further subjected to one-dimensional drying, which is similar to the drying occurring in
the rammed earth wall. These imposed non-uniform suction conditions are representative
of in-situ wall drying conditions. Thus, the samples used in this study is a Representative
Elementary Volume (REV) of a rammed earth wall (figure 4.2).
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Figure 4.2: Depiction of the samples as a volume representative of the rammed earth wall
along with the dimensions and slenderness ratio

The experimental plan (figure 4.3) consists of preparation of 8 prismatic sam-
ples of dimensions 14 cm x 14 cm x 30 cm on which Unconfined compressive strength
testing was performed. Two samples after compaction at optimum moisture content were
compressed directly without any drying phase. These tests were performed to obtain the
compressive strength of the column at the uniform suction state at compaction. For the
rest of the samples, paraffin was used to cover the top, bottom, and two parallel sides of
the samples which induces a 1-D drying process. Out of these 6 samples, samples in a set
of two samples were subjected to a drying period of 13 days, 31 days, and 62 days. One
out of the two samples at drying duration of 0, 13, 31, and 62 days was loaded directly
until failure to obtain the compressive strength. The other samples were compressed with
three unload-reload cycles at 25%, 50%, and 75% of the compressive strength obtained in
the previous test and were further loaded until failure.

In addition, it is to be noted that the relative humidity within the samples during
drying was recorded using SHT capacitive sensors for one of the two samples, as shown in
figure 4.3. The relative humidity is related to the suction through Kelvin’s law (equation
3.12) and the suction is related to the water content by the soils water retention curve
of this material (figure 3.19). For sample 4, the mass variation for 62 days of drying was
recorded, which will help to obtain the water content evolution with drying time. Rc and
Rc’ are respectively, the compressive strength obtained with and without cycles in the
mechanical loading.
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Figure 4.3: Experimental plan depicting the different samples, duration of drying after
which they are tested and the loading type

4.2.2.1 Sample Preparation

The following apparatus was used for the preparation of prismatic rammed earth columns:

• Prismatic wooden mold of dimensions 14 cm x 14 cm x 30 cm with removable pieces
for removing the samples from the mold.

• Additional wooden attachment at the top to facilitate the compaction of the top
layer of soil.

• Pneumatic hammer which is hydraulically operated for the dynamic compaction of
the soil.

• Soil mixed at the optimum moisture content.

• Paraffin powder which will be melted and applied using a brush on the faces of
rammed earth columns to impose a boundary condition from which the moisture
cannot be exchanged.

• SHT sensors which will be placed in the samples to observe the temperature and
relative humidity variation during the drying phase.

Following procedure was adopted for the preparation of the rammed earth columns:

• The first step for making the rammed earth columns is preparation of soil. 120
kg of soil, which was enough to make 8 prismatic samples was taken. The mass
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of soil needed for 8 samples was estimated using the dry density required and the
volume of samples and increasing the mass by at least 10% to take into account any
uncertainties.

• Adequate amount of water was added to the soil to reach the optimum moisture
content of 12.5%. The soil was mixed thoroughly in a mechanical mixer and covered
for at least 24 hours to allow the moisture to homogenize.

• The prismatic mold was mounted (figure 4.4A) and the inner surfaces were lubri-
cated with oil using a brush which will facilitate the demolding of the sample.

• Each layer is poured with a thickness of about 10-15 cm into the framework (figure
4.5).

• The soil layer was rammed using a pneumatic rammer starting from the edges to
the center of the sample until reaching a homogeneous and levelled surface (figure
4.4B). After compaction, the thickness of each layer is typically around 6 to 10 cm.

• For the samples that are to equipped with SHT sensors, three sensors were placed in
the middle of the third layer, as shown in figure 4.4C. Then the layer was compacted.

• This compaction procedure was repeated until the 4th layer was compacted and
once the required height was achieved, the upper removable part of the framework
was removed. The top surface was levelled using a metallic rod, and the whole mold
was dismantled to remove the sample (figure 4.4D and E).

• Except for the 2 samples tested directly after the compaction (without drying), the
samples were covered with paraffin at the top, bottom, and two parallel faces to
impose unidirectional drying. This allows us to reproduce the boundary conditions
of a representative elementary volume taken from a bigger rammed earth wall (figure
4.4G).

• These 6 samples after preparation were left to dry in an indoor environment (figure
4.6). The values of ambient relative humidity and temperature were measured at
regular intervals until day 62. The mean value of ambient relative humidity and
temperature recorded was 65% and 15.5 ◦C

An additional sample (sample 9) was made which was not covered with paraffin and al-
lowed to dry from all sides in the same ambient conditions. This sample will be tested
(without unload-reload cycles) after the drying process is complete to obtain the com-
pressive strength after full drying. The mass variation of this sample will also be recorded
to obtain the water content evolution with time.
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Figure 4.4: Different steps for the preparation of prismatic rammed earth columns

Figure 4.5: Figure depicting the different compaction layers and the placement of SHT
sensors

Figure 4.6: Samples left for drying in an indoor environment
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4.2.2.2 Sensor calibration and layout

To be able to capture the relative humidity (RH) and temperature (T) inside the sample
during the unidirectional drying, a total of 10 SHT75 sensors (figure 4.7) were used in
different samples. The SHT75 sensors use a capacitive sensor element for the measurement
of relative humidity. For measuring the temperature, it uses a band-gap sensor.

Figure 4.7: The SHT75 sensor used to relative humidity and temperature measurement

The operating range of this sensor is from 0 to 100% RH. The typical accuracy
of SHT75 sensors for the measurement of relative humidity is ±1.8% RH for the range
10-90% RH. The uncertainty in the measurement rises to ±4% RH at either very low
RH (less than 10%) or very high RH (greater 90%) as shown in the figure 4.8a. With
regards to temperature, the operating range is from -40 to 123.8 ◦C. The typical accuracy
for temperature measurement is ±0.3 ◦C, and the accuracy in the whole range is shown
in the figure 4.8b. It is to be noted that, long term exposure to conditions outside the
normal range, especially at humidity greater than 80% RH, may temporarily offset the
RH signal (+3% RH after 60h). After returning to normal range, it slowly returns towards
the calibration state by itself.

Before using the sensors for the measurement, all the sensors were formerly
calibrated to compute the correction factors. The correction factors needs to be computed
individually for both relative humidity and temperature. Following procedure was used
for the calibration of sensors:

1. Firstly to calibrate the sensors with regards to relative humidity, the sensors were
placed inside an isolated chamber at a constant temperature of 25 ◦C.

2. The objective was to vary the relative humidity conditions inside the chamber. To
do so, the sensors were inserted in sealed boxes containing the saline solutions and
thus imposing a certain relative humidity.

3. The saline solutions used for the calibration are the same that were used to condition
the smaller samples used in the previous chapter. The details of the saline solutions
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(a)

(b)

Figure 4.8: The RH-tolerance at 25 ◦C (a) and temperature tolerance for the SHT sensor
(taken from sensirion.com)

and the relative humidity imposed have been mentioned in table 3.4 in section 3.4.3.1
of the previous chapter.

4. The sensors were first placed in the RH box imposing 9% relative humidity. After a
sufficient duration of time, when the readings of the sensors are stable, the sensors
were moved to the next higher RH box. This process was continued until the
equilibrium was reached in the RH box with highest RH of 97.3%.

5. Then the sensors were moved back again to the lower relative humidity boxes until
reaching 9%. The results of the calibration of 10 SHT sensors with regards to
relative humidity is shown in figure 4.9. In this way, the calibration factors for
relative humidity were computed.

6. In order to calibrate the sensors with regards to temperature, the sensors were
place inside a sealed container including silica gel to impose an almost null relative
humidity. The objective was to vary the temperature conditions keeping the relative
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humidity as constant.

7. This container was placed inside an isolated chamber and a temperature of 5 ◦C.
After sufficient duration of time, when the readings of the sensors are stable, the
temperature in the chamber was changed to 10 ◦C. The temperature was increased
in the interval of 5 ◦C until reaching 30◦C.

8. In the same way as it was done for the calibration with regards to RH, the temper-
ature was decreased back to 5 ◦C in intervals of 5 ◦C.

9. In this way, the calibration factors for temperature were computed. The results of
the calibration of 10 SHT sensors with regards to temperature is shown in figure
4.9.

The SHT sensors recorded the relative humidity and temperature inside the
samples of rammed earth and presented the measurements as raw data. To be able to
understand the physical meaning of the acquired measurements, the calibration of the
sensors was performed as previously described. Once done, the equations relating the raw
data with the actual readings for each sensor was obtained. Having the raw data recorded
form the SHT sensors, the real temperature and relative humidity could be computed
through the equations obtained from the calibration. The detailed information about
both temperature and RH calibration curves and equations for data conversion for each
sensor is mentioned in Appendix D.

The sensors were placed inside a plastic protection membrane in order to avoid
damage to the sensors during compaction process since the sensors were placed in the
middle of a layer which was compacted as shown in the figure 4.10a.

The layout of the sensors for the samples compressed after drying phase of 14,
31, and 61 days is shown in the figure 4.10b. The sensors were placed at a distance of 3 cm,
5 cm, and 7 cm from the drying face. The distance of the sensor from the face on which
the paraffin layer will be applied was not important since the drying is unidirectional.
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the sensors
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(a) (b)

Figure 4.10: Placement of sensors in the middle of rammed earth layer along with the
plastic protection membrane (a) and Sensor layout (b)

4.2.3 Results of the drying phase

The ambient relative humidity and temperature were recorded during the drying phase.
A mean value of 65% RH and 15.5 ◦ C. These conditions were considered as the boundary
condition. The samples, if allowed to dry for a significant amount of time, will reach this
value of relative humidity asymptotically at the end of drying phase.

The measurement of the temperature and relative humidity of the samples was
taken once per day. The drying curves, representing the variation of relative humidity
with time for the three samples (i.e. sample number 6, 7, and 8 as outlined in figure
4.3) are shown in the figure 4.11. The distance denoted (d) in the figure represents the
distance between the sensor and the closest drying face. Some of the sensors did not show
any readings after compaction, notably sensor placed at d = 7 cm in sample 6, sensor
at d = 5 cm in sample 7. This problem can be attributed to the compaction process
that might have damaged the sensors and their ability to record measurements. Thus, in
the future work, it is recommended to change the type of protection membranes used to
guarantee the safety of the sensors. Thus, the results of these tests are shown without
these measures.

For sample 6, which is to be mechanically compressed after 13 days of drying, the
results are shown in figure 4.11a. The results show a little variation of relative humidity
within the first 13 days of drying. The sensor placed at d = 5 cm did not show any change
in the relative humidity in 13 days and remained at the value close to 100% RH. For the
sensor placed at d = 3 cm, the value of RH remains 100% until 10 days of drying. The
RH decreases to about 96% after 13 days of drying. There is a significant drying that has
occurred during this time, but without significant variation of relative humidity (due to
the liquid-vapour equilibrium with Kelvin law being not linear) or without good precision
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Figure 4.11: Variation of relative humidity vs time for sample 6 (a), 7 (b), and 8 (c),
which are to be compressed after 13, 31, and 62 days of drying respectively
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of the sensors for this range of RH (as explained later). In addition, there might occur
condensation of the water particles within the plastic protection membrane, which might
affect the readings of the sensors.

For sample number 7, which is to be mechanically tested after 31 days of drying,
the results are shown in figure 4.11b. A similar variation of RH was observed. No change
in RH was observed for the sensor placed at d = 3 cm for 17 days, and then it decreased
to an RH of 89% after 31 days of drying. For the sensor placed at the center of the sample
at d = 7 cm, it showed very minute variation. It remained at RH of 100% until 24 days
of drying and decreased to only 99.18% after 31 days of drying.

For sample number 8, which is to mechanically tested after 62 days of drying, the
results are shown in figure 4.11c. The sensor located at a distance of 3 cm, was affected
first. The RH value remained unchanged at 100% for the first 13 days of drying. This
value decreased at a significant rate until day 56, reaching an RH of 73.5%. After this
time, the rate of decrease of RH becomes less, and the RH reaches a value of 73% at the
end of day 62. The sensor placed at d = 5 cm, which is higher distance from the drying
face, the decrease in the value of RH took more time to be initiated. It took about 24 days
for a change to be observed in the RH. After this time, the RH decreases at a significant
rate until 56 days, reaching a value of 76.48%. This rate of decrease becomes less, and
the RH reaches a final value of 73.93% after 62 days. Finally, for the sensor placed at
the centre of the sample at d = 7cm, it took about 31 days for the initiation of change in
RH from 100%. The value of RH decreased at a significant rate reaching a final value of
78.5% on day 62. It is interesting to note that during the middle phase of drying from 15
to 50 days, the difference in RH between d = 3 cm and d = 5 cm is higher as compared
to the difference in RH between d = 5 cm and d = 7 cm. Whereas towards the end phase
of drying, the difference in RH between d = 3 cm and d = 5 cm is lower as compared to
the difference in RH between d = 5 cm and d = 7 cm. In fact the value of RH at d = 5
cm is very close to d = 3 cm.

Figure 4.12 shows the variation of relative humidity profiles of sample number
8. The curve for day 0 and day 13 coincide at a value of 100% RH, i.e. no decrease of RH
was observed. Starting from day 17 and forward, the curves were shifted downwards due
to the initiation of drying process. At the beginning of drying phase, the drying curves
were concave towards the top, and this curvature seems to flatten after drying duration
of 43 days and then at the later stages of drying, the curve becomes convex from the top.
This observation was also highlighted in the discussion before, that RH values at d = 5
cm are closer to the values at d = 7cm than d = 3 cm at the initial stages of drying.
Whereas during the later stage, the RH values at d = 5 cm are closer to the values at d
= 3 cm than d = 7 cm. This means that during the initial stage of drying, the part of
the sample closer to the boundary is significantly affected, while the middle of the sample
does not show significant drying. On the other hand, during the later stages, the part
of the sample closer to the drying face reached a hydraulic state which tends to be in
equilibrium with the boundary conditions, and thus the process of drying becomes slower
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Figure 4.12: Variation of relative humidity with distance from the edge of drying face at
different duration of drying for sample 8

while the middle portion of the sample is still undergoing significant drying.

The average water content variation was followed for sample 4, which was covered
in paraffin and subjected to 1-D drying (figure 4.13). Within the first 2 weeks, the
average water content dropped from 12.5% at compaction state to around 6%. This helps
to understand better the drying in the first 2 weeks where no variation in the relative
humidity is observed in the SHT sensors. The drying process becomes slower over time,
reaching to about 4% in 30 days and finally reaching a value of 2.8% at the end of 62
days. In addition, the average water content evolution is also shown for sample 9, which
was not covered with paraffin and allowed to dry from all faces (except the bottom). For
sample 9, the water content dropped to about 3% within the first 2 weeks, and the drying
is complete in around 30 days, reaching a water content of 2.44%. This final water content
can be used to understand the kinetics of drying for the sample under 1-D drying. About
30% of drying occurs in the first 5 days, 50% of drying in 10 days, and around 96% drying
in 62 days.

In addition, it is to be noted that, for these sensors, i.e. SHT75, the uncertainty
in the measurement of relative humidity increases from ±1.8% to ±4% linearly when the
RH values increase from 90% to 100%. Also, long term exposure at RH values higher
than 95% leads to a temporary offset of +3% RH. These could be the possible reasons
for the minimal change of RH during the initial phase of drying. Thus, the values of RH
needs to be corrected. Except for the readings at day 0 where the RH is around 100 %,
all the other readings with RH = 100% are discarded. All the readings are shown with
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Figure 4.13: Variation of average water content with time for sample 4: 1D drying and
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corrections due to the offset and error bars based on the uncertainty in measurement in
figure 4.14.



4.2. Experimental study 121

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
65

70

75

80

85

90

95

100

0 10 20 30 40 50 60 70
65

70

75

80

85

90

95

100

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
65

70

75

80

85

90

95

100

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
65

70

75

80

85

90

95

100

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
65

70

75

80

85

90

95

100

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
65

70

75

80

85

90

95

100

R
H

 (%
)

Time (days)

 d = 3 cm
 d = 5 cm

a d

 d = 3 cm
 d = 5 cm

R
H

 (%
)

Time (days)

b

R
H

 (%
)

Time (days)

 d = 3 cm
 d = 7 cm

e

 d = 3 cm
 d = 7 cm

R
H

 (%
)

Time (days)

c

R
H

 (%
)

Time (days)

 d = 3 cm
 d = 5 cm
 d = 7 cm

f

 d = 3 cm
 d = 5 cm
 d = 7 cm

R
H

 (%
)

Time (days)

Figure 4.14: Variation of RH with time showing the raw measured data (a), (b), and (c)
along with the corrected data (d), (e), and (f) for samples 6,7, and 8 respectively
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4.2.4 Unconfined compression test on columns

The main purpose of the following experiment is to study the mechanical behavior of
rammed earth columns at non-uniform hydric conditions. Thus, the purpose is to extend
the understanding of suction influence on the mechanical properties of the sample.

The compression test is typically used to compute the mechanical properties
of the soil samples, i.e. compressive strength and Young’s modulus of elasticity (initial
tangent modulus and secant modulus for testing with unload-reload cycles). In these
tests, different hydric states were considered, varying from high to low relative humidity
with an interval of around two weeks between different tests. Two tests were done at
uniform hydric state which was the condition just after compaction of the sample (w =
12.5% and s = 0.328 MPa), whereas the other samples were tested at non-uniform suction
state due to the drying of the samples. In this way, the effect on the mechanical behavior
of rammed earth can be studied with the variation of suction conditions.

