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Abstract

Rammed earth is one of the numerous earth building technics. In these days, earth presents a growing
interest as a construction material due to its enormous ecological benefits. Despite of them, rammed
earth remains sensitive to hydric conditions which affect its mechanical performances. In this context,
this thesis deals with the effect of hydric conditions on the mechanical properties of rammed earth
structures.

For this, a series of experimental campaigns, at three scales (from material scale to large scales close to
a real building), have been undertaken to understand the link between mechanical behaviour and
hydric solicitation. The hydric state was represented by a state variable known as suction adopted in
this work to facilitate the understanding of water on mechanical behaviour via coupled hydro-
mechanical approaches.

The experimental approach aimed to reproduce what happens in real rammed earth building
interacting with varying ambient conditions, for example, initial drying after construction and capillary
rise of water through the wall. Experimental results show the evolution of mechanical performance
with respect to time and hydric state during the initial drying. An increase of both compressive strength
and modulus by a factor of 12 from the initial moist state to the dry state was observed, with a rapid
increase in the 4 first weeks.

New observations were made on the viscous behaviour (such as creep effect) of rammed earth and their
dependency on the hydric state. On the other hand, capillary rise experiments show a decrease in
mechanical resistance of 95%. When samples dried after capillarity, they showed restoration in
compressive strength by 85% of the original dried samples. In consequence, a loss of strength capacity
is observed under the capillary rise cycle. This contributes to explain many pathologies encountered on
rammed earth structures, but gives argument for water diagnostic in the field and pathologies solving

Finally, a comparison of results at all scales was done, the parameters required for modelling hydro-
mechanical behaviour were then presented at each scale which can contribute to go further in future
hydro-mechanical numerical models.

iii



Résumeé

Le Pisé est I'une des nombreuses techniques de construction en terre. De nos jours, la terre présente un
intérét croissant en tant que matériau de construction en raison de ses énormes avantages écologiques.

Malgreé cela, le pisé reste sensible aux conditions hydriques qui affectent ses performances mécaniques.

Dans ce contexte, cette these traite de l'effet des conditions hydriques sur les propriétés mécaniques des
structures en pisé. Pour cela, une série de campagnes expérimentales, a trois échelles (de 1'échelle
matérielle aux grandes échelles proches d'un batiment réel), a été entreprise pour comprendre le lien
entre le comportement mécanique et la sollicitation hydrique. L'état hydrique a été représenté par une
variable d'état appelée succion adoptée dans ce travail pour faciliter la compréhension de l'eau sur le
comportement mécanique via des approches couplées hydro-mécaniques.

L'approche expérimentale visait a reproduire ce qui se passe dans un batiment en pisé réel interagissant
avec des conditions ambiantes variables, par exemple, le séchage initial aprés la construction et la
remontée capillaire de l'eau a travers le mur. Les résultats expérimentaux montrent 1'évolution des
performances mécaniques en fonction du temps et de I'état hydrique pendant le séchage initial. Une
augmentation de la résistance a la compression et du module par un facteur de 12 entre I'état humide
initial et 1'état sec a été observée, avec une augmentation rapide au cours des 4 premieres semaines.

De nouvelles observations ont été faites sur le comportement visqueux (tel que I'effet de fluage) de la
terre battue et leur dépendance a I'état hydrique. D'autre part, les expériences de remontée capillaire
montrent une diminution de la résistance mécanique de 95%. Lorsque les échantillons ont séché apres
les remontées capillaires, ils ont montré une restauration de la résistance a la compression de 85% par
rapport aux échantillons séchés d'origine. Par conséquent, une perte de capacité de résistance est
observée lors du cycle de remontée capillaire. Ceci contribue a expliquer de nombreuses pathologies
rencontrées sur les structures en pisé, mais donne des arguments pour le diagnostic de l'eau sur le
terrain et la résolution des pathologies.

Enfin, une comparaison des résultats a toutes les échelles a été effectuée, les parametres requis pour la

modélisation du comportement hydromécanique ont été présentés a chaque échelle, ce qui peut
contribuer a approfondir les futurs modeles numériques hydromécaniques.
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Chapter 1

1. Introduction

1.1. Environmental impacts of the building sector

The building sector plays an important role in contributing to COz emissions. In France particularly, the
building sector is the leading consumer of energy representing 44% of the total energy consumed and
is responsible for 23% of CO2 emissions according to ADEME [1]. Globally, the building sector accounts
for approximately 39% of total CO2 emissions in 2018 according to the Global Alliance for Buildings and
Construction report [2].

The emission of CO:z in the building sector can be divided into two sources; First, energy used in the
operation of the building (for heating, cooling, and powering the buildings) represent about 28% of all
global CO: emission. Secondly, the resources consumed during the construction of buildings (for
material and transportation) contribute to around 11% of all global CO2emissions [3].

As the world’s population approaches 10 billion, the global building demand is expected to double in
size. Without radical changes to the way the building sector operates, the amount of resources
consumed is expected to double thus significantly increasing CO: emissions and climate change.
Decarbonising the building sector is therefore crucial in an approach to mitigate the worst effects of
climate change.

One way toward decarbonising the building sector is to reduce operational energy by adopting energy-
efficient buildings. To enforce the construction of energy-efficient buildings, various thermal
regulations and energy performance requirements for new buildings have been implemented to limit
the CO2 related to the operation of the building.

For example, France has set an objective of reducing 28% of the energy consumed by residential-tertiary
buildings by 2030 as compared to 2010, with the ambitious aim to achieve carbon neutrality by 2050 [4].

The target will ensure proper implementation of the 2012 Thermal Regulations (RT 2012) [1], which
made it possible to set a target for reducing energy consumption for new buildings built after 2012 (by
a factor of 2 to 4), until its replacement by new Environmental Regulation (RE 2020) [5]. Globally, in
2018 the World Green Building Council launched the Net Zero Carbon Buildings Commitment to
inspire and promote advanced climate leadership focused on achieving net zero operational CO:2 of
buildings [3].

The emission from operational buildings was first considered because of their predominance, but the
emissions directly linked to the construction of the buildings must also be considered. Therefore,
another way toward decarbonising the building sector is to reduce emissions during construction
(including construction materials and transportation). Currently, the main building material used is
cement concrete, and the production of cement involves heating limestone to high temperatures (about
1450°C). This process releases significant amounts of CO: into the atmosphere, representing 5% to 10%
of global CO:zemissions making it the second-largest industrial emitter after the steel industry [6], [7].
In addition, transporting raw materials required to cement concrete generates CO2 emissions due to the
fuel consumed by the vehicles used for transportation. These emissions related to construction can be
reduced by adopting more ecological and locally available building materials such as earthen materials.
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1.2. Earth buildings as an alternative (Why earth buildings?)

Earth building is the technique of construction using raw earth. It is low technology, and easy to work
with using simple tools to construct structural walls. Thus, raw earth is considered to be one of the most
important construction materials in the history of mankind. It has been successfully used around the

world for over 11,000 years [8].

Today, raw earth remains an important building material. Nearly one-third of the world’s population
lives in buildings made of raw earth [9]. Earth is regaining interest as a building material, not only in
developing countries, where due to its low cost, but also in modern societies where, for reasons of
sustainability, it has an important advantage as opposed to conventional building materials [10]. The
benefits of earth buildings extend from environmentally friendly as well as to the construction industry

as summarized below:
¢ Low embodied energy

The total energy that is expended during the manufacturing of a building is known as embodied energy.
This includes mining, manufacturing, and transporting construction materials. These processes
consume high energy and result in about 11% of total Green House Gases emissions [11]. Earthen
buildings are known to have low embodied energy since they don’t require cement for construction,
and the availability of earthen material in the nearby local area makes the transportation cost relatively
low. To put it in perspective, it is said that earthen materials require about 1% of the energy needed for

the construction and transportation of cement-based materials [12].
¢ Reduced operational energy

Earth buildings can control their indoor environments through the buffering of temperature and relative
humidity. These buildings have a high thermal mass and interesting hygro-thermal properties [12] that
contributes to the buffering of interior temperature and relative humidity variations. During the hottest
hours of the day, earthen structures have a greater ability to store heat and return it during the cold
hours of the day. This allows a thermal phase shift between day and night conditions and is responsible
for better thermal regulation. More on this can be found in [13]. On the other hand, when the ambient
RH is high, these walls absorb moisture due to the presence of clay particles, and the absorbed moisture
is released again when the surrounding environment becomes drier. Thus, it helps in maintaining
hygroscopic conditions and hence reduces the energy needed for air conditioning in the building [14].
Regulation of relative humidity also increases internal comfort. The quality of the indoor air (relative
humidity (RH) and temperature) is very essential for the building's inhabitants because it can

significantly influence comfort and health.
e Recyclability

The demolition of buildings contributes to a significant amount of waste. In France for example, the
waste from the building sector was around 42.7 million tons, representing nearly 70% of the non-
hazardous waste produced according to ADEME in 2017 [15]. Recycling and treatment of this waste
require a high amount of energy. Globally, it is estimated that about 35% of the quantities of construction
and demolition waste produced are directed to landfills, without any further treatment [16]. Unlike
conventional construction materials, unstabilized earth can be easily recycled or safely released into the
environment without any treatment. In consequence, a reduction of energy required for recycling earth

materials contributes to the overall low Greenhouse gas emissions.
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e Acoustic insulation

Earth buildings represent a better improvement in sound reduction due to their high density (around
2000 kg.m3) and big thicknesses (b > 25 cm) [12], [17]. In addition, the porous nature of RE results in

excellent sound reverberation characteristics, meaning that it does not generate harsh echoes [18].
e Strength and durability

Earth buildings are known to have relatively low mechanical resistance as compared to conventional
construction materials, for instance, concrete, with characteristic compression resistance which reaches
more than 20 MPa. However, in most cases, the strength of these buildings is enough for a normal house
with few stories. For example, rammed earth building has a characteristic compressive strength of 1 to
2 MPa according to the New Zealand code [19], and Mexico code [20]. it which is sufficient for
constructing 2 to 3 storey buildings. A vivid example of a two-story modern rammed earth building can
be found in Confluence in Lyon (Figure 1.5). Rammed earth building also appears to have a historically
relatively good durability [21], and a satisfactory performance on “very low “ to “moderate” seismicity

zones [22].