The following apparatus was used for performing the compression test:

• 8 prismatic rammed earth columns.

• Electro-mechanical press of capacity of 100 kN.

• Data acquisition unit: converts the analog readings from the load cell to digital
data.

• Metal plates which are placed at the top and bottom to ensure an uniform distri-
bution of the load.

• Sensors and the acquisition system for measuring the relative humidity and temper-
ature inside the samples and of ambient air.

4.2.4.1 Experimental procedure

The rammed earth columns were compressed in the mechanical press using the following
procedure:

1. The samples which were to be tested at 0 days of drying just after compaction, i.e.
Sample 1 and 5, were placed directly into the press with a metal plate at top and
bottom (figure 4.15).

2. These samples were axially compressed at a constant rate of axial displacement of
0.002 mm/s until failure.

3. The load and the displacement variation was recorded to obtain the stress-strain
curves.
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Figure 4.15: Experimental setup for unconfined compression test

4. The samples with paraffin covering which were dried for 13, 31, and 62 days (i.e.
sample 2,3, and 4) without any sensors were also compressed in the similar method
mentioned in step 2-4.

5. The compressive strength obtained from the previous test will be further used to
determine the stress at which the unload-reload cycles will be performed.

6. The samples with paraffin covering and equipped with sensors which were dried for
13, 31, and 62 days (i.e. sample 6, 7, and 8) were compressed at a constant rate
of axial displacement of 0.002 mm/s along with three unload-reload cycles at 25%,
50%, and 75% of the corresponding compressive strength previously obtained. It is
to be noted here that the unload-reload cycles might not correspond exactly to the
same percentage in these samples since the compressive strength can vary.

7. Finally, sample 9 was compressed without unload-reload cycles after the drying
process was complete.

4.2.4.2 Results of the compression test

The results of the compression test in terms of axial stress and axial strain with and
without unload-reload cycles are shown in figure 4.16 and 4.17. It is to be noted that, the
result of the test on sample 7 have not been shown in figure 4.17a since the mechanical
press did not function properly and the stress values were incorrect. Thus, the results
of this test will be disregarded in the further investigation. The results of all the tests,
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including compressive strength, tangent modulus of elasticity, axial strain at failure have
been collected in table 4.1.

Figure 4.16a shows the mechanical response of sample 1 and 5 which were tested
just after compaction at their ‘at compaction’ uniform hydric state (w = 12.5% and s =
0.328 MPa). The compressive strength of both the samples was similar. Sample 1 and
5 reached a compressive strength of (Rc1) 144.1 kPa and (Rc′1) 146.6 kPa respectively.
The tangent modulus of elasticity was higher for sample 5, which was compressed with
unload-reload cycles.

The results of the compression test for sample 2 and 6, which were tested after
13 days of drying period has been shown in figure 4.16b. The compressive strength of
sample 2 which was compressed by directly loading until failure (Rc2 = 1550.4 kPa) was
significantly higher than the compressive strength of sample 6 (Rc′2 = 1185.4 kPa) which
was tested with unload-reload cycles.

Since the compressive strength of sample 6 was lower, the 3rd unload-reload
cycle was very close to the failure stress. Sample 2 was also stiffer than sample 6. The
tangent modulus of elasticity of sample 2 and 6 are mentioned in table 4.1.

The result of compression test after 31 days of drying is shown in figure 4.17a.
Due to the reason mentioned before the result of sample 7 have not been shown. Thus, it
was not possible to compare samples 3 and 7. The compressive strength of sample 3 was
Rc3 = 1837.5 kPa, and the tangent modulus was equal to 166.1 MPa.

Figure 4.17b shows the compression results of sample 4 and 8, which were tested
after 62 days of drying. Both of the samples exhibited a greater compressive strength
compared to the previous samples. The compressive strength of sample 4 which was com-
pressed by directly loading until failure (Rc4 = 2025.2 kPa) was higher than compressive
strength of sample 8 (Rc′2 = 1755.5 kPa) which was tested with unload-reload cycles. A
similar trend was also observed for the values of initial tangent modulus, which was higher
for sample 4 as compared to sample 8.

Table 4.1: Compressive strength, tangent modulus, axial strain at failure for all samples

Sample no. Tangent modulus Comrpessive strength Axial strain at failure
(Etan) MPa (Rc) kPa (εf ) %

1 9.9 144.1 3.14
2 127.3 1550.4 1.4
3 166.1 1837.5 1.22
4 201.2 2025.2 1.13
5 19.2 146.6 2.12
6 88.2 1185.4 1.4
8 137.4 1755.5 1.38
9 235.1 2452.5 1.25
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Figure 4.16: Axial stress-strain curve for samples after 0 (a), 13 (b) days of drying with
and without unload-reload cycles
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Figure 4.17: Axial stress-strain curve for samples after 31(a) and 62 (b) days of drying
with and without unload-reload cycles
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Figure 4.18: Axial stress-strain curves for samples loaded until failure (a) and with unload-
reload cycles (b) at different drying duration
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The results of the compression test for sample 9, which is fully dried within 30
days is shown in figure 4.19. The compressive strength of sample 9 was Rc9=2452.5 kPa,
and the tangent modulus was higher than all the other samples tested. This shows that
samples are still capable of gaining strength and stiffness upon further drying after 62
days.
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Figure 4.19: Axial stress-strain curve for sample 9 which is fully dried after 30 days
without unload-reload cycles

The stress-strain curves for all the samples tested are shown in figure 4.18. It can
be observed from these curves that the mechanical behavior of a rammed earth columns
changes from more plastic at conditions of higher relative humidity (lower suction) to
more brittle failure at lower relative humidity (higher suction conditions). Samples 1 and
5, which were tested without any drying, failed at an axial strain of about 2.1% and 3.1%
respectively. In contrast, the other samples which were dried for significant duration
failed at about 1.1-1.4% axial strain (table 4.1). This transition was also observed for
the smaller cylindrical samples tested in the previous chapter. In addition, during the
transition of the qualitative behavior of rammed earth samples, the modulus of elasticity
and the compressive strength also increases.

The variation of compressive strength for the different rammed earth columns
with drying duration has been shown in figure 4.20. A substantial increase in the com-
pressive strength from around 144.1 kPa at day 0 to 1550.4 kPa at day 13 was observed.
After day 13, the increase in strength was at a slower rate reaching a value of 1837.5 kPa
at day 31 and 2025.2 kPa at day 62. Thus, the major part of strength is gained within
the first two weeks of drying. As the sample is drying, the RH is decreasing, and the
suction is increasing. The suction contributes to additional part of strength by giving
the soil an additional suction induced cohesion as put in evidence in the material scale
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Figure 4.20: Variation of compressive strength and RH (sample 8) with duration of drying
for samples with (sample 5-8) and without (sample 1-4) unload-reload cycles

hydro-mechanical experiments of chapter 3. This gain in strength is limited as water
inside the sample quantified by degree of saturation is decreasing [69]. The additional
suction induced cohesion is acting on a drier sample with less water. The rate of increase
of strength gain is higher in the beginning phase of drying, then it decreases consequently,
and the strength reaches an asymptotic value. Actually, around 13 days were enough for
the rammed earth to attain 63% of its strength attained after complete drying. The
compressive strength of samples tested with unload-reload cycles also followed a similar
strength gaining significant strength in the beginning. The complete trend of strength
cannot be discussed since the strength value is missing at 31 days. Also, the compressive
strength without the unload-reload cycles is generally higher or similar to strength with
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Figure 4.21: Variation of tangent modulus of elasticity with duration of drying for samples
with and without unload-reload cycles

The initial tangent modulus (Etan) was calculated from the initial part of the
stress-strain curve from the global strain of all the samples, and not the local strain of the
central part. Therefore, they are not fully representative of the one of the material but
more of the structural stiffness. However, it gives an idea of the evolution of this stiffness
with time, considering the same geometry and boundary conditions for all samples. The
variation of initial tangent modulus with the duration of drying is shown in figure 4.21.
The trend is very similar to the compressive strength variation. Etan increases significantly
from around 10 MPa at day 0 to 127.3 MPa at day 13. Further, the rate of increase of
tangent modulus reduced and it reached a value of 166.1 MPa at day 31 and 201.2 MPa
at day 62. The tangent modulus for samples with cyclic loading was slightly higher at day
0, while lower at other days of testing compared to without cyclic loading. The tangent
modulus for the sample, which was fully dried is also shown and is higher than other
samples tested.
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4.3 Numerical analysis

Rammed earth after preparation at optimum moisture content is subjected to drying,
and it leads to a gain in strength. This gain in strength is attributed to the additional
suction-induced cohesion in the unsaturated state of the material. Conversely, when it
is subjected to wetting (e.g., rainfall or inundation), a reduction in strength is observed.
During the lifetime, rammed earth structure is subjected to changing humidity conditions
(affecting the matric suction), which induces moisture transfers through the wall. Thus
in order to predict the mechanical response, it is very important to estimate the hydraulic
conditions of the material properly.

Thus the objective of this section is to perform the numerical simulations of
the drying phase, and the compression tests performed previously on the rammed earth
columns using a finite element code, i.e. CODE_BRIGHT (Olivella et al. 1996 [100]).
It is a Finite Element Method (FEM) program capable of performing thermo-hydro-
mechanical (THM) analysis in geological media. The first part aims to simulate the
progressive drying of rammed earth column representative of a rammed earth wall which
subjected to drying condition, from its initial compaction water content. The results from
the simulations will be compared with the results obtained from the experiments, i.e. from
SHT sensors which were used to record the drying behavior. Once a satisfactory matching
with the experimental results is achieved based on the correct values of parameters used,
mechanical simulations will be performed. In this second part, the rammed earth columns
after being subjected to different duration of drying were compressed axially in order to
simulate the failure stress. Finally, the failure stress obtained from the simulation will be
compared to the experimental results.

4.3.1 Theoretical aspects of CODE_BRIGHT

For the basic formulations in CODE_BRIGHT, a porous medium which is composed of
grains, water, and gas is considered. The different aspects which are taken into account
are thermal, hydraulic, and mechanical resolution, and the coupling between them. It
uses a multi-phases and multi-species approach. The different phases that we consider
here include solid phase (s): soil particles, liquid phase (l): water and dissolved air, and
gas phase (g): dry air and water vapor. The different species include solid (s): same as
solid phase, water (w): liquid water and evaporated in gas phase, and air: dry air and
dissolved in liquid phase. Some of the aspects and assumptions which are considered are
mentioned below:

• The three phases are considered to be at the same temperature, i.e. a thermal
equilibrium between phases.

• The various state variables (also called as unknowns) considered are solid displace-
ments in 3 directions (u), liquid pressure (Pl), gas pressure (Pg), and temperature
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(T ).

• Balance of momentum for the medium as a whole is reduced to the equation of
stress equilibrium together with a mechanical constitutive model to relate stresses
with strains. Strains are defined in terms of displacements.

• Small strains and small strain rates are assumed for solid deformation. Advective
terms due to solid displacement are neglected after the formulation is transformed
in terms of material derivatives.

• Balance of momentum for dissolved species and for fluid phases are reduced to
constitutive equations (Fick’s law and Darcy’s law).

• Physical parameters in constitutive laws are function of pressure and temperature
e.g. dynamic viscosity in Darcy’s law depends on temperature.

The equations governing the problem is divided into 4 main groups. These
are balance equations, constitutive equations, equilibrium relationships and definition
constraints. For writing the balance equations following notations were used:

φp: porosity (-)

ρ: density (kg/m3)

j: total mass flux (*)

i: non-advective mass flux (*)

q: advective flux (*)

u: solid displacements (m)

σ: stress tensor (MPa)

b: body forces (MN)

ω: mass fraction (kg/kg)

e: specific internal energy (J)

ic: conductive heat flux (*)

je: energy flux for mass motion (*)

Sl: liquid degree of saturation (-)

Sg: gas degree of saturation (-)

Superscripts w and a refer to water and air, respectively. Subscripts s, l and g
refer to solid, liquid and gas phase, respectively. (*) represents that the units of these
flux terms depend on the type of flux such as point, line, surface, and volume flux.

4.3.1.1 Balance equations

The balance equations for mass considers an compositional approach which means that
mass balance is performed for water, air, and solid species instead of phases. The total
mass flux of a species in a phase (e.g. flux of water in gas phase jwg ) is defined as the sum
of 3 terms:

• Non-advective flux: iwg , i.e. diffusive/dispersive,

• Advective flux due to fluid motion: ωwg ρgqg, where qg is the Darcy’s flux,
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• Advective flux due to solid motion: ωwg ρgSgφp
du
dt
, where du

dt
is the vector of solid

velocities

Mass balance of Solid

Mass balance of solid present in the medium is presented as:

∂(ρs(1− φp))
∂t

+∇.js = 0 (4.1)

where, ρs is mass of solid per unit volume of solid and js is the flux of solid. The expression
of porosity variation derived from equation 4.1 is as following:

Dsφp
Dt

=
(1− φp)

ρs

Ds

Dt

+ (1− φp)∇.
du

dt
(4.2)

where, Ds/Dt is the material derivative in Lagrangian framework. Thus the porosity
variation expressed in equation 4.2 is due to the volumetric deformation and solid density
variation.

Mass balance of water
The water exists in both liquid and gaseous phase, thus the total mass balance of water
is written as:

∂((ωwg ρgSg + ωwl ρlSl)φp)

∂t
+∇.(jwg + jwl ) = fw (4.3)

where, ωwg ρg is mass of water in gas phase, ωwl ρl is mass of water in liquid phase, and
fw is the external supply of water. Using the material derivative following equation is
obtained:

φp
Ds(ω

w
g ρgSg + ωwl ρlSl)

Dt
+ (ωwg ρgSg + ωwl ρlSl)

Dsφp
Dt

+(ωwg ρgSg + ωwl ρlSl)φp∇.
du

dt
+∇.(j′w

l + j
′w
g ) = fw

(4.4)

where, j′ represents the sum of the non-advective and fluid motion advective terms i.e.
excluding the solid motion advective terms from the total flux.

In order to evaluate the unknowns from the balance equations, the dependent
variables are related to the unknowns. In equation 4.4, porosity occurs not only as a
coefficient but also in the term involving its variation caused by different processes. In
addition, there are variables that depend on porosity (e.g. intrinsic permeability). Thus,
the derivative of porosity as a function of state variable is expressed via the mass balance
of solids (4.2). In order to obtain the coupled flow-deformation equations, the material
derivative in equation 4.4 can be approximated as Eulerian if the assumption of small
strain rate is performed while the volumetric change (porosity derivative and volumetric
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strain) is not neglected.

Mass balance of air

After obtaining the mass balance equation for water, the mass balance equation for air is
expressed in the same manner taking into account the dry air as the main component of
gas phase and air dissolved in liquid phase. The mass balance of air is written as:

φp
Ds(ω

a
gρgSg + ωal ρlSl)

Dt
+ (ωagρgSg + ωal ρlSl)

Dsφp
Dt

+(ωagρgSg + ωal ρlSl)φp∇.
du

dt
+∇.(j′a

l + j
′a
g ) = fa

(4.5)

Momentum balance of the medium

Momentum balance of the porous medium is reduced to stress equilibrium if the internal
terms of stresses are neglected:

∇.σ + b = 0 (4.6)

where, σ is the stress tensor and b represents the vector for body forces.

Internal energy balance of the porous medium

By taking into account the internal energy of each phase (es, el, and eg), the internal
energy balance equation for the porous medium can be expressed as:

∂(egρs(1− φp) + egρgSgφp + elρlSlφp)

∂t
− φpSgpg

ρg

∂ρg
∂t

+∇.(ic + jes + jeg + jel) = fQ
(4.7)

where, ic is the energy flux due to conduction through the porous medium, jes, jeg, and
jel are the advective fluxes of energy by mass motion of every species in the medium, and
fQ is an internal/external energy supply.

These governing equations have been established by Olivella et al. 1996 [100].
This theoretical work has been implemented for the development of finite element method
computer program CODE_BRIGHT which was used in this work. The various equilib-
rium equations and independent variables (unknowns) are summarized in table 4.2.

4.3.1.2 Constitutive equations and equilibrium restrictions

In table 4.3, a summary of the constitutive laws and equilibrium restrictions that are
incorporated in the formulation of the problem. The dependent variable computed for
each constitutive laws is also mentioned.
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Table 4.2: Independent variables (unknowns) summary

VARIABLE NAME Notation Equilibrium equation of resolution
displacements u Balance of momentum
liquid pressure Pl Mass balance of water
gas pressure Pg Mass balance of air
temperature T Internal energy balance

Table 4.3: Constitutive equations and equlibrium restrictions

EQUATION VARIABLE NAME Notation
Constitutive equations

Darcy’s law liquid and gas advective flux ql, qg
Fick’s law vapour and air non-advective fluxes iwg , i

a
l

Fourier’s law conductive heat flux ic
Retention curve Liquid phase degree of saturation Sl, Sg

Mechanical constitutive model Stress tensor σ
Equilibrium restrictions

Henry’s law Air dissolved mass fraction ωal
Psychrometric law Vapour mass fraction ωwg

The constitutive equations relate the independent variables (unknowns) with
the dependent variables. The governing equations are finally expressed in the form of
unknowns by substituting the constitutive equations in the balance equations. In addition
to the constitutive equations, another form of equations that links the independent and
dependent variables are the equilibrium restrictions. They are developed by considering
chemical equilibrium for dissolution of the different species (air and vapour) in phases
(liquid, gas).