1.3. Rammed earth and other types of earth buildings

There are several types of earth constructions exist depending on the compaction method and soil water
proportions. These most common techniques are rammed earth (RE), wattle and daub, cob, adobe, and
compressed earth bricks (CEB). Other techniques include; light straw, earthbags, earth bricks, earthen
floors, and earth plasters and finishes. The distinction between these techniques according to the
classification proposed by Hamard et al. 2016 [23] is shown in Figure 1.1. This classification is based on
the manufacturing water content (Wm) and the implementation technique. Based on manufacturing
water content, there is a dry method where W is less than or near the optimum water content (Wor)
and a wet method in which W is in between the liquid and plastic limit. Based on the mode of

implementation includes masonry units, monolithic walls or infillings.

. Applied after drying Compressed earth
Masonry units - |

blocks
Dry method
(Wi =Wop) i ;
Applied moist
Monolithic wall —[ Rammed earth ]
Masonry units Applied after drying Adobe
Wet method r Applied wet
(W< W, W) Monolithic wall — Cob
Infillings | Applied wet Wattle and daub
Wall overlaying Applied wet Plaster

Figure 1.1: The classification of the earth construction process by Hamard et al. (2016) [23]. W is the
manufacturing water content, Wor is optimum water content, Wp and Wi are the plastic and liquid limit

of soil.
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a. Wattle and daub

Wattle and daub is the oldest earth construction technique that was used for over 6000 years [8]. This
is a technique that consists of a timber frame that forms a load-bearing structure of the building, leaving
the open area to be covered and filled by earth material usually made of wet clayey earth, and sometimes
mixed with animal dung. Figure 1.2a shows the construction of the wattle and daub wall. The timber
frame is known as wattle and the filling material is known as Daub or mud. Depending on the climatic

conditions and if well maintained, a wattle and daub panel should last for a long time.
b. Cob

When the cob technique emerged around the 14th century [24], it tended to replace wattle and daub [8].
In this technique, wet clayey earth materials are malaxed, often mixed with organic fibres (e.g. straw,
reed) to form a plastic earth mix, a lump of this earth mix is then shaped like balls using hands or towel
and is placed directly upon each other to form a structure (see Figure 1.2b). The Cob technique is
relatively simple since it requires very few tools and no formwork or mould needed to create a structure.
However, the cob technique is time-consuming but offers the flexibility of producing walls of variable

shapes.
c¢. Adobe

When the adobe technique emerged, it largely replaced cob [8], [25]. Adobe is an earth construction
technique in which small bricks are made from a mixture of earth with water. The bricks are moulded
by hand in a wooden frame and left to air dry under the sun (see Figure 1.2c). The earth typically
contains sand, silt, clay, and organic material such as straw. Straw is added to reinforce the brick
together and prevent cracking due to uneven shrinkage rate through the brick. Made in a wet state, it

corresponds to cob, but with prefabricated units.
d. Compressed earth blocks (CEBs)

From a historical point of view, CEB is considered to be a recent technique that is an improved form of
the Adobe technique. It emerged in the 18t century. CEBs are formed by compressing a slightly
moistened earth in the desired mould using mechanical or hydraulic presses (see Figure 1.2d). The
pressed blocks have higher density and more mechanical resistance than Adobe bricks (compression
until a few MPa). Blocks are then assembled as masonry structures to build a load-bearing or
freestanding wall.
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Figure 1.2: (a) Wattle and daub [26], (b) Construction of a cob wall by stacking mud balls [10],
(c)Adobe (source: Archaeology Southwest), (d)Compressed earth blocks [27].

e. Rammed Earth buildings

Rammed earth (RE) structures are built by erecting walls by compacting humid earth layer by layer in
between formwork. Figure 1.3 illustrates the fabrication steps of rammed earth. The earth is first mixed
with water up to approximately the optimum gravimetric water content, usually ranging from 4% to
12% [28]. The mixture of moist earth is then poured about 15 — 20 cm into a well-braced formwork and
compacted into layers of approximately 7.5-15 cm [21], [29], [30]. Compaction is achieved either
manually, using a tamper, or mechanically using a pneumatic rammer. New formworks are added
above when one is filled, until achieving the required height, then the formworks can be removed. The

thickness of the rammed earth wall is between 40 and 80 cm.
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Originally, the ramming was done manually by tamping the soil with a long ramming pole, and
formwork is usually made of wood, but in modern construction, metallic formwork and pneumatic-
powered rammers are employed [31]. This allows higher compaction energy to be applied, thus
achieving dense wall structures. Figure 1. shows an example of a traditional rammed earth building.
Modern RE structures are making their way into the building sector, thanks to advancements in
construction technology. In Lyon, France, for example, RE was recently used to construct a multi-story

office structure (Figure 1.5).

(b)

Figure 1.3: Manufacturing process of rammed earth; (a) control the water content, (b) fill into the

(d)

formwork with earth, (c) compact the respective layer, and (d) remove the formwork after all layers

were filled in and compacted [32].

T

Figure 1.4: An example of a traditional rammed earth building located Marsac-en-Livradois, Puy-de-

Dome, France
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Figure 1.5: Modern architectural rammed earth building Confluence in Lyon (source: Clement Vergely

architects/Fabrice Fouillet).

There are two different types of rammed earth: unstabilized and stabilized rammed earth. When the
clay is the only binder agent, and no hydraulic binder is added to the raw earth, it is termed unstabilized
rammed earth or simply rammed earth. When additional binding agents such as cement or lime are
added to the soil mix, it is termed stabilized rammed earth. Stabilization increases the mechanical
strength of rammed earth but comes at a cost of losing most of the environmental benefits, as seen
previously. Among all the different types of earth construction techniques discussed, this thesis work
will focus only on unstabilized rammed earth and will be labelled as rammed earth or ‘RE’ in the present
document.

1.4.Problem (Challenges hindering the adaptation of earth building)

Despite the numerous environmental advantages, RE buildings still face some drawbacks which hinder
their widespread use. One of the biggest limitations is its sensitivity to water which highly affects the
mechanical performance of these buildings. RE is made of raw earth which is a non-cementitious porous
material, which means that water or moisture can easily penetrate inside it and modify the mechanical
equilibrium between grains. Once constructed, RE dries from the initial water content and consequently
gains mechanical capacity. In dry climates, RE structures reach high strength. However, in a wet climate,
RE structures are exposed to highly fluctuating humidity during the lifespan of the building, which
affects the mechanical performance. Also, moisture ingress through the capillary rise, rainfall, and other
weathering effects such as freeze-thaw is responsible for most of the humid pathologies which often
lead to building deterioration. Despite protection such as overhanging roofs and raised foundations to
counteract rainfall and capillary rise, in extreme cases like a flood or possible defects on foundations,
water ingress can cause serious structural damage (Figure 1.7), which can potentially lead to building
collapse. Therefore, it is absolutely important to address the vulnerability of rammed earth structures

with respect to varying hydric conditions.
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Figure 1.6: RE structural collapse due to water accumulation at the wall base, Lyon, France [33].

1.5. Research focus and objectives

This thesis is a part of the VBATCH project funded by ANR (Agence Nationale de la Recherche). The
main objective of the thesis is to study the influence of water on the mechanical behaviour of RE
structures. The study is done through a series of experiments on RE samples, large enough and
structured in layers such as they can be considered representative of RE structures inside a real building.
The aim is to both, on one hand, apply hydric solicitation and monitor the humidity content and, on
other hand, to test mechanical performance. This will help to better understand the coupled hydro-
mechanical behaviour of RE submitted to normal or exceptional solicitation during its life, and besides,
to further deepen the knowledge concerning the interaction between water and grains in a porous

material, in particular in presence of clay.

As said, the experiments aim to test large-scale samples, close to the scale of a real building. In the aim
to reproduce realistic conditions of moisture exposition, two scenarios namely drying and capillary rise

are considered. This leads us to the specific objectives of the present work:

e Drying experiments — The goal is to study how the mechanical behaviour evolves during the
initial drying after the manufacture of RE until reaches equilibrium with the ambient
conditions. The hydric state of the sample is monitored and the mechanical test is performed at

regular intervals.

e Capillary rise experiments — The goal is to design and perform an experiment for capillary rise
on the RE column and wall. This experiment aims at answering these questions: How is the
mechanical resistance evolve during capillary rise? What is the kinetic of moisture rise? Is the

mechanical capacity restored after drying from capillary rise?
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1.6. Thesis layout

This thesis is divided into five chapters as explained below:

Chapter 1 (Introduction): The introduction provides a brief overview of various earthen construction
techniques. Among these techniques, a particular focus is made on the RE technique, its advantages,

and its limitations. Finally, the main objectives of this thesis are outlined.

Chapter 2 (Literature review): This chapter presents the reviews of existing knowledge on the
mechanical behaviours of URE and factors affecting them, notably the hydric state. A detailed review
of previous experimental and numerical studies on the hydromechanical coupling of URE is present.

Subsequently, gaps were found in the literature which leads this thesis work.

Chapter 3 (Soil characterization, Sample preparation and instrumentation): This chapter aims at
identifying the type of earth used, its granulometry, mineralogical composition, and water retention
properties. Two methods for proctor tests are presented to determine the sample manufacturing water
content. Furthermore, the manufacturing process for samples at three scales (material scale, columns
scale, and wall scale) are described. The compaction method at each scale is presented. In additional,

different types of instrumentation for monitoring the hydric state inside the samples are detailed.

Chapter 4 (Influence of drying on mechanical behaviour): In this chapter, instrumented samples
(columns and walls) are dried under specific boundary conditions just after being manufactured. The
hydric state and mechanical behaviour are followed at regular intervals as the sample dries. Results of
mechanical behaviour are discussed and linked with their respective hydric state. New findings on the

viscous behaviour of rammed earth are also presented.

Chapter 5 (Influence of capillary rise on mechanical behaviour): Another kind of experiment known
as the capillary rise is presented. This chapter answers the following questions; how is the evolution of

mechanical resistance during the capillary rise? Is the mechanical resistance restored upon re-drying?

Finally, the general conclusion and perspectives present the synthesis of all the experiments at different
scales that can be used for numerical modelling, then the contribution of the thesis and proposal for

future research work.
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Chapter 2

2. Literature review on coupled hydro-
mechanical behaviour of RE

The objective of this chapter is to present the review of existing knowledge on the mechanical behaviour
of RE and the factors affecting them, notably the hydric state. This chapter will be divided into three
main categories: mechanical parameters of RE, factors affecting the RE mechanical behaviour, and
modelling of the mechanical behaviour of RE. A detailed review of previous experimental and
numerical studies on the hydromechanical coupling of RE is present. Subsequently, gaps were found in
the literature which lead to this thesis work.