Darcy’s law

The equation used for the liquid advective flux (ql) was the Darcy’s law defined as:

ql = −kikrl
µl

(∇Pl − ρlg) (4.8)

where, µl (MPa.s) is the liquid dynamic viscosity, Pl is liquid pressure (MPa), ki is the
intrinsic permeability, and krl is the relative liquid hydraulic conductivity.

Retention curve

The retention behavior of rammed earth was defined by using the Van Genuchten 1980
[101] (VG) model. The Van Genuchten expression for effective degree of liquid saturation
(Sel) is defined as:

Sel =
Sl − Srl
Sml − Srl

=

[
1

1 + (αws)
nw

]mw

(4.9)
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where, Sl is the actual degree of liquid saturation, αw (MPa)−1, nw, and mw are model
parameters, s is matric suction(MPa). Here, the maximum (Sml) and residual (Srl) degree
of saturation were considered as 1 and 0 respectively, so Sel = Sl. mw is related to nw as
mw = (nw − 1)/nw.

The unsaturated hydraulic conductivity function was defined as kl = krlksat,
where kr is the relative hydraulic conductivity and ksat is the saturated hydraulic con-
ductivity. Mualem hydraulic conductivity model (1976) [24] using the Van Genuchten
retention curve parameters was used to express kr as a function of Sl coupled with Van
Genuchten retention model, which gives:

krl =
√
Sl

[
1−

(
1− S1/mw

l

)mw
]2

(4.10)

The intrinsic permeability (ki) can be related to the saturated hydraulic conduc-
tivity (ksat) by the expression:

ki =
ksat.µw
ρlg

(4.11)

where, ρl is the density of water and µw is the dynamic viscosity of water.

Fick’s law

The diffusive flux of water vapor in gas phase (iwg ) was evaluated using Fick’s law of vapor
diffusion:

iwg = −
(
tsφpρgSgD

w
g I
)
∇ωwg (4.12)

where, ts= tortuosity, φp =porosity, ρg= gas density, Sg = 1 − Sl is the gas degree of
saturation, Dw

g (m2/s) is diffusion coefficient of water vapor in gas phase, ωwg (kg/kg) is
the mass fraction of water vapor in gas phase.

The molecular diffusion of vapor in gas phase is determined from the following equation:

Dw
g = D

[
(273.15 + T )d

Pg

]
(4.13)

where, Pg is the gas pressure in Pa, D (m2s−1K−2.3Pa), d are the vapor diffusion param-
eters.

Fourier’s law

In order to determine the conductive flux of heat, Fourier’s law was used. Thermal
conductivity was used in the Fourier’s law to compute the conductive heat flux ic:

ic = λ∇T (4.14)

where, λ(Wm−1K−1) is the thermal conductivity of the porous medium, which is further
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defined as:

λ = λsat
√
Sl + λdry

(
1−

√
Sl

)
(4.15)

where, λdry and λsat are the thermal conductivity of the medium in dry phase and sat-
urated phase respectively. These parameters are further evaluated from the thermal con-
ductivity of each phase taking into account the porosity of the medium as follows:

λdry = λ
1−φp
solid λ

φp
gas (4.16)

λsat = λ
1−φp
solid λ

φp
liq (4.17)

where, φp is the porosity, λsolid, λgas, and λliq (Wm−1K−1) are the thermal conductivity
of solid, gas and liquid phases respectively.

Mechanical constitutive model

The most suitable model that was found in CODE_BRIGHT was viscoplasticity model
for unsaturated soils and rocks. This model, when combined with linear elasticity model
and adjusting the parameters used for viscosity in order to remove the viscous effects, a
linear elastic-perfectly plastic model can be obtained.

A linear elastic model is based on Hook’s law which is a linear stress-strain
relationship. This law relates the total or effective stress to strains. It can be expressed
using two soil parameters, modulus of elasticity (E) and Poisson’s ratio (ν). This model
can be written in an incremental form as follows:

dσ = De.dεe (4.18)

where, σ is the incremental stress tensor, dεe is the incremental elastic strain tensor,
and De is the elastic stiffness matrix. In CODE_BRIGHT, the modulus of elasticity is
defined as follows:

E = E0 + (φp − φp0)
dE

dφp
≥ Emin (4.19)

where, E is Young’s modulus of elasticity, E0 is the reference Young’s modulus of elastic-

ity,
dE

dφp
represents the change in Young’s modulus with porosity (φp), φp0 is the reference

porosity. In this study, φp is taken as equal to φp0, thus the Young’s modulus is indepen-
dent of porosity (E = E0).

The elastic stresses are limited by plasticity. The yield function (F) and the associated
plastic potential (G) are defined using the Drucker-Prager model (figure 4.22) which is
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based on Mohr-Coulomb parameters:

G = F = q −Mp−Mc/tanφ′ (4.20)

with
M =

6sinφ′

3− sinφ′
(4.21)

where, p is the mean stress, q is the deviatoric stress, c is the apparent cohesion
(defined in terms of effective cohesion and suction), and φ′ is the effective friction angle
respectively.

Invariants used in the models are defined as:

p =
1

3
I1 =

1

3
(σxx + σyy + σzz) (4.22)

q =
1√
2

√
(σxx − σyy)2 + (σyy − σzz)2 + (σzz − σxx)2 + 6

(
τ 2xy + τ 2yz + τ 2zx

)
(4.23)

In the constitutive framework of unsaturated soils, there are two different ap-
proaches to define the system and completely analyze the mechanical response. The first
approach uses 2 independent stress state variables out of the 3 state variables for unsatu-
rated soils i.e. net stress (σ − ua), effective stress for saturated soils (σ − uw) and matric
suction (ua− uw). Commonly, σ− ua and ua− uw are used. The second approach is gen-
eralized effective stress approach in which single effective stress such as Bishop’s effective
stress which defines the stress state of a multi-phase porous medium. In the constitutive
framework used in the original model, 2 independent stress state variables i.e. σ − ua
and ua − uw are used. The coupled problem and the failure criterion is written in terms
of total stress, notably with the expression of cohesion term, which is only apparent and
not intrinsic. Thus, in order to use this particular model in our study, the expression of
Bishop’s effective stress [90] have been included in the shear strength expression.

In the original code, the shear strength (τ) was modelled in the form given by Fredlund
and Morgenstern [102]:

τ = c+ (σ − ua)tanφ′ (4.24)

where, σ is the total stress, ua is the pore-air pressure, φ′ is the effective friction angle,
and c, which is the apparent cohesion is expressed as:

c = c′ + b.s (4.25)

where, s = ua−uw is the suction, c’ is the effective cohesion, and b is the parameter of the
model which determines the rate of change of cohesion with suction. Also, equation 4.25
shows that the apparent cohesion is increasing linearly with suction. In the experimental
study done before, it was evident that apparent cohesion and thus, shear strength does
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(a)

(b)

Figure 4.22: Yield surface for Drucker-Prager plasticity model in p’q space (a) and in
principal stress space (b)
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not increase linearly with suction. The rate of increase of shear strength is higher at low
suction values, and this rate decreases with increase of suction to finally reach a plateau.
The variation in shear strength is not only dependent on suction but also on the degree of
saturation which highlights the proportion of water on which the given suction is acting.
Thus, in order to solve this issue, changes were made in the code to include the effect of
degree of saturation on the apparent cohesion.

The shear strength expression using the effective stress (σ′) can be written as:

τ = c′ + σ′tanφ′ (4.26)

The expression for effective stress given by Bishop [90] is as follows:

σ′ = σ − uaI + Sαl sI (4.27)

Using this expression of effective stress in equation 4.26, gives the following equation for
shear strength:

τ = c′ + sSαl tanφ
′ + (σ − ua)tanφ′ (4.28)

Thus, the modified version of code uses the following expression for c:

c = c′ + sSαl tanφ
′ (4.29)

Finally, the parameter b used in the original code was changed to α in the modified
version of the code. It is to be noted that friction angle does not change with suction in
the model. This is acceptable since in the triaxial tests, the friction angle does not vary
significantly and is close to the intrinsic value. This approach has a limitation since the
Young’s modulus of elasticity is a constant value and does not change with suction. In
addition, the non-linearity of the failure envelope in τ − σ plane has not been taken into
account since the compression testing of columns is without any confining stress. In lower
range of normal stress the failure envelope is considered linear.

The coupling between the thermal, hydric and mechanical analysis is shown in figure 4.23.
The hydric effect on the thermal behavior is taken into account by using Fourier’s law
as the thermal conductivity of the soil is dependent on the degree of saturation. The
mechanical effect on the thermal behavior is considered in a similar manner since the
change in porosity of the soil leads to change in degree of saturation.

The thermal effect on the hydric behavior is taken into account through Fick’s
law where the diffusion coefficient is dependent on the temperature. The mechanical effect
on the hydric behavior is considered as the change in porosity leads to change in degree
of saturation and the liquid flow linked using Darcy’s law.

It is considered that there are no direct thermal effects on the mechanical be-
havior. Still, the thermal effects on hydric behavior can affect the mechanical behavior
through liquid pressure/suction. The most important coupling for this study is the hydro-
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mechanical coupling. The effect of hydric state on mechanical behavior is considered using
suction and the introduction of effective stresses in the failure criterion.

Figure 4.23: The coupling between the thermal, hydric and mechanical analysis shown as
the effect of T/H/M (shown in horizontal) on the T/H/M (shown in vertical)

The various parameters required to perform the couple thermo-hydro-mechanical analysis
are shown in table 4.5. The hydraulic parameters includes the retention curve parameters
(αw and nw), intrinsic permeability (ki), and the vapor diffusion parameters (D,d, and ts).
The thermal conductivity of solid (λsolid), liquid (λliq), and gas phase (λgas) respectively
are the required thermal parameters. Finally, the mechanical parameters required are
elastic parameters (E and ν), plasticity parameters (c’, φ′, and α), and porosity (φp). The
values used for these parameters is described in the next section.

Table 4.4: Synthesis of hydraulic, thermal, and mechanical parameters required for the
THM coupled modelling

Hydraulic parameters Thermal parameters Mechanical parameters
αw λsolid E
nw λliq ν
ki λgas c′

D φ′

d φp
ts α
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4.3.2 Material parameters

4.3.2.1 Hydro-thermal parameters

The Van-Genuchten (VG) model [101] for soil-water retention curve previously described
in equation 4.9 was used for the retention behavior (figure 4.24). The VG model param-
eters were evaluated as αw = 3.479, nw = 1.379, and mw = 0.2748.
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Figure 4.24: Soil water retention curve obtained from pressure plate and saline solution
method using Van-Genuchten fitting parameters

The unsaturated hydraulic conductivity (k) which was defined previously as the
product of saturated hydraulic conductivity (ksat) and relative hydraulic conductivity (kr)
was modeled using Mualem hydraulic conductivity model which uses the parameter mw

of Van-Genuchten retention curve model. The variation of relative hydraulic conductivity
(kr) evaluated using equation 4.10 as a function of liquid degree of saturation is shown in
figure 4.25.

The saturated hydraulic conductivity was evaluated from the rammed earth
columns by drilling the columns in the direction of drying, i.e. horizontally. These
samples were tested in a triaxial device as mentioned in the previous section. The average
saturated hydraulic conductivity was determined equal to 6.3 x 10−9 m/s, and the intrinsic
permeability was evaluated using equation 4.11 as 5.7 x 10−16 m2.

To study the diffusive flux of water vapor in gas phase, Fick’s law of diffusion
was used. The parameters used to evaluate the molecular diffusion of vapor in gas phase
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Figure 4.25: Relative hydraulic conductivity as a function of liquid degree of saturation
using Mualem model [24]

in equation 4.13 are D (m2s−1K−2.3Pa) = 5.9 x 10−6 and d = 2.3. Tortousity (τ) was
taken as constant equal to 1.

The range of thermal conductivity (λ) of rammed earth in its dry state recom-
mended according to“Guide de Bonnes Pratiques (GBP) Pisé, 2018" [25] is from 0.46 -
0.81 (Wm−1K−1). In the model used here, the values of thermal conductivity for each
phase, i.e. solid, liquid, and gas phase are used, and the thermal conductivity of the
porous medium is evaluated based on the degree of saturation. The thermal conductivity
of liquid (λliq) and gas (λgas) phase taken as thermal conductivity of water and air is
0.6 and 0.025 (Wm−1K−1) respectively. The thermal conductivity of solid phase (λsolid)
based on the range specified before was taken as 1.5 (Wm−1K−1). All the hydro-thermal
parameters used are summarized in table 4.5.

4.3.2.2 Mechanical parameters

For the elastic part, only a linear elastic model with a constant value of modulus of
elasticity was used. It was observed before that the elastic modulus varies with suction,
and this model is not able to take the evolution of elastic modulus with suction into
account. Thus, the elastic modulus used in the model is corresponding to the experimental
values tested at different duration of drying in order to fit the results of the simulations
with the experimental results. The value of Poisson’s ratio (ν) was taken as constant
equal to 0.25 from the literature [5][20]. This value was taken since there was no accurate
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data for this parameter.

The mechanical response was considered fully elastic up to the yield limit, which
corresponds to the failure limit. Thus the mechanical behavior is elastic-perfectly plastic.
As the elastic behaviour is not reproducible, we only have efficient modelling of the sus-
tainable limit stress. Indeed our approach is close to a limit analysis approach, and we
are predicting the failure stress and not the stress-strain curve.

For the plasticity part, the Drucker-Prager failure surface, which is based on
Mohr-Coulomb parameters, was adopted (equation 4.20). The values of effective cohesion
(c’) and effective friction angle (φ′) were taken from the consolidated undrained (CU)
triaxial tests carried out on saturated small cylindrical samples in chapter 3. The value
of c’ and φ′ was taken as 43.91 kPa and 32.53◦.

The expression of Bishop’s stress was taken into account in the expression of
shear strength (equation 4.28). To define this, the effective stress parameter χ, which is
a function of liquid degree of saturation (χ = Sαl ) needs to be determined. Based on the
experimental study done before on the same material shown in section 3.6 in chapter 3, the
value of exponent was taken as α = 1.9081. The value of all the mechanical parameters
is summarized in table 4.5.

Table 4.5: Various material parameters used for THM coupled problem and the method
of determination of these parameters, where ‘Exp’ represents determined experimentally,
‘C’ represents that the classical or default value is chosen, and ‘L’ represents taken from
literature

Parameters Symbols Units Values Determination
Hydric parameters

VG Retention curve parameter αw (MPa)−1 3.479 Exp
VG Retention curve parameter nw - 1.379 Exp

Intrinsic permeability ki m2 5.7 x 10−16 Exp
Vapor diffusion parameter D m2s−1K−2.3Pa 5.9 x 10−6 C
Vapor diffusion parameter d - 2.3 C

Tortuosity ts - 1 C
Thermal parameters

Thermal conductivity of solid λsolid (Wm−1K−1) 1.5 C
Thermal conductivity of liquid λliq (Wm−1K−1) 0.6 C
Thermal conductivity of gas λgas (Wm−1K−1) 0.025 L (GBP Pisé, 2018 [25])
Mechanical parameters

Poisson’s ratio ν - 0.25 L [5][20]
Effective cohesion c′ kPa 43.91 Exp

Effective friction angle φ′ ◦ 32.53 Exp
Exponent of effective α - 1.9081 Exp

stress parameter
Porosity φp - 0.291 Exp
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4.3.3 Numerical simulations of drying phase

Numerical simulations of the drying process of rammed earth were performed using
CODE_BRIGHT. Here, THM coupled analysis was performed considering an immobile
gas phase. Thus the gas pressure (Pg) was assumed to be atmospheric (Pg = 0.1 MPa).
The geometrical model considered was a 3D column representing the experimental column
of height 0.3 m, and length and width of 0.14 m (figure 4.26). The mesh was refined along
the direction of drying (x) since the drying problem is a 1D problem. Although for the
drying phase of the problem, a 3D model is not required, but it is used since the same
model will be used for the compression problem as well. A mesh of 50 x 10 x 5 (2500)
linear hexahedral (C3D8) elements were used (figure 4.26). The mesh generated had a
‘0.1’ concentration of mesh close to the edges in the x-direction since the drying problem
begins at the boundary of the column. Whereas in the z-direction, no exchange of water
is taking place, and thus only 5 elements were used without any mesh concentration. The
total number of nodes was 3366. It is to be noted that the layers of the columns were not
taken into account, and homogeneous density was taken in the model.

Figure 4.26: The geometrical 3D model of the problem (right) and the 2D mesh compo-
sition (left)
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4.3.3.1 Initial conditions and boundary conditions

From the experimental campaign at REV scale, the initial degree of liquid saturation
after compaction at optimum moisture content was 0.805. The initial condition of liquid
pressure (Pli) of the numerical model was chosen from the retention curve. From the
Van Genuchten retention model, the initial suction corresponding to degree of liquid
saturation (Sl) was equal to 0.328 MPa. As the gas pressure (Pg) in the problem is constant
equal to 0.1 MPa, the initial liquid pressure used in the simulation was equal to -0.228
MPa (negative values means depression in code convention). The initial temperature was
measured from the SHT sensors and was taken as T=15.5 ◦C.