Chapter outlines

2.1 Mechanical parameters to characterise RE...........c.cccccoiiiiiiiiiiiiiiincccccccceens 10
2.2 Factors affecting the mechanical behaviour of RE ..., 13
2.3 Mechanical behaviour of RE under varying hydric state...........ccccccocoiiiivnniiiiiiiinnnnnns 18
2.3.1  RE subjected to varying humid conditions............ccocoviviviiiniiiiiiiiiis 18
2.3.2  Suction as a state variable to describe the hydric state ............ccccccoeoivinnniiiiiiiiinnnns 20
2.3.3  Elasto-viSCOPlastiCity.......cccoviiiiiiiiiiiiiiiii e 24
2.34 RE subjected to capillary IiSe ... 27
2.4 Numerical modelling of RE.........c.ccooiiiiiiiiiiiiiiiiiics e 29
2.4.1  Constitutive models for RE materials. ...........ccocouviriiiiriiiiiiiiiece 29

2.4.2  Incorporating suction parameter in modelling the hydro-mechanics behaviour of RE..... 31

2.5 Summary of the main Problematics ...........ccceeiiiiriniriiiicc e 33

2.1 Mechanical parameters to characterise RE

In order to characterise the mechanical behaviour of RE, various parameters are used such as;
compressive strength, Young's modulus, shear strength and tensile strength.

2.1.1 Compressive strength, (fc)

Compressive strength refers to the amount of stress that a material can withstand before it begins to fail.
It is the most widely used parameter for the strength of earth building since it needs to resist
compressive loading under its own weight and holds the weight of the elements above it. Compressive
strength is denoted as fc or UCS (Unconfined Compressive Strength). For RE, there are a lot of works
that investigate this parameter. For example, according to New Zealand standards [19] for RE to be
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used as a construction material, it should have a minimum characteristic compressive strength of 0.5
MPa, a value that is close to Australian standards [34] that recommends a design value between 0.4-0.6
MPa. However, The Zimbabwe Standard Code of Practice for RE Structures [35] requires at least 1.5
MPa to 2 MPa compressive strength for one-storey to two-storey buildings. Table 2.1 summarises the
characteristics of UCS from different standards. It is observed that the minimum UCS required for RE
range from 0.4 MPa to a relatively high value of 2.0 MPa for a storey building. The recommended values
of UCS by different standards can be achieved by the RE structure according to their fc, found
experimentally. Avila et al. (2020) [28] reviewed the UCS values obtained experimentally from different
studies, they observed that the compressive strength of RE range from 1 MPa to 2.5 MPa, excluding
some exceptions (Table 2.2). To conclude, compressive strength is the main parameter used to design
RE, standards recommend a minimum of 0.4 MPa depending on loading conditions. RE has a
compressive strength of up to 2.5 MPa which meets the recommended values.

Table 2.1: Minimum characteristic unconfined compressive Strength recommended by standards.

Minimum UCS required (MPa) Reference
0.7 (Middleton, 1992) [36]
1-2 New Mexico Code, 2001 [37]
04-06 Standards Australia, 2002 [34]
0.5 NZS 4298:1998, 1998 [19]
1.5-2 (1 or 2 storeys) SAZS 724:2001, (2001) [35]

Table 2.2: Compressive strength (fc), Young’s modulus (E) of RE from various authors.

Specimen size pd (kg/m3) fc (MPa) E (MPa) References
10 x10 x 10 cm? 2020-2160 0.75-1.5 - Hall et al. 2004 [38]
15x15x 15 cm3 1970-2110 1.8-2 - Lilley et al. 1995 [39]
®=10cm, H=20 cm 1850 2.46 205 Maniatidis et al. 2007 [40]
®=30cm, H=60 cm 1850 1.9 160 Maniatidis et al. 2008 [41]
®=16cm, H=30 cm 1920 1.7-2.1 460-540 Bui et al. 2014 [42]
30 x 30 x 60 cm? 1760-2027 0.62-0.97 60-70 Maniatidis et al. 2008 [41]
25x 15 x 13 cm? - 2.55 131 Piattoni et al. 2011 [43]
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2.1.2  Young’'s modulus, (E)

Young's modulus, denoted as E, is important because it gives us an indication of the extent of
deformation that will occur based on how much stress is applied. For RE, the recommended design
value of E ranges between 150-500 MPa [11], [19], [44], [45].

However, the values of Young’s modulus reported in the literature have a high dispersion, which is
related to several factors: the heterogeneity of the specimens and the method of measurement ( by the
displacement sensors [46] or by Digital image technique [22]), the method of calculation (tangent
modulus or apparent modulus). Mollion, (2009) [46] used a strain gauge to measure deformation in the
middle third of the RE specimen. Bui et al. (2014) [42] also used a strain gauge, they suggested that the
young modulus of RE should be determined between 0 and 20% of the maximum stress. Other authors
measure Young's modulus using different techniques such as Digital Image Correlation [47] to
determine strain during loading test, or a direct measure of the resonance frequencies of specimens [48].
From all these studies, Young’s modulus for RE appears to be between 1 and 5.5 GPa which is way
higher than the recommended values that lie below 1 GPa. Since RE behave non-linearly with plastic
deformation under loading, its modulus of elasticity is approximated by using the secant modulus or
apparent Young’s Modulus, denoted as E. in this work.

2.1.3 Tensile strength and Shear strength

Like any type of earth construction material, RE has a weak strength under tension and shear
solicitation. This means that RE should not be used for horizontal structure as a lintel or supporting
floor, which undergo traction in their bottom part. Despite being weak, tensile strength and shear
strength are still important for construction in RE to ensure protection from natural risks such as
earthquakes. Although the tensile strength is an important parameter in designing RE, particularly in
seismic conditions [49], itis often neglected and rarely studied. Few authors that studied tensile strength
have concluded that the tensile strength of RE can be considered equal to approximately 10% of its
compressive strength [49], [50]. Based on this criterion and the previous values given for fc, the values
of tensile strength range between 0.1MPa and 0.35 MPa.

The shear strength of RE is also very limited, the Australian standards [34] consider the design value
of shear strength as zero and others use very low values as 0.035 MPa from the New Zealand code [19].
Only a few experimental studies exist on shear strength. For example, Silva et al. (2014) [51] and Miccoli
et al. 2015 [49] conducted a diagonal compression test on RE wallettes to determine the shear strength
(see Figure 2.1). Despite this fact, the few studies that have assessed the shear strength of RE have
obtained results that, although small, are well above the ones recommended by the standards. These
values are between 0.15 MPa and 0.85 MPa [49], [50], [52].

The shear strength is controlled by parameters such as friction angle(¢) and cohesion(c), with the frame
of soil mechanics. Chauhan et al. (2019) [53] performed direct shear strength on a prismatic RE sample
(60 mm x 60 mm x 30 mm), they found the apparent frictional angle which varies from 43° to 63° and
cohesion varies from 0.341 MPa to 0.835 MPa depending on the hydric conditions. El Nabouch et al.,
(2018) [54] performed a direct shear test on a multi-layered RE sample. The sample was dried in ambient
conditions. They found that the apparent cohesion and apparent friction angle obtained at the interface
of the layer (c =24.7 kPa and ¢ = 32.9°) was lower than in the middle of the layer (c = 30 kPa and ¢ =
35.3°). This suggests that RE have relatively lower shear strength at the interface than in the middle of
the layer.
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Figure 2.1: Diagonal compression test on RE wallets, on the right is the illustration of crack patterns at
failure [51].

2.1.4 TPoisson ratio

Poisson's ratio is a measure of the deformation (expansion or contraction) of a material in directions
perpendicular to the specific direction of loading. Poisson's ratio provides insights into the behaviour
of materials under different loading conditions. For example, a material with alow Poisson's ratio (close
to -1 or 0) is generally considered incompressible and does not change much in volume when subjected
to external loads. In contrast, a material with a high Poisson's ratio (close to 0.5) is relatively
compressible and tends to deform more in the lateral direction when subjected to axial loads. For RE, it
is obtained via a uniaxial compression test by measuring vertical and horizontal displacement. Fewer
researches about RE Poisson’s ratio have been led. Concerned studies show values from 0.22 to 0.3,
which is the range for most typical granular material [22], [32], [42]. Champiré et al., (2016) [47] reported
a significantly lower value of Poisson’s ratio ranging from 0.15 to 0.2. This inconsistency could result
due to various factors such as methods for determining strain and the water content of samples at the
time of the test.

2.2 Factors affecting the mechanical behaviour of RE

22.1 Granulometry

Granulometry analysis investigates the composition of different classes of grains in the soil. Notably,
the proportion of fines (clay and silt), sand and gravel can be used for having an idea of the suitability
of earth materials for construction. Table 2.3 shows different recommendations for earth composition
given by previous studies. They can be summarized as follows: clay up to 20%, silt between 10 and 30%,
and sand and gravel between 45 and 75%.

Houben and Guillaud (1994) [55] provided a recommendation for grading range in a granulometric
curve, which includes lower and upper limit curves. A recommendation by Houben and Guillaud (1994)
[55] was later challenged by Mathew Hall (2004) [38]. In their study, Hall et al., (2004) [38] prepared RE
cubes using ten different soil mixes, each mix having a granulometry that agrees with the limits of
Houben & Guillaud (1994) [55]. After a series of UCS, Mathew Hall (2003) [38] found that only four of
the 10 soil types had suitable compressive strengths to satisfy the minimum requirement of 1.3 MPa
outlined in the New Zealand standard [19]. Champiré et al., (2016) [47] has later shown that there
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existing RE buildings that are made of earth material whose granulometry was not in agreement with
the recommendation of Houben & Guillaud (1994) [55], it was suggested that granulometry alone is not
sufficient criteria for selecting earth materials. Therefore, it can be concluded that granulometry can
only be used as guidance and that there is no full relationship between granulometry the mechanical

capacity.

However, it seems that other factors from granulometric repartition impact compressive strength. Clay
content and the binder-to-aggregate ratio of the earth could perhaps be controlling factors for the
mechanic capacity of RE. Binder represents the part of clay particles and aggregates represent the part
of the sand and gravel.

For example; Aubert et al. (2021) found that the earth material for RE generally contains more than 60%
of grains with a diameter greater than 0.063 mm and less than 20% of clay, representing a value of the
fine-aggregate ratio of 0.33. The value of the binder-to-aggregate ratio can range from 0.1 to 0.4 from the
existing studies in Table 2.3. Further studies are required to determine the relationship between the
binder/aggregate ratio to the mechanical behaviour of RE earth structure.

Clay content has been proven to have a particular influence on compressive strength. Lilley et al. (1995)
[39] conducted compressive strength tests on cubes with soil mixes with different percentages of clay
content. They studied the strength evolution upon drying. Interestingly, for cubes with higher clay
content, a reduction of strength was reported from one week to one month of drying, suggesting that
shrinkage cracks developed upon further drying weaken the samples. Helson et al. (2017) [56] found
that the unconfined compressive strength increases with clay content until reaches an optimum
percentage (around 15%) and then decreases which conforming the hypothesis of Lilley et al. (1995)
[39].

Table 2.3: Recommendations concerning the particle size distribution of soils (in mass proportion) for
rammed earth construction (adapted from Gomes et al.(2014) [57]

Reference Clay (%) Silt (%) Sand + gravel (%)
Keable et al. (1996) [58] 5-15 15-30 50-70
Norton et al. (1997) [59] 10-25 15-30 45-75
SAZS 724, (2001) [35] 5-15 15-30 50-70
Keefe et al. (2005) [60] 7-15 10-18 75
Van Gorp et al. (2018) 12 13 75
Walker et al. (2005) [44] 5-20 10-30 45-80
Houben and Guillaud, (2006) [55] 0-20 10-30 45-75

To conclude, the amount of clay in granulometry has been proven to be a critical factor in the mechanical
properties of earth structures. Too little quantity of clay results in less binder hence low strength. Too
high results in possible shrinkage hence weakening the structure. An optimum clay content seems to be
necessary. Further studies show, not only the quantity of clay that impacts the strength but also the
nature of clay itself also known as clay mineralogy, which is explained in the next section.
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2.2.2  Clay mineralogy

Different types of clays exist. They have variable mineralogic structure and thus variable activity, this
last affecting how much they swell when absorbing water and shrink when dried up. Here are classical
types of clay: Illite, Montmorillonite, Chlorite, and Kaolinite. In practice, the nature of clays present in
a particular earth is characterized using parameters such as the activity index, and the Methylene Blue
Value.

Activity value is used as an index for identifying the swelling potential of clay soils. It is defined as the
ratio of plasticity index to and the percentage of clay content. Skempton (1953) [61] suggested three
classes of clays according to activity as presented in Table 2.4. The nature of clay can also be determined
by the Methylene Blue Value (MBV) which is an indicator of the percentage of the swell when wet. The
MBYV is determined in the laboratory, where a fine soil sample is mixed with methylene blue solution
which is more and more concentrated until reaching the saturation of the surface of the fine grains. The
saturated amount of methylene blue can be linked to the Clay activity (more details about this
experiment will be explained in the next chapter).

Table 2.4: Classes of clays based on the activity index

Activity index (AI) Classes Example of clay mineral
<0.75 Inactive Kaolinite
0.75-1.25 Normal Mlite
>1.25 Active Montmorillonite

2.2.3 Dry density (pg)

Dry density is defined as the density of soil samples in a completely dry state. Existing studies show
that the dry density of RE varies between 1700 kg/m? to 2200 kg/m? (Table 2.5). This wide range of dry
density is mainly due to compositions of soil, water content during manufacture, and compaction
method [45]. Dry density plays a significant role in the mechanical behaviour of RE structures. The
compressive strength of compressed earth blocks is strongly related to dry density achieved in
compaction. The relationship between dry density and compressive strength of RE can be found in the
work of Olivier and Mesbah (1986) [62] and has been consistently proven experimentally since then by
Houben, 1994, Morel et al. (2007) [55], Kouakou et al. (2009) [63] and Raavi et al. (2020) [64].

Olivier and Mesbah (1986) [62] used static compaction at different pressure levels resulting in different
densities. RE samples were cured at constant ambient conditions (RH = 60% and temperature of 27°C),
and then tested under unconfined compression until failure. Results showed that compressive strength
increases with dry density. Similar observations were made by Morel et al. (2007) [65] who used
compressed earth blocks and Kouakou et al. (2009) [63] who used Adobe blocks to perform the study.
A closer analysis of different studies in the literature found that compressive strength evolves almost
exponentially with the dry density of the material [66]-[69]. For example, Perrot et al. (2018) [69] found
an exponential increase in compressive strength with the dry density of raw earth-based mortar samples
compacted with different methods (Figure 2.2). Despite the differences in the compaction methods and
the type of earth used in the literature, the relationship between strength and dry density seems to
remain the same for each study. (see Figure 2.2).
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Figure 2.2: Evolution of the mechanical resistance of raw earth samples as a function of the dry
density, for different modes of compaction with and without Na-HMP dispersant [69].

Therefore, to attain the maximum strength possible of RE structure, it is important to have the maximum
dry density. The maximum dry density can be determined by using the proctor test which highlights
the relationship between dry density and water content and allows us to determine the maximum dry
density attainable for optimum water content.

Although it would be necessary to estimate the more specifically possible optimum water content and
the resulting dry density for earth compaction, there are currently no standards of proctor tests
specifically for this application. Studies in the literature show various compaction methods for the
proctor test. Some adapt the standards proctor test for soil [70], while others suggest that the modified
proctor test provides a compactions effort closer to the one in the site [71]. Others have used proctor
tests such as light proctors and specific proctors, and some used site compaction equipment like a
Vibrating hammer and Pneumatic rammer for proctor tests. The latter could provide a good approach
for the maximum dry density estimation since it uses the same method as in the site.

Table 2.5: Dry density and optimum water content from various experimental campaigns on RE

Reference Dry density Optimum water content Compaction method
(kg/m?3) (%)

Beckett et al. (2012) [72] 1918 -1948 12 Light proctor
Hall et al. (2004) [73] 2020 - 2160 8 Light proctor
Martinez (2015) [70] 2100 10.1 Standard proctor

Maniatidis et al. (2008)[41] 1850 12.5 Modified proctor
Bui et al. (2008) [74] 1900 10 Pneumatic rammer
Jaquin et al. (2009) [75] 2017 - 2061 12 Vibrating hammer

Gerard et al. (2015) [76] 2000 8 Specific proctor
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224 Effect of sample’s geometry and scale

Studies present in literature [22], [41], [77] have reported significant differences in the results for
prismatic and cylindrical samples. Cylindrical samples seem to have better compressive strength than
prismatic ones for a particular earth. According to the literature, the reason can be the friction between
the earth and the formwork during ramming which is greater in the prismatic specimens, especially in
the corners [28]. Cylindrical specimens are compacted better and thus have better mechanical strength.
Another factor is the slenderness ratio. It is defined as the ratio between height and width (for prismatic
samples) or diameter (for cylindrical samples). Generally, for UCS tests, a slenderness ratio of 2 is
recommended to have a central tested zone sufficiently far from friction interfaces with loading platens
at the top and base [41], [78].

In addition, to geometrical factors, the size of samples also affects the mechanical behaviour of RE. For
example, Maniatidis et al, (2008) [41] concluded that there was a reduction of unconfined compressive
strength of the columns (® =30 cm; h = 60 cm) as compared to small cylindrical samples of (® =10 cm,
h=20 cm). One of the reasons was due to the difference in material grading, in the column samples,
aggregates greater than 20mm were included. Another reason could be explained by the weakest link
theory, that the more the sample is, the more probabilities are to have a default in the sample, which
could initiate the failure.

In addition, only a few studies have been done on a large-scale earth structure (some of them are
reported in Table 2.6). In one of them, Bui et al. (2009) [74] performed tests at three different scales
(compressed earth blocs, structural columns element, and wall scale). The results of the modulus of
elasticity calculated from the small-scale samples were close to each other, while for the wall scale,
higher results than the other two approaches were reported. Thus, it’s clear that there is a significant
lack of experimental results at the wall scale, which can give slightly different results and are more
representative of the real building scale.

Table 2.6: Summary of experimental studies of mechanical behaviours of URE at large scale

Specimen size Dry density Compressive strength ~ Young’s modulus References
pd (kg/m?3) fc (MPa) E (MPa)
1.0x1.0x0.3 m3 Not presented 0.6-0.7 60 Jaquin et al. (2006) [79]
1.0x1.0x0.3 m? 2000 1.3+0.2 500+40 Bui et al. (2016) [80]
0.55x0.55x 0.2 m3 2100 1.26 1034 Silva et al. (2014) [51]
2.5x2.5x0.5m? 1920 0.37 Not presented Yamin et al. (2004) [52]
1.5x1.5x0.25 m3 1780 -1850 - 400 El Nabouch et al.,(2017) [22]
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2.3 Mechanical behaviour of RE under varying hydric state

2.3.1 RE subjected to varying humid conditions

Several studies focus on the hydric effect on the mechanical behaviour of RE, both numerically [49],
[82], [83] and experimentally [47], [53], [72], [75], [84]. Most experimental studies were done at the
material scale in the laboratory, with controlled relative husmidity (RH) and temperature.

Champiré et al. (2016) [47] investigated the impact of RH on the mechanical behaviour of compacted
earth at a constant temperature. They used three different types of earth named STR, CRA, and ALX,
extracted from existing RE construction sites. The earth was sieved at 10 mm, and the mass fraction of
clay in each mix was 15%, 16%, and 8% for STR, CRA, and ALX respectively. The sieved earth mixes
were compacted at optimum content to form compressed blocks within which cylindrical samples (® =
64.4 mm and H = 140 mm). The samples were conditioned in home-designed boxes themselves stored
in a climatic chamber at a constant temperature of 24 + 2 °C. The relative humidity inside these boxes
was regulated with saline solutions at three different RH (25%, 75%, and 95%). Once equilibrium was
achieved, a series of unconfined compressive strength tests were done with and without unloading-
reloading cycles. Figure 2.3 shows the results of the evolution of compressive strength and Young's
modulus, evaluated during the first cycle (20% of compressive strength) against relative humidity. From
the results, a reduction of mechanical capacity (compressive strength and Young’s modulus) ranges
from 25% to 50% with an increase in RH from 25% to 75%.

7000
5000 w=1.2% A B
6000 w=0.9%
4000 4w=0.9% HH 5000
w=1.6% —_
:\_‘? 3000 "}“ & ‘,5_’;‘ 4000 N
=t w=0.7% < w=0.7% f w=1.6%
Lo o w=2.4% @ =1 3000 &
> 2000 B e300
w=1.2% ’ 2000 w=1.2% |'}| w=1.2% %‘
=7 D0/
1000 w=2.4% % 1000 w=2.4% & " ;‘2(0
w=4.5% w=2.4% *
0 0 w—4-5%
0 20 40 60 80 100 0 20 40 60 80 100
Relative Humidity (%) Relative humidity (%)

«CRA mSTR a ALX + CRA ®mSTR a ALX

Figure 2.3: Variations of compressive strength (A) and Young’'s modulus (B) with respect to relative
humidity and water content (w) [47].