When an imposed liquid pressure (and hence suction) is applied as the boundary
condition, the boundary immediately reaches the final suction state and is supposed to be
in equilibrium with the atmosphere. This condition is not realistic since the equilibrium
at the surface is reached over time, and the boundary reaches the final suction state
asymptotically. Thus, in this study, a more realistic atmospheric boundary condition was
used. CODE_BRIGHT allows imposing a boundary condition that includes mass and
heat conditions to be applied in terms of atmospheric data.

Atmospheric boundary condition allows the application of boundary conditions
in terms of evaporation, rainfall, radiation, and heat exchanges. In this way, it is able to
simulate the complex soil-atmosphere interactions. Flux boundary condition was used to
express these phenomena for the three different components, i.e. water, air, and energy in
terms of their respective state variables, i.e. liquid pressure, gas pressure, and temperature
or dependent variables (such as liquid saturation degree, fraction of water in gas phase as
water vapor). In addition, it uses various ambient conditions such as relative humidity,
atmospheric gas pressure, ambient temperature, and air velocity. These conditions can
further vary with time or remain constant. Here the data related to solar radiation
and rainfall have not been used since this boundary condition was used for an indoor
environment. The water flux was computed as follows:

Flux of water

In order to simulate natural convection, the flux due to evaporation has been modified
since this atmospheric boundary condition is generally used for an outdoor environment.
In CODE_BRIGHT, the evaporation flux Ev (kgs−1m−2) is defined by an aerodynamic
diffusion relation:

Ev =
kvasf(
ln
za
zo

)2 (ρva − ρv) (4.30)

The evaporation flux can also be defined as [103]

Ev = hm (ρva − ρv) (4.31)

where, ρva and ρv are the absolute humidity of the atmosphere and at the boundary
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respectively, k is the von Karman’s constant, sf is a stability factor, va the wind velocity,
zo is the roughness length, za is the screen height at which va and ρva are measured,
hm(m/s) is the surface mass transfer coefficient. Thus, by equating equations 4.30 and
4.31 we have:

hm =
kvasf(
ln
za
zo

)2 (4.32)

Arbitrary values the parameters on right side of equation 4.32 were chosen to implement
the value of surface mass transfer coefficient (hm) and thus it is the key parameter instead
of air velocity (va). The surface mass transfer coefficient (hm) can be evaluated from the
heat transfer coefficient hc(Wm−2K−1) using Lewis relation:

hm =
hc
ρaCp

(4.33)

where, ρa is the air density = 1.223 kg/m3 and Cp is the air specific heat = 1.006
kJkg−1K−1 at T = 15.5 ◦C.

According to Kusuda et al. 1983 [104], a heat transfer coefficient of hc = 0.85Wm−2K−1

can be used to evaluate the mass transfer coefficient (hm) for indoor conditions where
natural convection takes place. Also, Howell et al. 2005 [105], suggests the value of heat
transfer coefficient hc to be in the range 2-25 Wm−2K−1 for natural convection for gases.
Thus, the bibliography study gives values of heat transfer coefficient (hc) between 0.85
and 25 Wm−2K−1. From this data, the value of surface mass transfer coefficient (hm)
is in the range 0.0007-0.02 m/s. Since the experimental determination of either mass
transfer or heat transfer coefficient was difficult, this parameter will be adjusted to fit the
experimental results while taking into account the limits given in the bibliography.

Other parameters for the atmospheric boundary conditions were Pg= 0.1MPa
and T= 15.5 ◦C. Relative humidity of 65% was chosen as the ambient RH, and this value
was recorded from the SHT sensors. This corresponds to a suction value of 55.85 MPa
using Kelvin’s law at the given temperature.

Regarding the mechanical initial conditions, the initial stresses in all directions
were taken as 0. The initial values of unknowns i.e. displacements in x,y, and z direction,
was also taken as 0. The mechanical boundary conditions during the drying phase was
only the bottom surface being fixed (ux = uy = uz = 0) while all the other surfaces were
stress-free with displacements being allowed.

4.3.3.2 Drying phase simulation results

In this section, the results of the simulations for the drying phase is presented. The
value of the heat transfer coefficient was adjusted in order to fit the experimental results
sufficiently. In addition, it was made sure that the value is coherent with the guidelines
given in the literature by Howell et al. 2005 [105]. The value of heat transfer coefficient



148 Chapter 4. Experiments and simulation at structural scale on columns

(hc) was taken as 25 Wm−2K−1 which corresponds to a value of mass transfer coefficient
(hm) of 0.02 m/s using the Lewis relationship.

Figure 4.27 shows the isochrones of suction and degree of liquid saturation across
the width of rammed earth column. From the suction profiles, it can be seen that suction
at the boundary does not reach the final equilibrium suction state immediately and is
gradually increasing over time and approaches the final equilibrium suction of 55.85 MPa
which is the equilibrated value for an ambient relative humidity of 65%. Thus, there are
lower gradients of suction between the boundary and inside of the sample than would
occur if the boundary reached the final suction state at time t = 0. At the beginning of
drying phase, the change in suction is predominantly close to the boundary and increases
at a high rate. The suction at the boundary reaches to about 51.88 MPa after 10 days
of drying. This rate of suction increase decreases once the boundary reaches close to the
equilibrium state. The suction increased from 51.88 MPa after 10 days to 55.37 after 62
days and finally close to final suction of 55.85 MPa after 160 days of drying. Whereas
at the middle of the sample, the suction increases slowly to about 2.8 MPa after 10 days
of drying from 0.228 MPa at the beginning of drying. This rate of increase in suction
increases in the middle stage of drying. The suction increases from 2.8 MPa after 10
days to 25.43 MPa after 62 days. Once the middle of the sample reached close the final
equilibrium suction state, the process of drying slows down, and the rate of increase of
suction decreases. The suction increases at a slower rate gradually from 54.54 MPa after
120 days to 55.72 MPa after 160 days of drying, still not reaching the final suction state.

A similar observation can be made for the variation of liquid degree of saturation.
The degree of saturation decreases significantly at the boundary reaching to about 0.14
after 10 days of drying. This rate of decrease in degree of saturation reduces once the
boundary reaches close to the final state. The degree of saturation reduces from 0.14 after
10 days to 0.137 after 62 days and finally to 0.136 after 160 days of drying period. At the
middle of the sample, the rate of decrease of degree of saturation is lower as compared
to the boundary at the beginning of drying phase. The change in degree of saturation at
the middle is greater once the boundary reaches close to the final state. It changes from
0.419 after 10 days to 0.183 after 62 days and finally after 160 days it reaches to 0.136.

From figure 4.27a, it appears that after 3 days of drying period the suction in the
middle third of the sample is hardly affected, but from the degree of saturation profiles, it
is clear that a significant amount of water has been taken out. The degree of saturation
at the boundary decreased from 0.805 to 0.16, whereas at the center of the sample, it
decreased to 0.56. This behavior is due to the nature of the retention curve (figure 4.24),
as a significant amount of water needs to dry in order to have larger values of suction.

Figure 4.28 shows the comparison of the experimental and simulation results
for relative humidity. The experimental results are shown with error bars due to the
uncertainty in the measurement of relative humidity by the sensors. The results of the
simulation after during drying were fairly close to the experimental results. The relative
humidity across the whole width reached close to the final value of 65% in around 160
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Figure 4.27: Isochrones of suction (a) and liquid degree of saturation (b) across the width
of rammed earth column
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days. Although the drying process takes a longer time, the pattern of drying is similar.
The difference in relative humidity between 5 cm and 7 cm is lower compared to 3 cm
and 5 cm. This gradient across the width first increases and then decreases as the drying
process approaches its final stage.
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Figure 4.28: Comparison of experimental and simulation results for relative humidity

The following discussion includes the comparison of relative humidity at three
different duration of drying at which the mechanical tests were carried out, i.e. 13, 31, and
62 days. After 13 days of drying experimental results shows no variation of RH from 100%
at 3 cm, 5cm, and 7 cm. Whereas for the numerical simulation, the relative humidity
was 96.51%, 97.31%, and 97.47% at 3 cm, 5cm, and 7 cm respectively. As discussed
before, it is possible that the sensors show no change on account of being at a very high
relative humidity. After 31 days of drying, the relative humidity for the experiments
were 87.27%, 93.37%, and 100% at 3 cm, 5cm, and 7 cm respectively. Whereas for the
relative humidity for the simulations were 89.73%, 93.99%, and 94.67% at 3 cm, 5cm, and
7 cm respectively. A maximum difference of 5.3% between the results is obtained at 7
cm, which is acceptable. Finally, after 62 days of drying, the experimental results show
relative humidity of 73.13%, 73.93%, and 78.51% at 3 cm, 5cm, and 7 cm respectively.
Whereas for the relative humidity for the simulations were 75.13%, 80.52%, and 82.39% at
3 cm, 5cm, and 7 cm respectively. The maximum percentage difference at 3 cm distance
from the drying phase was 3.26%, and a maximum difference of 8.91% was obtained at 5
cm. These difference in the results can be justified due to the reasons mentioned above,
and a decent fit between the results was obtained.
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Figure 4.29: Comparison of experimental and simulation results for water content

Figure 4.29 shows the comparison of experimental and simulation results for local
water content across the width of the sample at 3 cm, 5 cm, and 7cm. For the experimental
results, the water content at the initial stage after compaction is equal to the optimum
water content of 12.5%. The relative humidity values were linked with the suction using
Kelvin’s equation. The suction was finally linked with degree of saturation and thus the
water content. For the readings where the relative humidity remained at 100%, the water
content value has not been shown. It is because, for a relative humidity value of 100%, the
theoretical value of suction is zero, which is not the case for the experimental columns.
The water content for all the other cases is shown in the figure at different duration of
drying and at different distance from the drying face. The experimental water content at
3 cm distance after 24 days of drying decreases significantly from 12.5% at the beginning
to around 3.98%. Whereas at 5 cm distance the water content reached around 4.16% after
31 days, and at 7 cm distance it reached around 3.95% after 38 days.

The results of the simulation show the variation of the water content with the
duration of drying. A significant decrease in water content at a very high rate is observed
at the beginning of the simulation. The water content decreases from 12.5% to around 6%
after 5-10 days of drying at 3 cm, 5cm, and 7 cm distance from the boundary. The rate
of decrease of water content decreases over time, and the water content across the sample
after 100 days of drying was around 2.11%. The gradient of water content across the width
first increases and then decreases as the drying process approaches towards completion.
The water content at 3 cm distance from surface fits well with the experimental results
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except at 14 days of drying. After 31 days of drying, the experimental water content at 3
cm and 5 cm was 3.21% and 4.16% respectively, whereas for the simulation it was 3.55%
and 4.36 %. After 62 days of drying the water content from experiment and simulations
were fairly close to each other. Finally, from this curve, it appears that both the results
are tending towards a similar value of final water content.

The comparison of average water content from the experiment and simulations
is shown in figure 4.30. The average water content after 62 days of drying was closer
to the experimental results, whereas the initial behavior of drying was not reproduced
accurately.
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Figure 4.30: Comparison of experimental and simulation results for global average water
content
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4.3.4 Numerical simulations of compression phase

In order to perform the THM coupled analysis for the compression of columns, the same
model used previously for the drying simulations was used. During these simulations,
an additional modeling phase of axial compression was added, and only the boundary
conditions are changing. In the previous phase, the drying was performed for different
duration corresponding to the experiments i.e. 0 day (no drying), 13 days, 31 days, and
62 days. Then in the second phase, after a particular duration of drying, the column
was axially compressed at a constant rate of axial displacement in order to determine the
failure stress of the columns. It is to be noted that, the same mesh refinement was not
used while performing both drying and mechanical simulations together, since the time of
computation was very long. A coarser mesh was used to save computational time while
making sure that the drying and failure stress is not affected.

4.3.4.1 Initial state and boundary conditions

For this modeling phase, which is the mechanical compression, the initial hydric state is
corresponding to the results of the drying phase. Figure 4.31 shows an example of the
initial suction state after 62 days of drying. The hydric state will be based on the duration
of drying. For the sample tested without any drying, i.e. day 0, a constant suction of
0.328 MPa is fixed.

Figure 4.31: Initial hydric state (for 62 days of drying) for the compression phase (left)
and mechanical boundary conditions for the compression of rammed earth columns (right)

The boundary condition for the second interval is also shown in figure 4.31. The four
lateral surfaces were free as no stresses are applied (σii = 0 and τij = 0) and displacements
are allowed perpendicular to the sample surface. The bottom boundary is considered fixed,
i.e. the displacements are not allowed in any direction (ux = uy = uz = 0), which will
generate moment induced stresses. The top boundary is fixed in the lateral directions i.e.
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displacements are not allowed in x and z direction (ux = uz = 0). In the y-direction, a
constant rate of axial displacement (u̇y) of 10−6 m/s is imposed, which will lead to the
compression of the column.

For the hydraulic boundary condition in this phase, it was assumed that the du-
ration of compression phase is not significant compared to the drying phase. Any changes
due to the atmospheric drying were not taken into account. Thus all the boundaries were
considered impermeable, and no exchange of water is taking place through the boundaries.

4.3.4.2 Compression phase simulation results

In this section, the results from the mechanical simulations after different duration of
drying is compared with the experimental results of the compression testing of columns.
The main result which will be compared between the two is the compressive strength,
i.e. the failure stress. The sample which did not undergo any drying, i.e. tested just
after compaction has a uniform suction state, whereas all the other samples have a non-
uniform suction state. Thus the suction distribution before the compression testing is
shown. The stress-strain response of the material upon compression testing at uniform
and non-uniform suction states is also shown.

Compression at day 0:

For the compression test to be simulated without any drying period, the suction distribu-
tion is shown in figure 4.32a. It can be seen that the model has uniform liquid pressure of
-0.228 MPa and thus uniform suction condition (s = 0.328 MPa). This suction condition
is corresponding to the compaction state determined from the retention curve.

The mechanical response in terms of axial stress and axial strain from the sim-
ulation is shown along with the experimental test done without any unload-reload cycles
(4.32b). The tangent modulus of elasticity of 9.99 MPa was used in the simulations. As
we are not reproducing the stress-strain behaviour, the only result on which we will focus
on is the strength comparison between the model and the experiment. The axial stress
and axial strain shown here for the simulations are the average values over the whole
volume. It can be seen that the strength of the sample from the simulation (σfsim) is
668.1 kPa which is higher compared to the experimental strength (σfexp) of 144.1 kPa.

Compression at day 13:

The suction distribution after 13 days of drying is shown in figure 4.33a. The non-uniform
distribution of suction shows that at the middle of the model, the suction value is around
3.3 MPa, while the suction near the boundary is around 52.8 MPa. Thus the apparent
strength of the material in the middle is lower compared to the apparent strength near the
boundary. This is due to the fact that apparent cohesion increases due to the additional
component of cohesion induced by suction. This means that elements in the central region
will reach plasticity first, and upon further compression, the elements near the boundary
will plasticize.
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Figure 4.32: Suction distribution (a) and comparison of the compression test conducted
without any drying phase i.e. 0 days with the simulation results (b)
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Figure 4.33: Suction distribution (a) and comparison of the compression test conducted
after 13 days of drying period with the simulation results (b)
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Figure 4.34: Suction distribution (a) and comparison of the compression test conducted
after 31 days of drying period with the simulation results (b)
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Figure 4.35: Suction distribution (a) and comparison of the compression test conducted
after 62 days of drying period with the simulation results (b)
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The axial stress-axial strain variation of the sample tested at day 13 without
unload-reload cycle is shown along with the simulation results in figure 4.33b. The modu-
lus of elasticity in this simulation was taken as 127.29 MPa from the experimental results.
It can be seen that the first plasticity appears around 1500 kPa. This observation could
be due to the central part of the model reaching plasticity first, and upon further com-
pression when all the elements reach plasticity, it reaches the maximum stress state of
σfsim = 1771.3 kPa. The strength obtained from the model was 12.2 % higher compared
to the experimental strength (σfexp) of 1550.4 kPa. It can be observed that the change
in the slope of stress-strain curve from the simulations takes place close to the maximal
experimental axial stress.

Compression at day 31:

For the simulation that was carried out for 31 days of drying, the suction distribution is
shown in the figure 4.34a. The suction distribution was non-uniform, ranging from 7.2
MPa at the center to 54.6 MPa at the boundary.

The modulus of elasticity for this simulation was taken as 166.05 MPa. The axial
stress-axial strain curve (figure 4.34b) shows that the slope of the curve changes around
1800 kPa of axial stress. This is due to the huge difference in the values of suction in
the central region and close to the boundary. Thus the central region reaches plasticity
before the region close to the boundary. Also, the change in slope from the results of the
simulation occurs around the maximal axial stress. This behavior was also observed for
simulation after 13 days of drying. The compressive strength from the simulation (σfsim)
was 2210 kPa which was higher than the experimental strength (σfexp) of 1837.5 kPa.

Compression at day 62:

Finally for the simulation carried out after 62 days of dying, the suction distribution is
shown in figure 4.35a. The suction is non-uniform ranging from 25.4 MPa at the center
to 55.3 MPa at the boundary. A lower gradient of suction across the width was observed
compared to the previous simulations.

The modulus of elasticity for this simulation was taken as 201.25 MPa. The slope
of the stress-strain curve changed slightly around 2500 kPa. This observation could be due
to the fact that although there is suction variation across the width, the suction difference
is lower compared to the previous simulations. Thus the strength of the central part is
higher and comparable with the part close to the boundary. The compressive strength
obtained from the simulation (σfsim) was 2704.9 kPa. This value was significantly higher
than compressive strength from the experimental strength (σfexp) of 2025.2 kPa.