While Champiré et al. (2016) [47] conditioned the sample at a constant temperature, Beckett et al. (2012)
[72] conditioned RE samples by varying both temperature and RH. Their study was performed on two
different soils. The first soil contained containing 40% silty clay, 50% sand, and 10% gravel represented
as (4-5-1), and the second soil contained 20% silty clay, 70% sand, and 10% gravel represented as (2-7-
1). Cubical samples (100 x 100 x 100 mm3) were prepared by compaction in layers at optimum water
content. The samples were then conditioned at different temperatures (15°C, 20°C, 30°C, and 40°C) and
different RH (30%, 50%, 70% and 90%) to investigate the effect of humidity and temperature on the

unconfined compressive strength.
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Results are summarized in Table 2.7. It was observed that the compressive strength increases with RH
decrease. In fact, the compressive strength at 30% RH was almost double that of 90% RH. It was also
found that compressive strength increased with an increase in temperature for the respective RH.
However, it was concluded that RH had a greater influence on compressive strength than temperature,
a similar observation made by Xu et al. (2017) [85].

Table 2.7: Unconfined compressive strength of RE samples (in MPa) conditioned at different
temperatures and RH, [72].

Soil Soil: 4-5-1 (Clay 19.9%) Soil: 2-7-1 (Clay 9.9%)
Dry density 1.94 g/cc Dry density 1.96 g/cc
Temperature, °C | 15° 20° 30° 40° 15° 20° 30° 40°
RH 30% 118 | 1.41 1.16 1.60 144 | 146 |156 |1.76
50% 1.00 | 1.18 1.40 1.13 112 | 116 |1.55 |1.39
70% 0.75 | 1.10 1.09 1.12 095 |124 |111 |1.23
90% 0.74 | 0.67 0.71 0.70 085 |0.87 |0.95 |0.87

Xu et al. (2017) [85] studied the hydro-mechanical behaviour of rammed earth at relative humidity and
different temperature. Cylindrical samples (® = 3.5 cm and H = 7 cm) were fabricated by static
compaction method to ensure adequate homogeneity. Samples were cured in a sealed box at three
relative humidity (23%, 75%, 97%) imposed by saturated salt solutions, and stored in climatic chambers
at a constant temperature of (23°C and 30°C). Once the samples reach equilibrium, triaxial tests were
performed at two confinement pressure (1 bar and 6 bar).

The triaxial tests were done with and without unload-reload cycles. The unloading-reloading cycles at
prescribed stress levels of 20%, 40%, 60%, and finally 80% of compressive strength. It was found that
both the maximum deviator stress and Young's modulus decrease with the increase in relative
humidity. The results of deviator stress are summarised in Table 2.8, the deviator stress is reduced by a
factor of 2 from low to higher RH while remaining in the same order of magnitude with the temperature
change. It was concluded that the mechanical characteristics of rammed earth have a strong dependence
on the relative humidity whereas do not seem to be significantly affected by temperature modifications
between 23°C and 30°C.

Table 2.8: Maximum deviator stress (MPa) at different test temperatures and RH, confinement pressure
of 1 bar (Xu et al., 2017).

Temperature
RH 23°C 30°C
23% 6.8 6.6
75% 4.1 4.3
97% 2.8 3.0
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Both Xu et al. (2017) [85] and Beckett et al (2012) [72], through different experimental approaches on
different soils, have reported that the mechanical performance at low RH (23%, 30%) is almost twice
that of high RH (90%,97%). In addition, the RH has a strong influence on mechanical performance
whereas temperature has not.

The effect of RH extends also to the shear parameter friction angle (¢) and cohesion (c). To our
knowledge, Chauhan et al. (2019) [53] were the first to study the effect of varying RH on shear
parameters. They performed a series of unsaturated triaxial tests on cylindrical samples (® = 5cm and
H =10 cm). Samples were conditioned at 7 different RH (9%, 22.51%, 32.8%, 57.6%, 75.3%, 84.34%, and
97.3%) and a constant temperature of 25°C. For each RH state, 3 samples were tested at 3 different
confining pressures (i.e. 0.2 MPa, 1 MPa and 1.5 MPa). The Mohr-Coulomb failure was plotted for each
confining pressure, and ¢ and c were then determined. It was found the c value increases from 0.5 MPa
to 1.8 MPa, and ¢ from 31° to 37° with the increase in RH.

To conclude, the varying hydric conditions have a strong influence on mechanical performance.
Different authors have used RH and water content to describe the hydric state. Unfortunately, RH and
water content are not state variables and consequently, cannot account for objective behaviour. In
unsaturated soil mechanics, the hydric state is represented by a state variable parameter which is known
as suction (more on this is explained in the following part).

2.3.2  Suction as a state variable to describe the hydric state

This work is attached to consider a hydric variable that would be suited for the development of a future
hydro-mechanical model, although modelling is not the object of the present work. The state variable
chosen is suction since various hydro-mechanical models can be based on it in the unsaturated soils
framework. Matric suction, which will be later denoted as “s”, corresponds to the part of the total
suction due to the capillary and adsorption attraction of water on the porous matrix of the material. It
results in a negative value of water pressure, with respect to air pressure such as s can be expressed this

way:
S =1Ug — Uy,

Where, u, being the air pressure, and u,, the water pressure. Suction can be linked with the relative
humidity (RH) of the pore air through Kelvin's equation (equation 2.1).

Kelvin’s equation is defined as:

R.T
PR T\ Ry 2.1)
My,

S =—

Where s is suction at a given temperature T (in Kelvin, K), R is the universal gas constant (R = 8.3143
J/mol/K), Mw is the molar mass of water (Mw = 0.018 kg/mol), ow is the bulk density of water (p,, =
1000 kg/m?3) and RH is the relative humidity which is defined as the ratio of partial vapour pressure P
in the considered atmosphere and the saturation vapour pressure Po at a particular temperature (T =298
K).

Suction can also be linked with water content through the soil water retention curve. The soil water
retention curve is a fundamental constitutive relationship in unsaturated soil mechanics that describes
the relationship between soil suction and soil water content [86]. The shape of water retention curves
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can be characterized by several models, one of them being known as the Van Genuchten (VG) model
[87]). It is expressed as follows:

s — Or (2.2)

66) =0+ [T

Where 0 is volumetric water content, s is suction pressure (MPa), Os saturated water content, Or residual
water content, a (MPa)?, n and m are fitting parameters.

Therefore, the hydric conditions (RH and water content) can be fully represented by suction. The
mechanical behaviour of rammed earth is strongly affected by the suction state inside the pores of RE
material. Used in unsaturated models, suction is known to provide apparent cohesion between grains
thus responsible for the strength of RE.

It has been notably shown by Jaquin et al. (2009) [75] who performed a series of triaxial tests on samples
at different suction values. The suction was measured directly at the top of the sample during the test
using a high-capacity tensiometer. The results of both strength and stiffness were linked with the suction
values. An increase in maximum deviatoric stress with the suction state was observed (see Figure 2.4).
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Figure 2.4: Results of the triaxial tests on rammed earth samples linked with the corresponding suction
[75].

A similar observation was noted on hyper-compacted earth by Bruno et al., (2017) [67]. Hyper-
compacted earth samples are generally compacted at a very high-pressure level and therefore exhibit
very high values of compressive strength, which are comparable with those of other building materials
such as fired bricks. Bruno et al., (2017) [67] used hyper-compacted samples, compacted to three high-
pressure levels of 25, 50, and 100 MPa, then conditioned them at different relative humidity conditions
to impose suction values of 7, 36, 66, 112, and 190 MPa and in a constant temperature of 25°C. After a
series of mechanical tests, results indicate that both unconfined compression strength and Young's
modulus increase with growing suction (see Figure 2.5).
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Figure 2.5: Variation of strength and Young’'s modulus with suction for samples compacted to three
high-pressure levels of 25, 50, and 100 MPa [67].

Gerard et al. (2015 ) [76], Francois, (2017) [88] and then Chauhan et al. (2019) [53] performed
experiments to study the behaviour of RE under varying climatic conditions from the point of view of
unsaturated soil mechanics. They used the suction parameter to develop a unified failure criterion for
estimating the RE’s construction stability under varying atmospheric conditions.

Both Gerard et al. (2015) [76] and Chauhan (2019) [53] experimented on the material scale on a different
earth. Gerard et al. (2015) [76] showed a linear relationship between the logarithm of suction with
compressive strength. In the same way, Chauhan et al. (2019) [53] found that mechanical performance
increases with increases in suction (Figure 2.6). A unified failure criterion including the effect of suction
was provided for RE by these two works using the generalized effective stress concept defined by
unsaturated soil mechanics. In this last, the intrinsic values of cohesion and fiction angle, obtained in a
drained loading path, are unique for a given earth, and suction affects the effective stress tensor,
according to Bishop Model [89]. From this unified criterion, Gerard et al. (2015) [76] concluded that the
clayey silt studied has the ability to develop sufficient mechanical strength to be used as an unstabilized
earthen construction material whatever the relative humidity conditions, except the fully water-
saturated state.
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Figure 2.6: Variation of compressive strength with suction, by Chauhan et al.(2019) [53].

This approach was used to build a hygro-mechanical model through finite element simulation, [88],
[90]. Finally, experimental results at the material scale were used to validate the previous model
described. However, experiments at the material scale, where samples have uniform density without
layers and where the earth is sieved to keep the finest granular fraction, are not fully representative of
a real RE structure.

Few experimental studies exist at a column scale [42], [90] where RE samples made up of layers were
used. Bui et al. (2014) [42] investigated the effect of moisture content on the mechanical behaviour of
RE. Cylindrical samples (® = 16cm and H = 32) made up of six layers were used. Samples were dried at
atmospheric conditions with moisture content varying from manufacturing (11-13%) to dry states (1-
2%). After a series of unconfined compressive strength (UCS) tests under different moisture conditions,
the strength and stiffness increased by a factor of four from the manufacturing state to the dry state. It
was found that a slight increase in moisture content of dry rammed earth did not follow by a sudden
drop in compressive strength (Figure 2.7a). In an effort to understand the coupled hydro-mechanical
behaviour, Bui et al. (2014) [42] measured the suction of the RE sample after each UCS test. Finally, a
linear relationship between suction (in logarithm scale) with compressive strength was observed (Figure
2.7b). In addition, Bui et al., (2014) [42] showed the Poisson’s ratio of rammed earth varies from 0.35 to
0.2, in the function of the moisture content, from a humid state after the manufacturing to a dry state.
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Figure 2.7: Variation of compressive strength (fc) with (a) moisture content (w) and (b) with suction, of
all soils studied [42].

Chauhan. (2021) [90] also performed experiments at column scale to investigate the influence of hydric
solicitation on the mechanical behaviour of drying RE. Prismatic samples (14 cm x 14 cm x 30 cm) made
up of four layers were used. Samples were dried in a closed room environment. Upon drying, the
hydric state was monitored by RH sensors and UCS tests was then performed at different drying times.
The mechanical performances increased with drying time, similar to Bui et al. (2014) [42]. However,
only a few tests were done with basic hydric instrumentation. Thus, it’s clear that there is a significant
lack of knowledge concerning experimental results at the structural scale with realistic conditions.

2.3.3 Elasto-viscoplasticity

As said previously, various studies have highlighted the sensitive nature of RE to moisture conditions
[47], [53], [72], [75]. From these studies, it is clear that the compressive strength and Young modulus
increase with the decrease in water content. Despite much research devoted to this subject, most of the
existing studies tend to be more focused on the elastic parameters (mainly Young’s modulus) and
compressive strength. To our knowledge, there are no existing studies about the viscous behaviour of
RE and its dependency on suction.

Gil-Martin et al. (2022) [91] seem to be the first to show a degradation of elastic stiffness of RE samples
when studying the creep effect for 15 days. They used twelve cylindrical columns (® =15 cm, h=30 cm)
that were air-dried for 4 months in atmospheric conditions. Out of twelve samples, six were tested for
UCS and the other six were subjected to creep test before UCS. The creep test was done by maintaining
a constant compressive stress of approximately 0.1 MPa and it was maintained for 15 days. They found
out that, Young’s modulus after creep tests was 264.7 + 65.6 MPa which was lower than the ones tested
without creep having Young’s modulus of 330.11 + 133.40 MPa. This show that viscous comportment
has a non-negligible influence on the performance of RE buildings, notably in the wet initial state.
Therefore, a good understanding of this behaviour is important for the practical design of RE.

a) Background on the rheology of soil materials

Elasto-viscoplasticity is a behaviour that describes strain rate-dependent non-recoverable behaviour.
Creep and relaxation tests can satisfactorily allow the characterisation of the elasto-viscoplastic
parameters for soil. Stress relaxation is the reduction of stress with time under fixed strain. The visco-
elastic behaviour can be modelled by using basic elements such as spring and dashpot arranged in
series, known as the Maxwell 1D model (Figure 2.8a) or in parallel also known as Kelvin Voight 1D
model (Figure 2.8b). Differential equations for these models are given in 1D on Eqn. (2.3). Where o is
stress, ¢ is strain, E is Young’s modulus and 1 is the coefficient of dynamic viscosity.

_s® o o(t) = Ee + né(t) 2.3)

E(t) G
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Figure 2.8: (a) Maxwell model and (b) Kelvin Voight model with their respective stress-strain rate
equations

b) Stress relaxation

Although Maxwell's body can describe stress relaxation, after a sufficiently long time period, the stress
will relax down to zero, which is not realistic for a humid RE structure. In order to describe more
realistically the stress relaxation as well as the creep, more complicated models, combined with springs
and dashpots, are required. Among these, the three-element model of Figure 2.9a is the simplest
allowing to limit of the relaxed stress to a non-zero value (Figure 2.9a, 2.9b). It considers an elastic
modulus E1 that is instantaneous, and an elastic modulus E2 that describes long-term elastic behaviour.
The differential constitutive relation for this model is given by Eqn. (2.4) [92]).
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Figure 2.9: (a)Three-element model to describe the visco-elastic behaviour. (b) Stress relaxation function.

E\E E
o+ U 6 =1tz 1Ey ¢ (2.4)

In a relaxation test, a RE wall is subjected to a constant strain g, at ¢ = 0. Therefore € = 0, and Eqn. (2.4)
becomes;

n . EE (2.5)

o+ o= £
E, +E, E, +E,
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o+ £ _7_ L, 6 = Constant (2.6)
6=- o :; i o + Constant 2.7)

The homogeneous solution of the differential equation (2.6) is given by:
O G o (2.8)

Equation 2.8 is the stress relaxation function and its curve is illustrated in Figure 2.5b. Where A and C

are constants. From the particular solution of the differential equation, we obtain C = %s.At time
1TE52

t=0, Eqn. (2.8) becomes g, = A + C, hence constant A is given by A = g, — C (Figure 2.5b).

c¢) Creep

The same rheological model (Figure 2.5a) can be used to write the long-term creep behaviour. From the
previous constitutive equation (2.4), in the case of creep, the wall is subjected to a constant stress oy,
then ¢ = 0, therefore Eqn. (2.4) becomes:

E\E, nEy . (2.9)

£+ é=o
n .  E+E (2.10)

£+ L E=o0 EE,
The solution of the differential equation (2.10) is given by:

—(E2 E+E
£(t) = Be (n)t +00( 1 2) (2.11)

E1E;

Where B is a constant and can be determined by substituting the boundary conditions: At t = 0,£(0) =

90

E{
Ei+E, O (2.12)
£(0) =B +0 ( E,E, > E,
thus B = — :—O, and therefore the creep strain equation is as follows:
2
1 1 ~(E2); (2.13)
S(f):O’0<E_1+E—2<1—e (77)>>
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234 RE subjected to capillary rise

We have seen in the previous section that RE structures gain strength after drying from the
manufacturing wet state. Once the RE building is in use, the internal moisture would vary depending
on the season or water infiltration through the capillary rise. Indeed, RE walls are porous and consist of
interconnected micropores that can absorb and transport water through the capillary rise. Liquid water
can penetrate inside the RE structure through capillary rise from the ground, rain infiltration by a roof
default, or rare extreme situations like floods. The presence of water in earth buildings, and other types
of masonry, is one of the main factors in building deterioration. Franzoni et al. (2014) [93] have shown
that rising water leads to bad indoor conditions, poor thermal insulation, and material deterioration. In
extreme cases, the capillary rise can cause moisture to accumulate at the base of the wall, resulting in
the collapse of earth buildings. For example, Figure 2.10 shows a collapsing RE building resulting from
the abnormal increase of pore moisture at the interface between walls and foundations [94].

Figure 2.10: Failure of an earth building in Lyon (France), which was produced by a large increase of
water content at the wall base, by Scarato and Jeannet (2015) [94].

The mechanism of capillary rise is well understood for porous building materials such as RE. Hall et al.
(1981) [95] studied the water movement in porous building material. It was observed the cumulative
absorbed mass of water per unit area of the inflow surface increases linearly against the square root of
the elapsed time. A similar observation for RE was made by Hall et al (2004) [73] (see Figure 2.11). From
this relationship, parameters such as the coefficient of absorption which reflects the quantity of water
absorbed (in kg) per unit area (m?) and per root of the immersion time (Vs) can be determined to
characterise the capillary rise for porous buildings.

The coefficient absorption is determined experimentally by following the method described by Krus
and Holm (1999) [96] and by Hall et al. (2004) [73] with its adaptation of the standard protocol of clay
bricks [97] to RE. It consists of plunging the underside of a dry sample into a water tank and measuring,
at regular intervals, by weighing, the amount of water absorbed by capillary action in the sample.
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Figure 2.11: Relationship between the mass of absorbed water and the square root of elapsed time for
different RE samples.

Particularly for RE, the characterization of capillary absorption properties can be found in studies of
Mathew Hall et al. (2003) [73], Chabriac et al. (2014) [98], and Indekeu et al. (2021) [99]. Chabriac, (2014)
[98] studied the water absorption coefficient of rammed earth experimentally. The mean values of the
coefficient water absorption were 0.37 kg/m2/\s, 0.62 kg/m2//s and 0.23 kg/m2/Ns. Good repeatability
was obtained for measurements with the same rammed earth. Hall et al. (2004) [73] showed that
capillary absorption on rammed earth is highly dependent on particle size distribution. RE generally
outperforms conventional modern masonry materials significantly in terms of the rate and quantity of
moisture ingress due to capillary suction [73].

However, the effect of capillary rise on mechanical behaviour has rarely been investigated
experimentally or numerically in the literature. Both studies by Hall et al. (2003) [73] confirm that there
was no obvious pattern or relationship found between compressive strength and rate of absorption.
Other studies have shown the weakening of the horizontal bearing capacity (pushover strength) of the
RE structure during the capillary rise. Horizontal bearing capacity is the ultimate horizontal loading
during a static push-over test. For example, Zhang & Nowamooz, (2021) [83] did a numerical simulation
on the RE wall without capillary rise showing an increase of the horizontal bearing capacity by 47% in
5 years after construction, while this improvement was only 10% with capillarity rise (Figure 2.11).

The interesting findings of the numerical work of Zhang & Nowamooz, (2021) [83] require to be backed
up by experimental data for validations, something that is missing in the literature. In addition, practical
questions remain unanswered, like:

i) To what extent does the mechanical strength diminish during capillary rise?
ii) Is the strength restored after the drying when the capillary is solved?
iii) Is there an effect of drying-wetting cycles?
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Figure 2.12 Force-displacement diagrams simulated numerically for RE walls with and without
capillary rise [83].

24 Numerical modelling of RE

Numerical modelling of RE behaviour is suitable to predict the complex behaviour of RE structure. In
the design of RE buildings, numerical modelling is quite helpful to estimate safety factors against failure
and to optimize their design.

Modelling of RE requires constitutive laws, which are mathematical equations describing the
relationship between two or more physical quantities based on the basic principles of continuum
mechanics, such as stress and deformation.

24.1 Constitutive models for RE materials.

Different constitutive laws have been used in the modelling the mechanical behaviour of RE, some of

them are based on the elastoplastic theory [53], [76], [88], [90] whereas others are based on the damage
theory [49], [50].

o Elastoplastic models

In elastoplastic theory, the strain is decomposed into elastic and plastic components. Models that are
based on elastoplasticity theory include for instance Mohr-Columb, Drucker-Prager, or Cam-Clay
failure criteria. These models are developed from unsaturated soil mechanics and can be applied to RE.