The variation of compressive strength with time from the simulations is shown
in figure 4.36. During the initial period of drying the compressive strength from the
simulation increases at a very high rate from 668.1 kPa to 1685.1 kPa within 10 days.
This rate of increase in strength reduces upon further drying, reaching to a value of 2704.9
kPa after 62 days. After this, the rate of increase of strength becomes slower and the
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Figure 4.36: Comparison of the compressive strength for samples tested without unload-
reload cycles and the simulation results at different duration of drying

compressive strength reaches a value of 3020.5 kPa after full drying. This observation
is attributed to the fact that the additional suction induced cohesion varies in the same
manner. It increases at a higher rate at the beginning with an increase in suction and then
at higher suction values this rate reduces and tends towards a final value asymptotically.

The comparison of the compressive strength obtained from the simulations and
the experimental results without unload-reload cycles at different duration of drying is
also shown in figure 4.36. There is a significant difference in the compressive strength for
the sample tested at 0 day and the simulation result. In general, the simulations predict
a higher compressive strength at all duration of drying.

The compressive strength from experiments with cyclic loading is not compared
in figure 4.36. Indeed, we suppose that the values with cycles are somehow slightly
degraded and thus less representative.

Additional experimental campaign

In order to understand the reasons for the differences between the experimental and
the simulation results, a short experimental campaign was done. Since the mechanical
parameters were taken from the experimental study carried out at material scale on static
doubly compacted cylindrical samples (φd = 5 cm, H=10 cm) which was sieved at 5
mm. On the other hand, the experimental study here was done on columns which were
dynamically compacted in layers on a prismatic sample (L=W=14cm, H=30 cm) which
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had particles of maximum size of 10 mm. There are be 4 factors which could have
contributed to the difference such as granulometry, compaction method, scale effect, shape
effect. In order to study these effects, tests were conducted on samples with similar
slenderness ratio and at the compaction hydric state. Unconfined compressive strength
was done on the samples shown in table 4.6. It is to be noted that, samples T4 and T5
have already been tested in the experimental study before.

Table 4.6: The details of the samples studied including the shape, size, method of com-
paction and granulometry

Sample no. Dimensions (cm) Type of compaction Layers dmax (mm)
T1 Cylindrical (φd = 16 , H=32) Dynamic 4 5
T2 Cylindrical (φd = 16, H=32) Dynamic 4 10
T3 Prismatic (L=W=14, H=30) Dynamic 4 5
T4 Cylindrical (φd = 5, H=10) Static doubly compacted 1 5
T5 Prismatic (L=W=14, H=30) Dynamic 4 10

As all the configurations are tested only once, it has to be underlined that this
is only a preliminary attempt which aims to identify if there is any parameter (in the four
parameters studied) which has more impact on the compressive strength than the others.
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Figure 4.37: Comparison of the compressive strength for samples tested at the same hydric
state but at different geometry, granulometry, scale, compaction method

Figure 4.37 shows the axial stress-strain curves with the compressive strength
for the samples discussed before. Following interpretations can be made based on the
results:
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• Granulometry: Sample T1 and T2 are both cylindrical samples with same size but
with different granulometry. The results show that sample T1 and T2 have a com-
pressive strength of 149.59 kPa and 154.12 kPa respectively, which is comparable.
Similarly, sample T3 and T5 are both prismatic samples with the same dimension
but different granulometry. Compressive strength of sample T3 and T5 are 149.91
kPa and 144.14 kPa respectively, which is comparable. This highlights that granu-
lometry does not a great influence on the compressive strength in our configuration.

• Shape effect: Sample T1 and T3 are both dynamically compacted samples using
the same granulometry (dmax = 5mm) but with different shapes. Compressive
strength of the cylindrical sample (σmax = 149.59 kPa) was similar to the prismatic
sample (σmax = 149.91 kPa). Sample T2 and T5 are both dynamically compacted
samples using same granulometry (dmax = 10 mm) but with different shapes. The
compressive strength of cylindrical sample (σmax = 154.12 kPa) was comparable to
prismatic sample (σmax = 144.14 kPa). This highlights that the shape of the sample
did not have significant effect on the compressive strength. It is to be noted that
slenderness ratio of both samples was around 2.

• Compaction method and scale effect: Sample T4 was doubly compacted to obtain
small cylindrical samples (φd = 5 cm, H=10 cm). The compressive strength of sam-
ple T4 (σmax = 352.12 kPa) was significantly higher than the other samples. Since
granulometry and shape do not have significant effect on compressive strength, the
difference in results was due to the combined effect of compaction method and scale.
The doubly compacted samples are more uniformly compacted and without layers.
Bigger samples have a greater possibility of a defect arising during compaction. In
addition, the columns had higher gravel content which can also lead to reduction of
strength.

The different reasons for the higher strength obtained from simulations as com-
pared to the experiment results were discussed in this section. It is to be noted that all
the samples were tested at the same hydric state, i.e. at “as compacted hydric state".
In order to confirm the results, the tests can also be carried out at uniform hydric state
different from compaction state.

Sensitivity analysis

In addition to the reasons mentioned above, a sensitivity analysis on the effective stress
parameter (χ = Sαl ) was performed. The value of α for fitting with the experimental data
was 1.9081, and the R-squared value for the fit was 0.88 (figure 4.38). Thus, an interval
of 10% was chosen and the sensitivity analysis for the effective stress parameter χ was
done for α± 5%α i.e. α = 1.8127 and α = 2.0035.

Figure 4.39 shows the variation of compressive strength of columns obtained for
the different values of effective stress parameter. It can be seen that, for a small change in
the value of χ (figure 4.38), there is a very significant change in the value of compressive
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Figure 4.38: The variation of χ-Sl (a) and Log χ- LogSl (b) for α = 1.8127 and α = 2.0035

strength. Thus the compressive phase simulations are very sensitive to the effective stress
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parameter χ. The compressive strength from the simulations at χ = S2.0035
l are very close

to the experimental results except at the initial phase of drying.

In addition, it can be seen in figure 4.38 that the expression of χ chosen for
the study does not fit well with the experimental results at the compaction degree of
saturation. For this reason, the compressive strength simulation results at the compaction
conditions are significantly overestimated. Thus in order to more accurately predict the
compressive strength of columns, a different expression for χ should be used which fits
the experimental results better at higher range of degree of saturation. Also, more tests
should be done near the compaction degree of saturation to determine χ accurately.
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4.4 Conclusions and Perspective

In the present study, the hydro-mechanical behavior of rammed earth columns at a rep-
resentative element volume (REV) scale was investigated. The columns were compacted
using dynamic compaction, and the boundary conditions for drying were implemented
similar to a part of the wall, which makes the columns representative of a real wall.

Rammed earth columns were subjected to 1D drying in an indoor environment
for different duration of drying along with measurement of relative humidity and temper-
ature using SHT sensors. It was observed that during the initial phase of drying, there
were minimal changes in the RH, and after two weeks, the variation in RH could be ob-
served. Whereas, the water content of the samples reduced to about half of the initial
water content. This was attributed to the fact that uncertainty in the measurement of
RH at higher values was greater. Thus the sensor readings were corrected by using error
bars in measurements. These sensors are less relevant at the beginning of drying from
the manufactured state because the signal is always saturated. However, during the ser-
viceability lifetime of the building, they are relevant. Regarding the kinetics of drying
phase, 50% of drying occurred within the first 10 days and at the end of 62 days drying
was around 96% done reaching asymptotically towards completion.

The compressive strength of rammed earth columns was studied after natural
convection drying. It was observed that the compressive strength increases substantially
after two weeks of drying. The rate of increase of strength gain was higher in the beginning
phase of drying, then it decreases consequently, and the strength tends towards a final
asymptotic value. Two weeks of drying were enough to attain 63 % of strength attained
after full drying. The variation of compressive strength of samples tested with unload-
reload cycles was similar, although the strength of these samples was either similar or
lower to samples tested without cycles. The tangent modulus showed a similar variation
as compressive strength. It increased at a higher rate at the beginning of drying and then
consequently tending towards an asymptotic value.

Coupled THM simulations of the drying phase and the compression tested were
performed using CODE_ BRIGHT. For this, 7 parameters were required to be deter-
mined experimentally, while the others were taken from literature or a classical value was
used. For the drying phase, atmospheric boundary conditions were used due to which the
suction at the boundary reached its final stage gradually, which is more realistic than an
imposed suction condition at the boundary. The value of heat/mass transfer coefficient
was adjusted to fit the experimental results while being coherent with the guidelines in the
literature for natural convection in an indoor environment. A satisfactory fitting with the
experimental results was obtained for drying after taking into account the uncertainties
in the sensor measurements. It took around 160 days for the columns to dry completely
for the 1D drying boundary conditions. In addition, using this numerical approach, it is
possible to reproduce the drying of any rammed earth configuration.



166 Chapter 4. Experiments and simulation at structural scale on columns

Coupled THM simulations were also performed for the compression of the columns
after different duration of drying. A linear elastic-perfectly plastic mechanical constitu-
tive model was used. The parameters of the viscoplastic model were adjusted to obtain
the plasticity model. A Drucker-Prager yield surface based on Mohr-Coulomb parameters
was used. The shear strength expression was modified to take into account the non-linear
increase of apparent cohesion with suction and incorporate the expression of Bishop’s
effective stress. The model was not able to incorporate the variation of elastic modulus
with suction, and thus only the failure stress was predicted and not the stress-strain curve.
The mechanical parameters used were taken from the extensive experimental campaign
performed on cylindrical samples at a material scale. The compressive strength obtained
from the simulation were higher than the experimental strength results of the tests with
and without unload-reload cycles. Still, the trend of variation of compressive strength
with drying duration was reproduced fairly. The possible reasons for the higher strength
in the simulations were due to the compaction method and scale factor. In addition, the
mechanical simulations were very sensitive to the effective stress parameter.

The failure criterion and the parameters used in these simulations will be further
used in the next chapter where the drying and mechanical behavior of rammed earth walls
will be studied.

The different perspectives for the future improvement of this work are discussed
in the following points:

1. Some of the sensors did not show any readings during the test due to possibly
being damaged during the compaction process. Thus it is recommended to change
the protection membrane used to guarantee safety during compaction. The other
possible solution is to insert the sensors once the compaction procedure is done by
drilling small holes in the desired locations. This method will be suitable if only the
hydric behavior is to be studied since it is possible that the mechanical strength of
the columns might be affected.

2. A different type of sensor can be used, which is more suitable for the range of relative
humidity that is being studied, such as TDR sensors (measures water content). This
can help in eliminating the uncertainties in the hydric measurements.

3. The value of surface mass transfer coefficient was used from the literature. An exper-
imental methodology can be developed to measure this parameter for the ambient
conditions and the rammed earth studied.

4. Additional experimental tests at material scale should be done in the higher range
of degree of saturation to have an expression of effective stress parameter that fits
well in the whole range of degree of saturation. In addition, since the mechanical
simulations are very sensitive to the effective stress parameter, it’s determination
should be done accurately.
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5. A mechanical model in which the effective stress can be directly expressed as
Bishop’s effective stress can be used. In this way, the generalized effective stress
approach can be used, which is more suitable for highly compacted soil as rammed
earth. It would allow taking into account the variation of elastic modulus with
suction.
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Chapter 5

Case study: THM coupled simulations
of rammed earth walls

5.1 Introduction

The objective of this chapter is to study the early age drying and consequences on the
mechanical behavior of rammed earth walls. In rammed earth construction, the drying
time required for the walls to gain sufficient strength in order to build a subsequent floor
is a major practical issue. In this regards, a numerical case study is performed on the
walls, which takes into account the thermo-hydro-mechanical coupled modeling in order
to answer this question.

Firstly, a description of the failure envelope used for this study is presented.
Then, two different environmental conditions will be detailed, which are corresponding to
Le Bouget-du-Lac in the Savoie region of France. A methodology will be proposed based
on the work carried out in this thesis in order to determine the drying time required for
subsequent floor construction.

The mechanical behavior of the wall at compaction hydric state will be studied.
Further, the walls will be subjected to drying, and the mechanical response will be ana-
lyzed at each drying state. The drying time required will be determined once the walls
are safe corresponding to the failure criterion proposed. This methodology will be used
in two environmental conditions for two wall configurations.

Finally, a synthesis of the results and proposition for the future improvement of
this methodology will be presented.

169
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5.2 General considerations for the simulations

5.2.1 Failure envelope

The Drucker-Prager failure envelope described in section 4.3.1.2 is shown in figure 5.1 and
is labelled as ultimate failure surface. The equation for this failure surface is as follows:

q = k +Mp′ (5.1)

where, k = 0.09021 MPa, and M = 1.3105 as already determined in the previous
chapter (section 3.5.4), q is the deviatoric stress, and p’ is the mean effective stress defined
as:

p′ = p− ua + χs (5.2)

where, p is the mean stress, ua is the air pressure taken as 0.1 MPa, χ = S1.9081
l

(see section 3.6) is the effective stress parameter, and s is the suction. The analysis in
this chapter will be led in terms of effective stresses.

In the practical guide used for construction using rammed earth in France called
“Guide de Bonnes Pratiques (GBP) Pisé, 2018" [25], it is mentioned that the stresses in
the wall should not exceed 0,2 MPa or the one-third of the failure stress of the rammed
earth. In a similar approach, a safety factor was proposed in order not to reach the
ultimate failure surface. This safety failure envelope is chosen such that the angle of the
failure envelope (αf ) is taken as one-third of the ultimate failure surface, i.e. αf = βf/3

(figure 5.1). This failure envelope is the central third cone of the original Drucker-Prager
failure surface in the 3D principal stress plane. The equation for this failure surface is as
follows:

q = ks +Msp
′ (5.3)

where, ks = 0.0217MPa and Ms = 0.3163, which were determined from the
geometrical relation between the failure envelopes.

These hypotheses could lead to an estimation of the drying time for safety. It has
to be noticed that the relevance of this safety failure envelope choice could be enhanced by
further studies. The safety failure envelope will be further used to study the mechanical
behavior of rammed earth walls and to determine the appropriate time of drying required
for subsequent floor construction.
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Figure 5.1: The ultimate failure envelope and safety failure envelope in p’-q plane

5.2.2 Environmental conditions

Two different environmental conditions are considered for performing the drying simu-
lations, i.e. a warm and cold conditions. These conditions are considered based on the
temperature and relative humidity values at Le Bouget-du-Lac region in France (figure
5.2).

Figure 5.2: The weather data related to temperature and relative humidity for Le Bouget-
du-Lac (year 2019) taken from meteoblue.com
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In warm conditions, the temperature and RH are taken as 20◦C and 60% respec-
tively. These are the average values during the summer months (June-Aug). Whereas in
cold conditions, the temperature and RH are taken as 5◦C and 85% respectively. These
are the average values during the winter months (Nov-Jan). These values are only an
estimation since it is not possible to take a single value for different months. The suction
values corresponding to these conditions are also mentioned in table 5.1.

In addition, regarding the atmospheric boundary conditions for drying simula-
tions, the value of surface heat transfer coefficient (hc) is taken as 25 Wm−2K−1, which is
corresponding to a value of surface mass transfer coefficient (hm) of 0.02 m/s. This value
is suggested by Réglementation Thermique 2012 [106] for drying in an external environ-
ment in France. This recommended value is slightly low with respect to wind condition.
All the different values used for the atmospheric boundary conditions used are mentioned
in table 5.1.

Table 5.1: Synthesis of parameters in two different environemental conditions

Env. condition T (◦C) Relative humidity (%) Suction (MPa) hm (m/s)
Warm 20 60 69.13 0.02
Cold 5 85 20.86 0.02

In the next part, hydro-mechanical coupled behavior of two different wall con-
figurations, i.e. single wall and two walls joined at right angle will be studied in these
environmental conditions. All the material parameters used in these simulations are the
same as the previous chapter and the method to obtain them are mentioned in table 4.5
in section 4.3.2.
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5.3 Single Wall

THM coupled numerical simulations of rammed earth wall were performed using CODE
_BRIGHT. The gas phase in the model was considered immobile, and atmospheric gas
pressure was considered (Pg =0.1 MPa). The 3D geometrical model of the wall considered
has a length and height of 3m, and a width of 0.45m which are classical values for rammed
earth walls in France (figure 5.3). A mesh of 12Y x 10X x 10Z (1200) linear hexahedral
(C3D8) elements was used.

Regarding the mechanical boundary conditions considered for these simulations,
the bottom surface was fixed (ux = uy = uz = 0). On the two lateral surfaces (per-
pendicular to x-direction), displacement in the perpendicular directions was not allowed
(ux = 0). While the other two lateral surfaces (perpendicular to z-direction) were stress-
free (σii = 0 and τij = 0) with displacements being allowed. Vertical stress will be applied
on the top surface.

3 m

3 m

0,45 m

Stress application

3 m

0,45 m

Drying direction

Fixed Boundary for the surface

Roller support for the surface
Critical point

0,5 m

0,5 m

Figure 5.3: The geometrical model (3D) of the problem (left) and the 2D mesh composition
(right) showing the drying direction and loading
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5.3.1 Compression of wall at compaction hydric state

In this part, a mechanical only simulation was carried out by applying vertical stress
gradually at the top surface in order to determine the load sustained by the wall before
any part of the wall reaches plasticity. Both the ultimate and safety failure surface was
considered. The initial hydric state of the wall was corresponding to the ‘as compacted
state’ of the material, i.e. s = 0.328 MPa and water content of 12.5%. Since it is a
mechanical only simulation, no hydric boundary conditions were required.

Figure 5.4 shows the stress path of the most critical point during the gradual
loading of the wall, which is at 0.5 m from the bottom and at the middle of the wall.
The stress path for this point begins at the initial suction state where even though the
wall is free of stress at its boundary, the internal stress is not zero but depends on the
water retention conditions through the product between the suction and effective stress
parameter χ (equation 5.2 ). In other words, suction provides internal confining stress to
the wall.
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Figure 5.4: Stress path for single wall at the critical point due to vertical stress at top
starting from optimum compaction hydric state

The stress state due to self-weight of the wall at the critical point, is shown in
figure 5.4. Once the stress is applied on the top surface gradually, the stress path evolves



5.3. Single Wall 175

linearly, and the critical point reaches the safety failure surface at 0.07 MPa vertical stress
and ultimate failure envelope at 0.94 MPa vertical stress.

According to GBP, Pisé[25], the vertical stress to be considered for subsequent
floor construction can be taken as 0.2 MPa taking into account the self-weight of the walls
in the subsequent floor, floor loading, and other live loads. The detailed calculation of
this value of stress is shown in Appendix E. It can be seen from the stress path that at
0.2 MPa stress, the wall is very safe with regards to the ultimate failure surface. On the
other hand, the stress state is outside the safety failure surface. Thus it can be inferred
that the safety criterion suggested by the practical guide is very conservative.

In the further simulations, the walls will be subjected to drying for different
duration, and after the drying period, vertical stress of 0.2 MPa will be applied from the
top. The drying period will be determined when the critical point is safe with regards to
the safety failure envelope.

5.3.2 Drying in warm conditions

These simulations will be carried out in two phases. In the first phase, drying will be
imposed on the two lateral surfaces as shown in figure 5.3 using the atmospheric boundary
conditions for the warm environment (table 5.1) at different duration. In the second phase,
the wall is compressed by gradually increasing the vertical stress from the self-weight stress
state up to an increment of 0.2 MPa at the top boundary. The safety of the same critical
point mentioned previously with regards to the safety failure envelope will be analyzed.

Figure 5.5 shows the stress path of the critical point at 0, 30, 60, 90, and 120
days of drying. Firstly from the initial compaction suction state, the self-weight is applied
on the wall. Due to drying the stress path translates to the right by an amount χs in
the p’-q plane, which depends on the suction and degree of saturation. After the first
30 days of drying, the stress path is significantly shifted to the right. The suction value
at the critical point increase while the degree of saturation decreases but the product of
S1.9081
l s increases. Still, upon the stress application of 0.2 MPa, the stress path is above

the safety failure surface. This drying process is continued for another duration until the
stress state lies below the safety failure surface. The effect of drying on the stress path is
non-linear since the increase in χs decreases at the drying intervals of 30 days.

The isochrones of suction and degree of saturation across the width of the
rammed earth wall have been shown in figure 5.6. From the suction profiles, it can be
seen that suction at the boundary increases gradually over time and approaches the final
equilibrium value of 69.13 MPa (table 5.1). At day 0 of drying, the wall is at a uniform
suction state of 0.328 MPa (Sl = 0.805), while at other days, the wall has non-uniform
suction state. At 30 days of drying, the suction at the center of the wall reaches to suction
of 1.4 MPa and degree of saturation of 0.53. Thus, a significant amount of drying has
taken place within the first 30 days. Finally, at 120 days of drying, the suction at the
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Figure 5.5: The stress path in p’-q plane for the critical point in the wall at different
duration of drying in warm environmental conditions

center of the wall reaches 3.53 MPa with degree of saturation of 0.38. The stress path
after 120 days of drying is safe with regards to the safety failure surface.

Finally, it takes between 3-4 months of drying for the critical point in the wall
to be safe. Also, this period of drying is also recommended in the practical guide [25].
This drying period at the same value of relative humidity and temperature is reasonably
possible between the months of June and September, based on the actual weather data
shown in figure 5.2. Thus, it takes a significant amount of time for the single wall to dry
sufficiently in warm conditions in order to construct another floor above it by taking into
account the safety criterion suggested in the practical guide. It is to be noted that there
can be different reasons for this estimated long drying period:

• In these simulations, the solar radiation is not taken into account, which can affect
the drying duration.

• The surface mass/heat transfer coefficient value needs to be evaluated for the actual
conditions taking into account the air velocity profile.

• The choice of failure surface recommended by the practical guide might be very con-
servative. This choice is arbitrary and could be more adapted in later simulations,
according to a comparison between the field guidelines and the simulations.
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Figure 5.6: Suction (a) and degree of saturation (b) variation across the width of rammed
earth wall at 0, 30, 60, 90, and 120 days of drying period in warm environmental conditions
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5.3.3 Drying in cold conditions

In these simulations, the drying was carried out in cold environmental conditions, as
mentioned in table 5.1. The stress path for the drying and stress application is shown in
figure 5.7. Due to the higher relative humidity and lower temperature, the drying process
is slower compared to warm conditions and the increase in mean effective stress due to
drying is significantly reduced. The effect of drying on the stress path can be seen in
figure 5.7, where the stress path is evolving non-linearly at 30 days drying intervals. The
drying time required for the critical point to be safe is around 180 days.
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Figure 5.7: The stress path in p’-q plane for the critical point in the wall at different
duration of drying in cold environmental conditions

The suction and degree of saturation isochrones along the width of rammed earth
wall are shown in figure 5.8. The suction profiles show that the suction at the boundary
increases gradually over time and approaches the final equilibrium value of 20.86 MPa
(table 5.1). After 30 days of drying, the center of the wall reaches the suction of 1.08 MPa
and degree of saturation of 0.58. Finally, at 180 days of drying, the center of wall reaches
suction of 3.32 MPa and degree of saturation of 0.39. A comparison between the degree
of saturation profiles with warm conditions can be made (figure 5.6). The isochrones in
the warm conditions start to flatten close to the boundary at around 30 days, whereas in
cold conditions, the whole curve is mostly concave downwards at 180 days of drying.

The time for the drying simulations based on the cold environmental conditions
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Figure 5.8: Suction (a) and degree of saturation (b) variation across the width of rammed
earth wall at 0, 30, 60, 90, 120, 150, and 180 days of drying period in cold environmental
conditions
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considered is longer than the actual cold weather conditions shown in figure 5.2. Thus it is
not possible to dry the wall in these conditions. In the practical guide, it is mentioned that
it is not reasonable to build in winter conditions. Hence another point of improvement
would be to take the real-time weather data instead of a constant value of relative humidity
and temperature. In addition, all the points discussed for the drying in warm conditions
(section 5.3.2) such as the solar radiation, surface heat/mass transfer coefficient, and the
choice of failure criterion can be improved to get more accurate value of drying period.

The suction evolution at the center of the wall is also compared in figure 5.9.
The time lag between the warm and cold conditions is around 10 days for 1 MPa suction,
26 days for 2 MPa suction, and 56 days for 3 MPa suction. This time lag is gradually
increasing for the duration of drying studied.
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Figure 5.9: Comparison of suction evolution at the critical point (at the center) for warm
and cold environmental conditions
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5.4 Two walls joined at right angle

The 3D geometrical model considered was 2 walls perpendicular to each other, as shown
in figure 5.10. The length and the height of the walls were 3m, and the width was 0.45m.
The mechanical boundary conditions are also shown. The bottom surfaces were fixed
(ux = uy = uz = 0). For the left wall, one lateral surface (perpendicular to z-direction),
displacement in the perpendicular direction was not allowed (uz=0). Whereas, for the
right wall, one lateral surface (perpendicular to x-direction), displacement in perpendic-
ular direction was also not allowed (ux=0). While the other surfaces were stress-free
(σii = 0 and τij = 0) with displacements being allowed. The vertical stress was applied on
the top boundary, and the direction of drying has also been shown. Regarding the mesh
composition (figure 5.11), 10 elements along the width, 12 elements along the height, and
5 elements along the length were taken to have 2400 linear hexahedral (C3D8) elements.
The number of nodes was 3003.

3 m

0,45 m

Drying direction

Fixed Boundary for the surface

Roller support for the surface
Critical point

0,5 m

0,5 m

Stress application

3 m

0,45 m

3 m

0,45 m

3 m
3 m

Figure 5.10: 3D model of the 2 walls showing the boundary conditions and direction of
drying
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Figure 5.11: The 2D mesh composition of the model in XZ plane (top view)

Drying in warm conditions

In these simulations, the critical point is at the center of column formed at the
junction of the 2 walls at a distance of 0.5 m from the bottom. Thus, the stress path of
this point will be shown in figure 5.12. The simulations were carried out in two phases.
In the first phase, the wall was subjected to drying in warm conditions from 0-240 days
in the interval of 30 days. In the second phase, vertical stress of 0.2 MPa was applied
gradually, similar to the single wall case.

For no drying, i.e. at compaction hydric state, the stress state evolves linearly
(figure 5.12). The stress path, in this case, is steeper than a single wall and reaches higher
deviatoric stress. This is due to stress concentration close to the bottom of the column
since out of plane displacements are allowed in the column in both x and z-direction.

The stress path is translated to the right in the p’-q plane, depending on the
suction and degree of saturation values at the critical point. A drying period of more
than 240 days is required for the critical point to be safe with regards to the safety failure
surface. This long drying period at the same value of relative humidity and temperature
is not reasonable based on the actual weather data (figure 5.2).

Figure 5.13 shows the suction distribution across the width of the walls at the
end of 240 days of drying. The drying front due to the atmospheric boundary conditions
applied for this configuration can be followed along the longer distance across the wall,
which is the diagonal line materialized in figure 5.13. Thus, the isochrones of suction and
degree of saturation are shown in figure 5.14 along the diagonal of the column and the
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Figure 5.12: The stress path in p’q plane for the critical point in the wall at different
duration of drying in warm environmental conditions

Figure 5.13: Suction distribution across the width of rammed wall after 240 days of drying
period
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Figure 5.14: Suction (a) and degree of saturation (b) variation across the diagonal of
rammed column formed at the junction of 2 walls at different drying period in warm
environmental conditions
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distance is represented from the outer junction towards the inner junction.

In figure 5.14, the vertical line labelled as drying is intersecting the isochrones
at the critical point which is at the center of the column. The suction and degree of
saturation evolve more towards the outer junction since there are two perpendicular faces
on which drying is taking place. The suction values at the center, increase from 0.328
MPa at initial state to 6.56 MPa at 240 days of drying. Corresponding to these suction
values, the degree of saturation evolves from 0.805 at initial state to 0.3 at 240 days of
drying.

Although the points towards the inner junction are wetter and have slightly lower
suction values, the stress path for these points was checked, and they were safer compared
to the critical point. Since it took more than 8 months of drying for this wall configuration
to be safe, it again highlights the conservative nature of the hypothesis chosen for drying
conditions and safety criterion. Regarding the drying in cold conditions, it will take more
than 8 months and thus is not feasible for that climatic conditions. Hence, the results for
that case have not been studied here.

To conclude, it takes a significant amount of drying time for this wall configu-
ration in both warm and cold conditions. Drying at the same value of relative humidity
and temperature is not reasonable for 8 months based on the actual weather data shown
in figure 5.2. Hence the simulations should be carried out with the actual weather data.
In addition, all the points of improvement mentioned for the single wall (section 5.3) are
also valid for this case.
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5.5 Conclusion and Perspective

In this chapter, a methodology was developed in order to determine the drying period
required for the walls to gain enough strength in order to build the subsequent floor,
which is a major practical issue in rammed earth construction. In this regards, THM
coupled simulations of two different configurations of walls were carried out at warm and
cold environmental conditions while taking into account a safety criterion using a similar
approach from Guide des Bonnes Pratiques.

For a single wall subjected to drying in warm conditions, a drying period between
3-4 months was needed according to our results. This period is also recommended in the
guide of good practices [25]. Whereas, in the cold conditions, a drying period of around 6
months was needed according to our results and our weather conditions. This seems not
to be reasonable cause winter period in Le Bourget-du-Lac is not so long. Nevertheless,
the guide of good practices indicates that it is not reasonable to build in winter [25].

For two walls joined at right angle, a drying period upwards of 8 months was
determined in warm conditions. Whereas in the cold conditions, the duration obtained
would be higher. Thus, it was inferred that it takes a significant amount of time for the
walls to dry sufficiently in order to construct an additional floor by taking into account
the safety criterion proposed. It doesn’t seem reasonable under today’s construction
conditions. Hence this safety criterion is too conservative and very far from the ultimate
failure criterion for the material. Nevertheless, our approach makes it possible to objectify
the conditions for drying a rammed earth wall, which is very important for future work
which is mentioned as follows:

• In these simulations, solar radiation and rainfall were not considered, which can be
taken into account to improve the analysis.

• The surface heat/mass transfer coefficient value was taken from the literature, which
was slightly conservative in nature. Thus, it can be determined for the actual
conditions by taking into account the wind velocity.

• Since it was observed that the drying period was higher than 4 months of the actual
warm/cold conditions, which is not practical, it is recommended to use actual time-
varying weather conditions.

• A less conservative safety criterion can be proposed without significantly compromis-
ing the safety factor. In this way, the drying duration required will be significantly
reduced while still being far from the ultimate failure state.



Chapter 6

Conclusions and perspectives

The thesis work presented an experimental and numerical study in order to understand
the coupled hydro-mechanical behavior of unstabilized rammed earth. The experimental
study was done at both material and structural scale.

At the material scale, compression and shear testing were performed at different
suction states. The samples used were compacted using a technique of static double
compaction. It was observed that various mechanical parameters such as compressive
strength, Young’s modulus, apparent cohesion, apparent friction angle increased with the
suction state of the material. It showed that suction has an effect on the internal stress
state of the material, which, in turn, affects its mechanical behavior. It was demonstrated
that a framework based on the concepts of unsaturated soil mechanics using generalized
effective stress helps to study the mechanical response by taking into account the effect of
suction inside the stress state. Suction multiplied with effective stress parameter, which is
a function of degree of saturation plays the same role as confining pressure, thus providing
additional strength.

Hydro-mechanical coupled behavior was also studied for rammed earth columns
under non-uniform suction conditions. The columns were subjected to 1D drying, which
is representative of real rammed earth walls. The local and global evolution of the hydric
state of the material was studied. Also, the drying phase kinetics were determined. In
addition, the compressive strength testing of the columns was done after natural con-
vection drying. It was observed that the columns gain a significant amount of strength
and stiffness within the first two weeks of drying from the initial hydric state. This is
due to the additional suction induced cohesion in the material. In addition to the effect
on the strength and stiffness, drying also affected the consistency of the material. The
material behavior changes from more plastic at lower suction states to more brittle at
higher suction states.

Coupled THM simulations of drying and compression of columns were performed
on the rammed earth columns using finite element analysis. The drying phase simulations
were carried out using atmospheric boundary conditions, which are more realistic than
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imposed suction at the boundary. The mechanical behavior was coupled with the hydric
state by using the generalized effective stress for unsaturated soils. The coupled model was
calibrated based on conventional soil mechanics tests. Both the drying and compression
behavior was reproduced reasonably accurately. Accurate determination of the effective
stress parameter is important since the mechanical simulation are very sensitive to this
parameter.

Finally, the numerical case study was done to determine the drying period re-
quired for subsequent floor construction. It was observed that a significant amount of
drying time was required based on the recommendation from the practical guide used
in France for rammed earth construction. It showed that the safety criterion suggested
was very conservative. This study helped to present a methodology to answer a practical
issue faced in rammed earth construction. This modeling was done in order to prove
the suitability and the potential that this PhD work provides for the earth construction
sector.

In order to perform this numerical analysis, 7 parameters need to be determined
experimentally. A synthesis of the tests required is described as follows:

• Determination of the soil water retention curve for the whole range of suction.
Pressure plate (2 tests) and saline solution method (7 tests) were both necessary in
order to determine points for low and high values of suction, respectively.

• Determination of intrinsic permeability of the material (3 tests). Triaxial apparatus
was used in order to saturate the rammed earth sample and to impose differential
pressure across the boundaries.

• Unconfined compressive strength tests (3x8) and unsaturated triaxial tests (3x7) on
samples at different suction states. Using these tests, the expression for effective
stress parameter as a function of degree of saturation is determined.

• Saturated triaxial tests (4) in order to determine the intrinsic value of cohesion and
friction angle.

Perspectives

There are different limitations in the study carried out which can be improved in the
future study and are presented here as perspectives:

• Additional experimental tests at material scale should be done in the higher range
of degree of saturation to have a better expression of the effective stress parameter
that fits well in the whole range of degree of saturation. This will help to better
study the early age drying behavior of rammed earth.

• For the drying of the rammed earth columns, SHT sensors were used which are
suitable for the serviceability lifetime of rammed earth building but are less relevant
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at the beginning phase of drying. A different type of sensor such as TDR sensors
which measures water content should be used when the earth is closer to saturation.

• The value of surface mass/heat transfer coefficient was used from the literature. An
experimental methodology should be developed in order to measure this parameter
for the ambient conditions in which the drying is taking place and for the rammed
earth material being studied.

• In the mechanical model used, the effective stress expression was introduced in the
shear strength expression to perform the coupled analysis. Using this, only the
failure compressive strength of the columns was predicted. A mechanical model
which can be directly expressed in terms of effective stress should be used. This will
allow to take into account the variation of elastic modulus with suction state and
predict the accurate stress-strain behavior. This could be possible in another FEM
code, integrating this effective stress definition.