Elasto-plastic models are made up of a combination of Hooke’s law and the failure criterion. The
simplest way is to consider no hardening in models and then the models are based on the assumption
that the soil is an elastic perfectly-plastic material (Figure 2.13). The model defined with Mohr’s
Coulomb failure surface involves then five parameters, with two defining parameters from Hooke’s law
(E and v), the two parameters define the Coulomb’s failure criteria (the friction angle, ¢, and cohesion,

c) and also a parameter to describe the flow rule (dilatancy angle, {» which comes from the use of non-
associated flow rule).
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Figure 2.13: Elastic-perfectly plastic assumption

Mohr-Coulomb’s elastic perfectly plastic model provides a relatively simple model for simulating the
plastic behaviour of soil. The Mohr-Coulomb failure surface in the principal stress space and the
octahedral plane is shown in Figure 2.14. Replacing the Mohr-Coulomb hexagonal shape of the failure
cone with a smooth cone, with the Drucker-Prager model [100] for instance, allows for avoiding singular
points in the numerical modelling. This model was thus used by Francois et al. (2017) [88] to simulate
the plasticity behaviour of RE. It was observed that the predictions of stress-strain curves were close to
experimental data except for the sharp transition at yield from elastic to elastic-perfectly plastic.

Drucker-Prager

fep

Mohr-Coulomb

—~s

Figure 2.14: Mohr—Coulomb and the Drucker-Prager failure surface in (a) principal stress space and (b)
in the octahedral plane.

However, the soil is a complicated material that behaves non-linearly and often shows anisotropic and
time dependant behaviour when subjected to stresses [101].

Cam clay model has also been used for the modelling. Developed in the sixties at Cambridge University
and later modified by Burland (1965) [102], Cam-clay is well suited to describe normally consolidated
or lightly over consolidated soils. Therefore, it is rarely used for RE modelling. Of course, all these
models can be enhanced by introducing hardening.
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¢ Time-dependent behaviour

The effect of time on the mechanical response is an important feature of soil as well as earth structure.
The time-dependent behaviour could result from the viscous nature of the behaviour and/or the
interaction of free pore water with the soil skeleton known as consolidation. The latter is common for
soil with low permeability. The viscous properties of soil may lead to creep and relaxation response.

The most popular method for modelling the time-dependent behaviour of materials is based on the
viscoelastic approach. Visco-elastic models have already been presented in section 2.3.3. Apart from Gil-
Martin et al. (2022) [91], itis a part of the behaviour that is never taken it into consideration in numerical
models of RE.

¢ Damage models

Other kinds of models have been formulated using another conceptual framework: the damage theory,
which supposes the development of micro-damages under deformation. The damage model is mostly
used to describe the reduction of elastic stiffness. It is well suited for brittle materials, such as concrete
and rocks, and due to the high dry density of RE, it can be well suited for its description.

Various authors have adapted the damage model to simulate the mechanical behaviour of RE [49], [50].
Bui et al, 2014 [50] used a damage model called Mazar's model to simulate the behaviour of rammed
earth wallets under compression loading. Miccoli et al. (2015) [49] used a damage model called The
Total Strain Rotating Crack Model to model the uniaxial compression test for earth block.

After a comparison between experimental data and the corresponding simulations in both studies, it
was concluded that the damage model was able to reproduce the initial stiffness and the peak stress.
After the peak stress, a smooths stress—strain behaviour observed in the experiments was not
reproduced in the simulations. It is worth noting that, as soon as RE get wet, it is not brittle anymore
and becomes more plastic. Therefore, there is no perfect model for RE modelling. Elasto-plastic or
damage models only describe some limited features of the earth's behaviour.

2.4.2 Incorporating suction parameter in modelling the hydro-mechanics behaviour of RE

As mentioned previously, the hydric state has a significant influence on mechanical behaviour. A state
variable chosen to represent the hydric state is suction which is suitable for modelling the
hydromechanical behaviour of soil.

Suction can be incorporated into the hydromechanical modelling by using the framework of
unsaturated soil mechanics, the effect of suction on effective stress can be introduced by the generalized
effective stress [103]. Proposed by Bishop (1959) [89], the generalized effective stress tensor is given by:
0'ij = Oij = Uq- 8j + X(Ua — Uy). 8 (2.14)
where y, called the effective stress parameter, varies with the degree of saturation, from 0 for dry soil to
1 for fully saturated conditions. o;; is total stress component, s is suction and §;;is the Kronecker symbol
(=0wheni#jand =1wheni=)).

When supposing that total suction equals matric suction (few salts in the pore water, thus negligible
osmotic suction), we get: (u, — u,,)~s. Besides, supposing that pores are connected to the atmosphere,
we get u,~0. This way previous equation gets simplified in the following way:
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0Jij = O_ij + X-S. 61] (215)

Therefore, using a classical elastoplastic constitutive relation as Mohr-Coulomb, only a single couple of

failure parameters (c’; ¢’) is necessary for any hydric state, since the criterion could be written using
apparent cohesion term. Indeed, the failure criterion in total stress is:

T=c+o0,.tang’ (2.16)
Becomes using Bishop's expression:

T=c +xs.tan@’ + o,.tan @’ = Copparent + Op-tan @’ (2.17)

Various studies have used the concept of generalised effective stress to model the effect of the hydric
state on the mechanical behaviour of RE. Some have incorporated this concept into existing elasto plastic
constitutive laws. For example, Gerard et al. (2015) [76] and then Chauhan et al.(2019) [53] used a unified
failure criterion for RE under variation of suction (see previous equation). These studies were performed
experimentally (UCS, DST, and Triaxial tests) and then modelled using Mohr-Coulomb’s model. The
intrinsic strength parameters (cohesion and friction angle) were determined experimentally from
drained triaxial loading. Then triaxial tests at different suction levels were performed to fit the x
parameter. Gerard et al. (2015) [76] formulated a linear Mohr-Coulomb’s envelope by using the value
of cohesion and friction angle of 6.2 kPa and 36.5° respectively, but both uniaxial compression and
indirect tensile tests upon saturated conditions do not fit well the failure criterion. In the same context,
Chauhan et al.(2019) [53] used Mohr-Coulomb’s failure criterion which fitted well with experimental
results at different suction values (Figure 2.15). Both studies, found close fitting of the x parameter,
resulting in a similar expression of generalized effective stress.
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Figure 2.15: Non-linear failure envelope plotted for (a) suction = 205.2 MPa and (b) all suction states,
by using the results of UCS, DST and unsaturated triaxial test [53].

To conclude, a unified failure criterion including the effect of suction can be defined for RE using the
generalized effective stress concept defined in unsaturated soil mechanics. Suction plays the same role
as confining pressure and consequently, additional strength to the material (as seen in Figure 2.13b). A
practical application of this approach is the estimation of the RE construction stability under varying
atmospheric conditions or humid pathology conditions. Such approaches must be validated on tests on
RE structures, with realistic coupled hydro-mechanical conditions, such as the tests performed in the
present study.
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2.5 Summary of the main problematics

The bibliographic review of previous studies in the literature was presented. It leads to the following

synthesis as well as associated remaining unanswered questions:

The strength of RE is mainly characterised using compressive strength. The values of
compressive strength of RE are sufficiently high to meet the requirements proposed in various
standards. We have also seen that REs have relatively low tensile and shear strength, thus they
are not designed for pure tension.

Factors that affect the mechanical behaviour of RE were presented. Among them, the hydric
conditions of RE are a critical factor during construction as well as during the lifetime of the
building. Indeed, when RE walls are wet, their mechanical strength is very low and can lead to
catastrophic failure. Once constructed, RE walls have enough strength to carry self-weight, the
strength increases as the wall dries, thus allowing further construction to continue as the wall
can bear more weight. It would be helping to know more about the drying kinetics and the
consequent increase of strength during this phase.

Only one study in the literature has pointed to the viscous behaviour of RE, but the effect of
suction on this behaviour was not covered. Time dependency behaviour such as creep
deformation is an important factor especially when walls are moist. Thus, this study will
explore the viscous behaviour at different hydric conditions.

After construction, RE buildings are subjected to varying hydric conditions. Most studies have
studied the effect of varying hydric conditions, some experimentally and other numerically. It
was concluded that the mechanical behaviour would vary with hydric conditions but would
still remain to be able to retain the RE building, except in case of a high level of saturation. This
case can occur due to capillary rise. Only a few studies have been carried out on capillary rise
and its effects on the mechanical behaviour of RE. The mechanism of capillary rise in porous
building materials like RE is well-known in the literature. The effect of capillary rise on
mechanical behaviour still needs more research; to what extent does the mechanical strength
diminish during capillary rise? Is the strength restored after drying? Is there an effect of drying-
wetting cycles? These questions will be answered in this thesis work.

Furthermore, various existing models for RE have been explored. Generally, most models are
adopted from soil mechanics and other used damage modes usually applied for brittle material
like concrete. Constitutive laws to describe RE are similar to the ones of soil, such as Mohr-
Columb, Drucker-Prager, or Cam-clay models. Time-dependent behaviour was modelled using
the viscoelastic models used in solid mechanics. To reproduce the effect of hydric state, other
studies have incorporated suction in modelling RE behaviour using generalised effective stress.
These models were validated with experimental results from the material scale. A validation
using experiments at a scale and boundary conditions that are close to a real building would be
more helpful to improve the accuracy of these models. However, there is a lack of such
experimental data in the literature, leading to this thesis work.
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Chapter 3 Soil characterisation and sample preparation

Chapter 3

3. Characterisation of earthen materials and
sample preparation

In this chapter, the origin of the earth used is presented and characterisation was done to know better
and classify it. The characterisation by first considering geotechnical properties: granulometry, Proctor
analysis, Atterberg’s limits and activity of clay. Secondly, by considering the hydric properties: water
retention properties and hydraulic conductivity. After the characterisation of soil, a protocol for
manufacturing RE samples is presented. Samples were prepared at three different scales (material,
representative structural element and wall scale which is %2 of the scale of a real building). Finally,

instrumentations for the hydric state are detailed along with their calibration.

Chapter outlines

3.1 Origin of the earthen material............cccccooiiiiiiiii 35
3.2 Geotechnical characterisation of materials ( Particle size distribution, Proctor test, Atterberg’s
limits, and Methylene Blue analysis)...........ccocoiiiiiiiiiiiiiiiiciice s 36
3.3 Hydric properties (Soil water retention curve and Hydraulic conductivity)...........cccccceueneece. 50
3.4 Sample Preparation and Instrumentation ............ccccoovviiiiiiii 61

3.4.1 Small cylindrical SAMPLES..........ccccuimiiiiiiiiiiicccc e 61

3.4.2  RE columns (prismatic and cylindrical) ..........cccoceiiiiiiniiiniiiiiiiiia 63

3:4.3  RE WalS e 67
3.5 Instrumentation for monitoring the hydric state............cccocoeiiinniiniie 69

3.1 Origin of the earthen material

In France, a wide heritage of RE buildings is present in many regions. Many of these buildings can be

found in the Rhone-Alpes region where 40% of residential houses old or new are made of rammed earth.