• In the wall case study, the effect of solar radiation and rainfall can be taken into
account to improve the analysis. Moreover, real-time weather data for relative
humidity, temperature, and air velocity should be used. A less conservative safety
criterion without compromising the safety factor should be used, which will help to
obtain a more accurate drying period required during construction.
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Chapter 7

Synthèse

Dans le contexte mondial, le secteur du bâtiment est responsable de plus de 40% des
émissions totales de gaz à effet de serre, ce qui contribue à des niveaux élevés de pol-
lution. Selon l’ADEME 2015 [107], la quantité de déchets issus du secteur du bâtiment
représente environ 44% du total des déchets en France. Ces déchets ne sont généralement
pas facilement recyclables et sont éliminés dans des décharges, ce qui entraîne une perte
importante de terres. Ainsi, il existe un besoin d’un matériau de construction alternatif
ayant des caractéristiques plus écologiques par rapport aux matériaux de construction
conventionnels tels que l’acier et le béton. La terre crue est une solution possible à ce
problème.

La terre est l’un des matériaux de construction les plus anciens. Même au-
jourd’hui, la construction en terre existe dans le monde entier et c’est le principal pro-
cessus de construction pour certains pays. Environ 30% de la population mondiale vit
encore dans des bâtiments en terre. L’utilisation mondiale de la construction en terre et
de divers sites du patrimoine mondial de l’UNESCO a été illustrée dans la figure 1.1.

L’une des techniques importantes de construction en terre est le pisé. C’est une
technique de construction ancienne par laquelle des murs porteurs denses peuvent être
réalisés par compactage dynamique de sol humide entre les coffrages amovibles. La pisé
est son état non stabilisé (c’est-à-dire sans aucun liant supplémentaire) présente divers
avantages en tant que matériau de construction durable. Cela conduit à une réduction de
l’énergie intrinsèque. L’énergie intrinsèque requise pour un matériau en terre est d’environ
1% de l’énergie nécessaire pour la construction avec des matériaux à base de ciment [32].
Cela conduit également à une réduction de l’énergie opérationnelle due aux effets hygro et
thermorégulateurs [32]. De plus, la terre est entièrement recyclable lors de la démolition
des bâtiments et ne nécessite aucune décharge pour son stockage. Enfin, il offre une
résistance suffisante pour la construction d’un bâtiment de 1 à 2 étages.

Malgré les nombreux avantages de la terre en ce qui concerne la durabilité,
diverses limitations entravent l’utilisation généralisée de matériaux de terre tels que la
terre battue pour la construction. L’une des plus grandes limites de l’utilisation d’un
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matériau en terre est sa sensibilité à l’eau, ce qui rend son utilisation difficile à généraliser.
En effet, la pénétration d’humidité induit des changements dans la consistance de la terre
du solide au plastique. Cela conduit à une modification de la résistance mécanique et de la
rigidité. Pendant la durée de vie du bâtiment, les conditions ambiantes sont en constante
évolution, ce qui affecte les performances mécaniques. Ainsi le manque de caractérisation
de cette influence hydrique est un inconvénient majeur pour son application pratique
directe. Un autre inconvénient auquel la construction en terre fait face est le manque de
directives techniques et de dispositions codales. Bien que certains pays aient leur propre
ensemble de directives et de normes, il existe des incertitudes dans les méthodologies de
conception. En outre, il existe un manque de cohérence entre les lignes directrices des
différents pays.

L’objectif principal de cette étude est de mettre l’accent sur l’utilisation de la
terre battue pour la construction économe en énergie et d’avoir une meilleure compréhen-
sion du comportement hydromécanique de pisé. Ce couplage hydromécanique est essentiel
pour être compris et quantifier tant pour la construction neuve que pour la préservation
des bâtiments et monuments historiques, qui sont aujourd’hui très pertinents. Les dif-
férents objectifs de la thèse sont présentés dans la figure 7.1 et mentionnés comme suit
:

• Étudier l’effet hydrique sur les paramètres mécaniques à l’échelle du matériau.

• Étudier l’évolution de la résistance et de la rigidité à l’état hydrique sur un élément
structurel représentatif, c’est-à-dire une colonne de pisé structurée en couche.

• Reproduire numériquement l’effet de l’eau sur le comportement mécanique à l’échelle
de la structure sur des colonnes en pisé.

• Développer une méthodologie pour déterminer la période de séchage requise avant
la construction ultérieure du plancher en réalisant une étude de cas numérique sur
des murs en pisé.

7.1 Etude expérimentale à l’échelle du matériau

Le plan expérimental de cette étude comprend les tests suivants:

1. Essai de résistance à la compression non confiné : 24 échantillons (3 chacun à 8 états
hydriques différents) afin de déterminer la variation de la résistance à la compression
et de la rigidité avec l’état hydrique.

2. Essai de cisaillement direct : 63 échantillons (9 chacun à 7 états hydriques différents)
ont été testés pour déterminer la variation des paramètres de cisaillement apparent
avec l’état hydrique.
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Figure 7.1: Méthodologie du travail de thèse

3. Essai triaxial :

• Triaxial non saturé : 21 échantillons (3 chacun à 7 états hydriques différents)
pour déterminer la variation des paramètres de cisaillement apparent avec l’état
hydrique.

• Triaxial saturé : 4 échantillons pour déterminer les paramètres intrinsèques de
cisaillement.

Le sol pour cette étude a été prélevé sur un chantier de construction existant
en Auvergne Rhône Alpes en France. La courbe de distribution granulométrique montre
qu’elle contient environ 12% de gravier, 30% de sable, 51% de limon et 7% d’argile. Afin de
caractériser finement l’argile, l’activité (rapport de l’indice de plasticité et du pourcentage
plus fin que 2 micromètres) a été déterminée à 1,44 et est de nature légèrement active.
De faibles valeurs de capacité d’échange cationique et de surface spécifique indiquaient
une absence ou de faibles quantités d’argiles gonflantes. Afin de classer le sol, les limites
d’Atterberg ont été évaluées et selon la classification française (Guide de terrassement
routier [25]), le sol est qualifié de limon plastique faible.

Afin de déterminer la quantité d’eau à ajouter pour un compactage optimal, un
test Normal Proctor a été effectué. Une teneur en eau optimale de 12,5% a été obtenue
correspondant à une densité sèche maximale d’environ 1900 kg/m3. Pour la préparation
des échantillons, une méthode de double compactage a été utilisée où la compression est
appliquée des deux côtés pour obtenir une densité plus uniforme dans les échantillons.
Une pression de compactage de 5 MPa a été choisie, pression classique pour les blocs de
terre comprimée. Dans la première étape, 80% de la pression totale, c’est-à-dire 4 MPa est
appliquée d’un côté et dans la deuxième étape, 100% de la pression totale est appliquée
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des deux côtés. Des échantillons cylindriques de diamètre 5 cm, hauteur 10 cm et des
échantillons prismatiques de 6 cm x 6 cm x 3 cm ont été préparés. Cette méthode de
préparation des échantillons présente les avantages suivants:

• Plus d’uniformité de densité dans l’échantillon contrairement au compactage dy-
namique.

• Les échantillons ont été préparés avec une très bonne répétabilité (l’écart type max-
imum sur la densité est de 1,74% a été observé entre les échantillons) alors qu’en
compactage dynamique l’écart type pouvait atteindre 11% [76].

• Un meilleur contrôle de la pression de compactage.

• Les échantillons ont une masse volumique sèche (ρm=1908 kg/m3) représentative
d’un mur de pisé réel (ρwall= 1700-2200 kg/m3) [36].

Afin de représenter l’état hydrique, le paramètre succion totale a été utilisé. Succion totale
est définie comme le potentiel thermodynamique de l’eau libre par rapport au potentiel
de référence de l’eau libre. Il est composé de deux parties:

1. Succion matricielle : due aux effets combinés de la capillarité et des effets d’adsorption
à courte portée. Les effets d’adsorption à courte portée sont négligés car ils sont per-
tinents à de très faibles valeurs de teneur en eau lorsque l’eau interstitielle adsorbée
est principalement sous la forme de films minces recouvrant la surface des particules.
Ainsi, la succion matricielle est définie comme la pression capillaire, c’est-à-dire la
différence de pression d’air et d’eau interstitielle.

2. Succion osmotique : due aux solutés dissous dans l’eau interstitielle et à l’activité
chimique du sol entraînant des forces sur les molécules d’eau. En général, de l’eau
distillée est utilisée ainsi et le composant osmotique est considéré comme nul.

Afin de contrôler la succion, une méthode d’équilibre liquide-vapeur a été utilisée.
Dans cette méthode, l’humidité relative de l’atmosphère est contrôlée et imposée autour
de l’échantillon. Cette méthode est réalisée en utilisant des solutions salines. La solution
aqueuse saturée de différents sels (tableau 3.4) permet de contrôler l’humidité relative de
l’air autour des échantillons de 9% à 97,3%. La relation entre l’équilibre de l’humidité
relative de l’air interstitiel et la succion imposée à l’éprouvette est basée sur l’équilibre
thermodynamique de Kelvin (équation 3.12).

Les résultats des différents tests afin de déterminer la variation des paramètres
apparents avec la succion sont discutés ici.
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7.1.1 Test de résistance à la compression non confiné (UCS)

En tant que tendance globale de la variation de la résistance à la compression non confinée
avec succion, on peut voir sur la figure 3.23 que la résistance à la compression diminue
de manière significative avec la diminution de la succion. La valeur UCS varie de 0,35
MPa à 5,25 MPa pour une succion passant de 0,328 MPa à 331,3 MPa. Elle peut être
liée au gain de résistance des structures en terre dans un bâtiment à partir de la date
de fabrication (correspondant à une teneur en eau d’environ 11-13%) jusqu’à un état de
longue durée, après plusieurs semaines de séchage (avec un teneur en eau d’environ 2%).
Inversement, cela peut également être lié à la perte de résistance mécanique pour une
entrée d’eau inhabituelle dans le matériau. De même, le module tangent initial augmente
de manière non linéaire de 0,015 GPa à 1,37 GPa lorsque la succion augmente de 0,328
MPa à 331,3 MPa (figure 3.25). Cela indique que la terre battue gagne en force et en
rigidité avec la succion.

7.1.2 Essai de cisaillement direct (DST)

Un test de cisaillement direct a été réalisé sur 63 échantillons à 7 états de succion dif-
férents. Dans cet essai, l’échantillon est cisaillé tandis qu’une valeur constante de con-
trainte normale est appliquée et la résistance au cisaillement est déterminée. En utilisant
la théorie de la résistance au cisaillement de Mohr-Coulomb, où une partie de la résistance
au cisaillement dépend de la cohésion entre les particules et une autre partie est due au
frottement entre les particules qui dépend de la contrainte normale (équation 3.14). En
utilisant cela, la cohésion et l’angle de frottement ont été déterminés.

La valeur moyenne de cohésion des échantillons augmente de 0,383 MPa à 0,84
MPa avec une tendance linéaire lorsque l’état de succion passe de 3,8 MPa à 331,3 MPa
(figure 3.31a). Ce comportement est justifiable à partir de la théorie de la contrainte
effective généralisée, car il existe une cohésion capillaire supplémentaire induite par la
saturation partielle de la terre, qui contribue pour une part importante à la résistance au
cisaillement. De plus, on peut observer qu’il y a un moindre écart type dans les résultats
pour les échantillons conditionnés à des états de succion inférieurs (humidité relative
plus élevée). Alors que pour les échantillons conditionnés à des états de succion plus
élevés (humidité relative plus faible), il y a un plus grand écart type dans les résultats.
Ce comportement a également été observé dans les résultats d’essais de résistance à la
compression non confinés (figure 3.23). Ceci peut probablement s’expliquer par le fait
qu’un état sec du matériau induit un comportement fragile. En conséquence, la défaillance
est plus localisée et donc affectée par de petits défauts dans la matière, et sa distribution
aléatoire est responsable d’une dispersion des résultats de résistance. Au contraire, les
échantillons plus humides sont ductiles, ce qui induit une rupture plastique concernant la
masse globale du matériau. Dans ce cas, les valeurs par défaut ont moins d’influence et
les résultats présentent un moindre écart. De plus, on observe également une variation
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significative de l’angle de frottement apparent moyen qui varie de 43◦ à 63◦ avec une
tendance non-linéaire (l’effet a tendance à se stabiliser à partir de 100 MPa de succion)
lorsque la succion varie de 3,8 MPa à 331,3 MPa (figure 3.31b). Un écart type plus grand
pour les échantillons conditionnés à un état de succion plus élevé et vice-versa a également
été observé dans les résultats de l’angle de frottement apparent.

7.1.3 Test triaxial non saturé

Les tests triaxiaux ont été réalisés sur 21 échantillons à 7 états de succion. Ce test présente
divers avantages par rapport aux tests de cisaillement direct car il n’y a pas de surface
de rupture prédéfinie et un meilleur contrôle des conditions de drainage. Ce test a été
réalisé en deux étapes. Dans la première étape, trois pressions de confinement différentes
(σ3) de 0,2 MPa, 1 MPa et 1,5 MPa ont été appliquées aux trois échantillons testés pour
chaque condition de succion initiale. Dans la 2ème étape, le déviateur de contrainte a été
appliqué (q = σ1 − σ3), avec une vitesse de déplacement axial de 0,1428 mm/min.

En utilisant la valeur de σ1 et σ3, les cercles de Mohr ont été tracés et la valeur
apparente de la cohésion et l’angle de frottement ont été déterminés. La valeur de co-
hésion apparente augmente de 0,5 MPa à 1,8 MPa avec succion (figure 3.37a). Le taux
d’augmentation de la cohésion est plus élevé au début à des valeurs de succion inférieures.
Ce taux d’augmentation de la cohésion diminue avec la succion, et la cohésion augmente
à un taux plus lent à des valeurs de succion plus élevées. Cela est dû au fait que la
cohésion supplémentaire induite par la succion augmente avec la succion, mais il y a une
limite à cette contribution. À des valeurs de succion plus élevées, le degré de saturation
de l’échantillon est plus faible. Ainsi, bien que la succion augmente, elle agit sur une plus
faible proportion d’eau.

En revanche, il n’y a pas de modification significative de l’angle de frottement. La
valeur de l’angle de frottement varie entre 31◦ et 37◦ avec une plus grande variation pour
une faible succion et presque aucune variation à partir de 50 MPa (figure 3.37b). De plus,
il apparaît que les valeurs de c et φ à un état de succion particulier sont différentes pour
les tests de cisaillement direct (effectués à une contrainte normale inférieure) et les tests
triaxiaux non saturés (réalisés à une contrainte normale plus élevée). Ce comportement
indique qu’il y a non-linéarité dans l’enveloppe de rupture (plan τ − σn).

7.1.4 Test triaxial saturé

Les paramètres de cisaillement intrinsèque ont été déterminés à l’aide d’essais triaxi-
aux saturés. C’est un test indirect pour appliquer une contrainte efficace au squelette
granulaire. Ce test a été réalisé en 3 étapes. Dans la première étape, la saturation de
l’échantillon a été effectuée. Dans la 2ème étape, différentes valeurs de pressions de con-
finement effectives (σ′3 = 100, 200, 300 et 1500 kPa) sont appliquées. Dans la troisième
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étape, la pression de confinement est maintenue constante et une contrainte déviatorique
est appliquée à une vitesse constante de déplacement axial de 0,1428 mm/min.

Les paramètres efficaces ont été évalués comme c’ = 43,91 kPa et φ′= 32,53◦, qui
sont bons du point de vue de la mécanique des sols. Ces valeurs obtenues sont similaires
à celles de Gerard et al. 2015 [14], ce qui se justifie car la distribution granulométrique
des deux sols utilisés est similaire.

7.1.5 Vers une modélisation constitutive

Afin d’utiliser les résultats décrits précédemment pour la modélisation constitutive, le
premier point de discussion est la non-linéarité de l’enveloppe de défaillance. Le Mohr-
Coulomb linéaire a été modifié, où la cohésion et l’angle de frottement ne sont pas des
valeurs constantes mais dépendent de la contrainte normale (équation 3.22 et 3.23). σc est
un paramètre d’ajustement défini comme la contrainte normale après laquelle la résistance
au cisaillement n’augmente pas. En utilisant cela, l’enveloppe de défaillance non linéaire
est tracée pour tous les états de succion avec l’enveloppe saturée (figure 3.44). L’influence
de la succion est représentée sur la base du décalage de l’enveloppe de défaillance par
rapport à l’enveloppe de défaillance saturée.

Pour la modélisation constitutive, l’approche utilisée pour analyser la réponse
mécanique est l’approche des contraintes effectives généralisées. Dans cette approche, une
seule contrainte effective définit l’état de contrainte d’un milieu poreux multiphase tel que
la contrainte effective de Bishop (équation 3.24). Dans cette équation, χ est le paramètre
de contrainte effective dépendant du degré de saturation. En utilisant l’enveloppe de
rupture du test triaxial saturé et les cercles de Mohr dans la référence d’état de contrainte
effective du test triaxial non saturé, la valeur de χ peut être déterminée à partir de
la relation géométrique. Une relation de puissance a été observée et ainsi la valeur de
χ = S1.9081

l a été déterminée. Enfin, l’expression du stress effectif de Bishop s’écrit comme
suit:

σ′ij = σij + (Sl)
1.9081sδij (7.1)
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7.2 Etude expérimentale à l’échelle structurelle sur
colonnes

Le comportement hydromécanique des colonnes de pisé à une échelle de volume d’élément
représentatif (REV) a été étudié. L’objectif est d’évaluer la capacité mécanique d’une
colonne de pisé soumis à une sollicitation de séchage reproduisant un processus de séchage
1-D comme dans un véritable mur de pisé de terre.

Le plan expérimental comprend le test de 9 colonnes de pisé. Il comprend
l’échantillon testé sans aucun séchage (jour 0) et séchage à différentes durées, c’est-à-
dire jour 13, jour 31 et jour 62. À chaque durée, les échantillons ont été comprimés avec
des cycles de déchargement-rechargement. Les échantillons soumis au séchage ont été
recouverts de paraffine sur 4 faces afin d’imposer un séchage 1D. Un échantillon supplé-
mentaire a été préparé que l’on a laissé sécher de tous les côtés jusqu’à séchage complet
pour déterminer la résistance à la compression et la teneur finale en eau après séchage
complet. Les échantillons ont été compactés avec la méthode de compactage dynamique à
l’aide d’un marteau pneumatique en 4 couches à l’intérieur d’un moule en bois fait maison.
Les échantillons soumis au séchage étaient également équipés de capteurs capacitifs SHT
au milieu de la 3ème couche à une distance de 3,5, et à 7 cm de la face de séchage. Les
échantillons ont été laissés à sécher dans un environnement fermé à une humidité relative
ambiante (HR) de 65% et à une température de 15,5◦C.

7.2.1 Comportement au séchage

Il a été observé que pendant la phase initiale de séchage, il y avait des changements
minimes dans l’HR, et après deux semaines, la variation de l’HR pouvait être observée.
Alors que la teneur en eau des échantillons a été réduite à environ la moitié de la teneur
initiale en eau. Cela a été attribué au fait que l’incertitude dans la mesure de l’HR à des
valeurs plus élevées était plus grande. Ainsi, les lectures du capteur ont été corrigées en
utilisant des barres d’erreur dans les mesures. Ces capteurs sont moins pertinents au début
du séchage à partir de l’état de fabrication car le signal est toujours saturé. Cependant,
pendant la durée de vie utile du bâtiment, ils sont pertinents. En ce qui concerne la
cinétique de la phase de séchage, 50% du séchage a eu lieu dans les 10 premiers jours et
au bout de 62 jours, le séchage était d’environ 96% atteint asymptotiquement vers la fin.

7.2.2 Comportement de compression

La résistance à la compression des colonnes de pisé a été étudiée après séchage par convec-
tion naturelle. Il a été observé que la résistance à la compression augmente sensiblement
après deux semaines de séchage. Le taux d’augmentation du gain de résistance était
plus élevé au début de la phase de séchage, puis il diminue en conséquence, et la résis-
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tance tend vers une valeur asymptotique finale. Ceci est dû à la cohésion induite par
succion supplémentaire en raison de la saturation partielle du sol. Deux semaines de
séchage ont suffi pour atteindre 63% de la résistance obtenue après un séchage complet.
La variation de la résistance à la compression des échantillons testés avec des cycles de
déchargement-rechargement était similaire, bien que la résistance de ces échantillons était
soit similaire, soit inférieure à celle des échantillons testés sans cycles. Cela pourrait être
dû à l’introduction de capteurs dans ceux-ci qui auraient pu interférer avec les essais mé-
caniques et conduire à une détérioration des paramètres mécaniques. Le module tangent
a montré une variation similaire à la résistance à la compression. Il a augmenté à une
vitesse plus élevée au début du séchage et tendant par conséquent vers une valeur asymp-
totique. Outre le comportement quantitatif, le comportement qualitatif des colonnes a
également été affecté. Il est passé de plus de plastique à plus fragile avec le séchage, ce
qui a également été observé dans l’étude à l’échelle du matériau.

7.3 Simulation du comportement de séchage et de com-
pression des colonnes de pisé

L’objectif de cette partie est de simuler le comportement de séchage et de compression des
colonnes de pisé en utilisant CODE_BRIGHT qui est un code FEM pour les problèmes
couplés thermo-hydro-mécaniques dans les milieux géologiques.

En ce qui concerne les aspects théoriques du modèle, les différentes équations
d’équilibre utilisées étaient la quantité de mouvement de masse et la conservation de
l’énergie. Les différentes équations constitutives utilisées sont résumées ici. Pour le flux
advectif liquide, la loi de Darcy (équation 4.8) a été utilisée. Pour le flux diffusif de
vapeur d’eau en phase gazeuse, la loi de diffusion de Fick (équation 4.12) a été utilisée.
Pour le flux de chaleur conductrice, la loi de Fourier (équation 4.14) a été utilisée, où la
conductivité thermique dépend du degré de saturation et de porosité. Le comportement
de rétention a été modélisé en utilisant le modèle de Van Genuchten (équation 4.9) et la
conductivité hydraulique insaturée en utilisant le modèle de Mualem (équation 4.10) qui
a utilisé la perméabilité intrinsèque et les paramètres du modèle de Van Genuchten.

Concernant le modèle mécanique, un modèle constitutif mécanique linéaire élas-
tique parfaitement plastique a été utilisé. Les paramètres du modèle viscoplastique ont
été ajustés pour obtenir le modèle de plasticité. Une surface de rendement Drucker-Prager
basée sur les paramètres de Mohr-Coulomb a été utilisée. L’expression de la résistance au
cisaillement a été modifiée pour tenir compte de l’augmentation non linéaire de la cohé-
sion apparente avec succion et incorporer l’expression de la contrainte effective de Bishop
[90].

Pour ces simulations, 7 paramètres devaient être déterminés expérimentalement
tandis que les autres étaient tirés de la littérature ou une valeur classique a été utilisée.
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Tous les paramètres et la méthode de détermination sont mentionnés dans le tableau 4.5.

7.3.1 Simulation de phase de séchage

Pour la phase de séchage, des conditions aux limites atmosphériques ont été utilisées en
raison desquelles la succion à la limite a atteint son stade final progressivement, ce qui
est plus réaliste qu’une condition de succion imposée à la limite. La valeur du coefficient
de transfert de chaleur / masse a été ajustée pour s’adapter aux résultats expérimentaux
tout en étant cohérente avec les lignes directrices de la littérature pour la convection
naturelle dans un environnement intérieur. Un ajustement satisfaisant avec les résultats
expérimentaux a été obtenu pour le séchage après prise en compte des incertitudes dans
les mesures des capteurs. Il a fallu environ 160 jours pour que les colonnes sèchent com-
plètement pour les conditions limites de séchage 1D. De plus, en utilisant cette approche
numérique, il est possible de reproduire le séchage de n’importe quelle configuration de
pisé.

7.3.2 Simulation de phase de compression

Pour les simulations de phase de compression, les paramètres mécaniques utilisés sont issus
de la vaste campagne expérimentale réalisée sur des échantillons cylindriques à l’échelle du
matériau. Le modèle n’a pas été en mesure d’incorporer la variation du module élastique
avec la succion, et donc seule la contrainte de rupture a été prédite et non la courbe
contrainte-déformation. La résistance à la compression obtenue à partir de la simulation
était supérieure aux résultats de résistance expérimentale des essais avec et sans cycles
de déchargement-rechargement. Pourtant, la tendance à la variation de la résistance à
la compression avec la durée du séchage a été reproduite assez bien. Les paramètres de
simulation ont été déterminés sur de petits échantillons compactés statiquement, alors
que la colonne est compactée dynamiquement en couches. Ainsi, les différentes raisons de
la surestimation de la résistance à la compression pourraient être la différence de méthode
de compactage, d’effet d’échelle, de couches et d’hétérogénéité.

En ce qui concerne l’expression de χ, la valeur R-carré de l’ajustement était de
0,88, ce qui est faible. Ainsi, un intervalle de 10% a été choisi et l’analyse de sensibilité
pour le paramètre de contrainte effective χ a été effectuée pour α± 5%α soit α = 1,8127
et α = 2,0035. Pour un petit changement de la valeur de χ, il y a un changement très
significatif de la valeur de la résistance à la compression. Ainsi, les simulations de phase
de compression sont très sensibles au paramètre de contrainte effective χ. Les résistances
à la compression issues des simulations à χ = S2.0035

l sont très proches des résultats
expérimentaux sauf en phase initiale de séchage.

De plus, l’expression de χ choisie pour l’étude ne correspond pas bien aux ré-
sultats expérimentaux au degré de saturation de compactage. Pour cette raison, les
résultats de la simulation de la résistance à la compression aux conditions de compactage
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sont considérablement surestimés. Ainsi, afin de prédire plus précisément la résistance
à la compression des colonnes, une expression différente pour χ doit être utilisée, qui
correspond mieux aux résultats expérimentaux à une plage plus élevée de degré de satu-
ration. De plus, d’autres tests doivent être effectués à proximité du degré de saturation
de compactage pour déterminer χ avec précision.

7.4 Étude de cas: simulations couplées THM de murs
en pisé

Une méthodologie a été développée afin de déterminer la période de séchage nécessaire
pour que les murs acquièrent suffisamment de résistance pour construire le plancher suiv-
ant, ce qui est un problème pratique important dans la construction en pisé. À cet égard,
des simulations couplées THM de deux configurations de murs différentes ont été réal-
isées dans des conditions environnementales ‘chaudes’ (Tmoyenne = 20◦C , HR = 60%) et
‘froides’ (Tmoyenne = 5◦C , HR = 85%) en tenant compte d’un critère de sécurité selon
une approche similaire du Guide des Bonnes Pratiques [25].

Pour un seul mur soumis à un séchage ‘chaud’, une période de séchage de 3 à 4
mois était nécessaire selon nos résultats. Cette période est également recommandée dans
le guide de bonnes pratiques [25]. Alors que, par temps ‘froid’, une période de séchage
d’environ 6 mois était nécessaire selon nos résultats et nos conditions météorologiques.
Ce n’est pas raisonnable car la période hivernale au Bourget-du-Lac n’est pas si longue.
Néanmoins, le guide de bonnes pratiques indique qu’il n’est pas raisonnable de construire
en hiver [25].

Pour deux murs assemblés à angle droit, une période de séchage de plus de 8 mois
a été déterminée dans des conditions ’chaudes’. Alors que dans les conditions ’froides’, la
durée obtenue serait plus élevée. Ainsi, il a été déduit qu’il faut un temps important pour
que les murs sèchent suffisamment pour construire un plancher supplémentaire en tenant
compte du critère de sécurité proposé. Cela ne semble pas raisonnable dans les conditions
de construction d’aujourd’hui. Par conséquent, ce critère de sécurité est trop prudent et
très éloigné du critère de rupture ultime du matériau. Néanmoins, notre approche permet
d’objectiver les conditions de séchage d’un mur en pisé, ce qui est très important pour les
travaux futurs qui sont évoqués comme suit:

• Dans ces simulations, le rayonnement solaire et les précipitations n’ont pas été pris
en compte, ce qui peut être pris en compte pour améliorer l’analyse.

• La valeur du coefficient de transfert de chaleur / masse de surface a été tirée de la lit-
térature, qui était de nature légèrement conservatrice. Ainsi, il peut être déterminé
pour les conditions réelles en tenant compte de la vitesse du vent.
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• Utilisation des conditions météorologiques réelles variant dans le temps au lieu d’une
valeur constante de l’humidité relative et de la température.

• Un critère de sécurité moins prudent peut être proposé sans compromettre significa-
tivement le facteur de sécurité. De cette manière, la durée de séchage requise sera
considérablement réduite tout en étant encore loin de l’état de rupture ultime.

Enfin, afin de réaliser cette analyse numérique, 7 paramètres doivent être déter-
minés expérimentalement. Une synthèse des tests requis est décrite comme suit :

• Détermination de la courbe de rétention d’eau du sol pour toute la plage de succion.
La plaque de pression (2 tests) et la méthode de la solution saline (7 tests) étaient
toutes deux nécessaires pour déterminer les points de valeurs de succion faibles et
élevées, respectivement.

• Détermination de la perméabilité intrinsèque du matériau (3 tests). Un appareil
triaxial a été utilisé afin de saturer l’échantillon de pisé et d’imposer une pression
différentielle à travers les limites.

• Essais de résistance à la compression non confinée (3x8) et essais triaxiaux insat-
urés (3x7) sur des échantillons à différents états de succion. À l’aide de ces tests,
l’expression du paramètre de contrainte effective en fonction du degré de saturation
est déterminée.

• Essais triaxiaux saturés (4) pour déterminer la valeur intrinsèque de la cohésion et
de l’angle de frottement.
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Figure A.1: Axial stress vs deformation curve for the unconfined compressive strength
test conducted at different initial suction states
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Figure A.2: Determination of initial Young’s modulus and secant modulus for the uncon-
fined compressive strength test conducted at different initial suction states
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Figure B.1: Shear stress vs shear deformation curve during the direct shear tests for all
samples of series 1

205



206 Appendix B. Results of DST test

0 1 2 3 4 5 6 7 8 9 10
0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4

1,6

1,8

0 1 2 3 4 5 6 7 8 9 10
0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4

1,6

1,8

0 1 2 3 4 5 6 7 8 9 10 11 12
0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4

1,6

1,8

0 1 2 3 4 5 6 7 8 9 10
0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4

1,6

1,8

0 1 2 3 4 5 6 7 8 9 10
0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4

1,6

1,8

0 1 2 3 4 5 6 7 8 9 10 11
0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4

1,6

1,8

0 1 2 3 4 5 6 7 8 9 10 11
0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4

1,6

1,8

Sh
ea

r s
tre

ss
 (M

Pa
)

Deformation (%)

 0,139 MPa
 0,417 MPa
 0,556 MPa

s= 3,8 MPa, RH = 97,3%Normal stress

Sh
ea

r s
tre

ss
 (M

Pa
)

Deformation (%)

 0,139 MPa
 0,417 MPa
 0,556 MPa

Normal stress s= 23,4 MPa, RH = 84,34%
Sh

ea
r s

tre
ss

 (M
Pa

)

Deformation (%)

 0,139 MPa
 0,417 MPa
 0,556 MPa

Normal stress s= 39 MPa, RH = 75,3%

Sh
ea

r s
tre

ss
 (M

Pa
)

Deformation (%)

 0,139 MPa
 0,417 MPa
 0,556 MPa

Normal stress s= 75,9 MPa, RH = 57,6%

Sh
ea

r s
tre

ss
 (M

Pa
)

Deformation (%)

 0,139 MPa
 0,417 MPa
 0,556 MPa

Normal stress s= 153,4 MPa, RH = 32,8%

Sh
ea

r s
tre

ss
 (M

Pa
)

Deformation (%)

 0,139 MPa
 0,417 MPa
 0,556 MPa

Normal stress s= 205,3 MPa, RH = 22,51%

Sh
ea

r s
tre

ss
 (M

Pa
)

Deformation (%)

 0,139 MPa
 0,417 MPa
 0,556 MPa

Normal stress s= 331,3 MPa, RH = 9%

Figure B.2: Shear stress vs shear deformation curve during the direct shear tests for all
samples of series 2
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Figure B.3: Shear stress vs shear deformation curve during the direct shear tests for all
samples of series 3



Appendix C: Results of unsaturated triaxial test
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Figure C.1: Deviator stress vs axial strain curve for all samples tested in the unsaturated
triaxial tests (Unconsolidated undrained) at 7 different initial suction states
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Appendix D: SHT sensors calibration
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Figure D.1: Relative humidity calibration factors for SHT sensors 0-4
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Figure D.2: Relative humidity calibration factors for SHT sensors 5-9
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Figure D.3: Temperature calibration factors for SHT sensors 0-4
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Figure D.4: Temperature calibration factors for SHT sensors 5-9



Appendix E: Calculation of vertical stress from subse-
quent floor construction (GBP Pisé, 2018)

In Guide de Bonnes Pratiques (GBP), Pisé [25], an example of stress calculation for
subsequent floor is mentioned. The plan and elevation of the 2 floor building (Ground
floor+1) is shown in figure E.1.

Figure E.1: Plan and elevation of the 2 floor building (ground floor+1) taken from GBP
Pisé, 2018 [25] for the estimation of vertical stress

The building is 6 m high and the base is of dimensions 6 m x 12 m. The
Perimeter (P) = 36 m and area (A) = 72 m2. The walls are taken 50 cm thick and 30%
are considered 1 m from the ground surface. Considering the density of rammed earth as
2000 kg/m3, the load per meter length (Wd) of wall due to its self weight can be calculated
as:

Wd = 6× 0.5× 2000 = 6000 kg/m

The load from the roof and wooden floor including the roof and wooden floor (self-weight,
operating, and climatic loads) are calculated here. It is considered that the load from
floors and the frame are only taken by the gutter walls (2 x 12m). The vertical stress
from the roof (wr) is taken as 150 kg/m2, and from the wooden floor (wf ) is taken as
250 kg/m2. The total stress from this combination is wr+f = 400 kg/m2. Thus load per
meter length (Wl) can be calculated for for the gutter walls as follows:

Wl =
400× (12× 6)

12× 2
= 1200 kg/m

The total load per meter length (w) can thus be determined:

W = Wd +Wl = 6000 + 1200 = 7200 kg/m

One meter of wall which is 50 cm thick has a bearing surface of 5000 cm2. If 30% openings
are considered, 1 m of wall has a bearing surface of 3500 cm2. The final resulting stress
(σv) is taken as:

σv = 7200/3500 = 2.06 kg/cm2 = 0.2 MPa
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