The earth studied in this thesis comes from a recent construction of rammed earth (Figure 3.1). The
building is located at Confluence, Lyon. This two-storey building is constructed by using prefabricated
load-bearing rammed earth wall elements. The compacted elements are manufactured on the site at the
foot of the building and immediately removed from the mould to be lifted and put in place. The
construction of this building started in 2019 which is the same time as the beginning of this thesis project.
The earth used was excavated from St Quentin Fallavier in the Auvergne-Rhone-Alpes region. All the
work realized in this thesis has thus a particular interest since it concerns a real building that is exploited

and monitored, and submitted to ambient variation in temperature and relative humidity.
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N : "- h = R s
Figure 3.1: Modern rammed earth building at Confluence, Lyon.

3.2 Geotechnical characterisation of materials

3.2.1 Particle size distribution

Granulometry analysis is important for better understanding the material and estimating the suitability
of earth material for construction. Considering this study will be carried out on multiple scales (material,
structural element and wall scales), the earth which came from the construction site with a maximum
grain size (Dmax) of 50 mm, was sieved at different Dmax (5 mm, 10 mm, and 20 mm) to have a
representative material grain size that fulfils the requirement of dimension scale and homogeneity of a

sample at a respective scale.

The granulometric analysis was realised by the wet sieving and sedimentation method (to determine
the clay and silt fractions). These tests were done according to French standards NF P 94-057 1992 [104].

3.21.1 Wet sieving method

Wet sieving is a method to separate particle fractions by using water. Later the quantity of dried
particles is calculated from the retained materials on the sieves. The wet sieving method was performed
as follows:

e A mass of 20 kg was chosen according to the Dmaxof the earth as recommended by the standard.

e First, the earth was first dried in the oven at 105°C for 48 hours, until the difference between
two successive readings of dry mass is negligible with an accuracy of 0.1%.

e The dried earth was then sieved with the help of running water through sieves arranged in
descending order. The different sieve sizes used were 63 um, 100 pm, 315 um, 630 pm, 1.25
mm, 2.5 mm, 4mm, 5 mm, 6.3 mm, 10 mm, 20 mm, and 40 mm. The classical geometric series of
ratio 2 has been modified with the available sieves, in order to have a sufficiently accurate
particle size distribution.
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After the sieving process, the materials retained on each sieve were oven-dried following
similar procedures as mentioned before. The dry weight of the grains retained over each sieve

was noted and used to find the corresponding percentage (%) passing:

% Passing =100 - cumulative % retained (3.1)

The material loss should be checked after wet sieving, and it should be not more than 2% of the
total dry earth. In this case, a 0.45% material loss was found which was fulfilling the mentioned

criteria.

3.2.1.2 Sedimentation test (Hydrometer test)
A sedimentation test is adopted to calculate the repartition of the finest soil particles (< 0.08 mm) which

is not possible by sieving. The sedimentation test was performed using a hydrometer. This test is based

on an application of Stroke’s law to a soil/water suspension and periodic measurement of the density of

the suspension using the hydrometer. The test was done using the material passing a 0.08mm sieve from

the previous wet sieving test.

A 50g of clay and silt material was crushed using a pestle and mortar into fine powder. This
mass is sufficient for the test as recommended by the standards.

The fine soil was then soaked with 300 cm? of distilled water and 60 cm? of dispersing agent
(Sodium Hexametaphosphate) for about 15 hours (overnight). The solution was then

mechanically stirred for about 3 minutes before transferring it into a 1 L graduated cylinder.

The cylinder containing fine soil was filled up with distilled water up to 1 L and another
cylinder was filled with distilled water up to 1 L and the same quantity of dispersing agent for

hydrometer reading correction.

The cylinder with the solution was shaken such that the solution is uniformly distributed, then
immediately hydrometer was immersed into the solution, and hydrometer graduation values
(R) taken from the top of the meniscus on the hydrometer (see Figure 3.2), were recorded at
time intervals of 30 seconds, 1, 2, 5, 10, 20, 40, 80, 240 minutes and finally 24 hours.

Figure 3.2: Reading the graduation value of the hydrometer at the top of the meniscus.
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e After each hydrometer reading, insert a thermometer without disturbing the suspension and

record a temperature reading at an accuracy of + 0.5°C.

e The recorded hydrometer graduation values (R) were then corrected for temperature and
meniscus and dispersing agent. This was done by using another cylinder filled with only
distilled water, hydrometer was placed in this cylinder at each time of measurement in order to

correct the recorded values.

e  The corrected value Rc is calculated by taking into account the correction factor for temperature
(Cg) and the meniscus (C,,) and dispersing agent (C,).

Rc=R+Cy+Cp+C,y (3.2)

o The percentage of fines was then calculated using the following formula:

100 x Gs (3.3)

% Fi =— X R
0% Fines Ms(Gs —1) c

Where, Ms is the mass of the earth sample used in the sedimentation test, 50 g, Gs is the soil-
specific density which is 2.65, and Rc is the corrected hydrometer reading.

o The particle size is determined by Stoke’s law which gives the relationship between the falling
velocity of a grain of size D in a medium. Stoke’s law is defined as:

Vs =W o (3.3)
187 .D

Where v is the settling velocity of particles, y; is the specific gravity for a particle, y, is the specific

gravity of the liquid, and 7 is the dynamic viscosity of water.

By combining the results from the wet sieving method and sedimentation test, particle size distribution
curves for Dmax=5 mm, 10 mm, 20 mm and 50 mm are presented in Figure 3.3. The clay fractions were
14%, 12%,10% & 8% for 5 mm, 10 mm, 20 mm & 50 mm respectively. 8 - 15% clay fraction is suitable for
most rammed earth soils [41]. For unstabilized rammed earth, the clay content should be sufficient to

bind effectively together all other fractions without excessive shrinkage.

Figure 3.3 also illustrates the lower and upper limits of the particle size distribution as proposed by
Houben et Guillaud, (1994) [55]. It is observed that the curve of 10 mm and 20 mm maximum grain sizes
fit well in between the limits proposed while 5 mm and 50 mm are outside the envelope (see Figure 3.3).
However, as discussed in the previous chapter, the limits proposed are not suitability criteria but are

considered only for assessments.
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It is worth noting that in this thesis, the earth with a Dmax of 20 mm will be used to manufacture samples
at alarge scale and a Dmax of 5 mm for samples at a small scale. The curve of 50 mm represents the whole

granulometry for the earth that has been used from a real and recent construction site.
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Figure 3.3: The particle size distribution of Dmax =5 mm, 10 mm, 20 mm and 50 mm. Illustration of the

lower and upper limits for rammed earth proposed by Houben et Guillaud, 1994 [55].

3.2.2 Modified and in-situ Proctor test

The Proctor test is used to determine the optimum water content that will lead to a maximum dry
density. Optimum Moisture Content (OMC) is the moisture content at which the maximum possible
dry density is achieved for a particular compaction energy or compaction method. The OMC from the
Proctor test will then be used as a manufacturing water content for sample preparation.

The Proctor test is divided into standard and modified Proctor, depending on the compaction energy
[105]. From the literature review, the modified Proctor test seemed to provide a closer simulation of
compaction using on-site ramming equipment [71]. Therefore, a modified Proctor test was chosen and
was done in the laboratory. The modified Proctor test was then compared to another Proctor test done
by using on-site ramming equipment, called the “In-situ Proctor test”.

e Modified Proctor test

According to the French Standard NF P 94-093, (1999) [105], the modified Proctor test is done with
compaction energy between 2.56 MJ/m? to 2.8 MJ/m?3, depending on the type of mould used. The

compaction energy is calculated by:

HXm Xx g x N1 xN2 (3.4)
|4

(E) =
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Where E is the compaction energy (MJ/m?), m is the mass of ram (4.5 kg), H is drop height (457 + 3 mm),
N1 is the number of layers (5), Nz blows per layer (56) and V is the volume of the mould. A standard
CBR mould (® =150 + 1 mm, H = 120 + 1 mm), corresponds to a compaction energy of 2.66 MJ/m3.
However, in this study, a CBR mould (® =150 = 1 mm, H = 151 + 1 mm) was used. This mould has a
higher volume compared to the standard one, so to obtain the same compaction effort, it was proposed

to increase the number of blows per layer from 56 to 72. The resulting compaction energy was:

_ 0.457 X 45%x981 x5x%x72
~ (®/4x0.1522 x 0.15)

= 2.663 MJ/m3

\ CBR Mould

Figure 3.4: Modified Proctor test (a)automatic Proctor machine and CBR mould, (b) earth compacted in CBR
mould, (c) excess earth trimmed after compaction.

An automatic mechanical compactor was used for the compaction test (Figure 3.4a). The modified
Proctor test was done in soil passing through 5 mm, 10 mm and 20 mm. The procedures were as follows:

e About 7 kg of the earth was prepared for compaction points with increasing water content (w
= 6%, 8%, 10%, 12%, and 14%) which will bracket the estimated optimum water content.

e The mixed earth was placed into five sealed containers and left overnight to ensure moisture
homogenisation.

e A CBR mould with a base plate is first weighed, and then they are assembled with an upper
collar (Figure 3.4c).
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e The moist soil is then poured into the mould and the compaction is performed by a mechanical

compactor according to the parameters (layers, mass of hammers) presented before to fulfil the

required compaction energy.

e After compaction, the upper collar is removed from the mould, and the excess soil is trimmed

using a flat knife until the compacted soil is at a flat level with the top of the mould. Small voids

can be manually filled with excess samples (see Figure 3.4c).

¢ The mould with the sample is then weighed and recorded and the soil is taken out from the

mould. A piece of the specimen was then used to determine the exact water content by oven

drying, and the process is repeated for subsequent samples.

Figure 3.5 shows the results of the modified Proctor test for the earth sieved at 5 mm, 10 mm and 20

mm. 5 mm soil has a maximum dry density of y;= 1990 kg/m? at w = 10.7% water content. 10 mm soil

has a maximum dry density of y;=2040 kg/m? at w = 8.6%, and 20 mm soil has a maximum dry density

of y4=2045 kg/m? at w = 9.6%. It can be observed from Figure 3.5 that the dry density increases with the

Dmax, representing about a 2.7% increase in dry density from a Dmax of 5 mm to 20 mm. This could be

attributed to the low porosity in large granular of 20 mm soil as compared to the one of 5 mm soil.

2100

2050

2000

= 1900

1850

Dry density (kg/m?3)

1800

1750

1700

1950 A

R2=0.9897

R2=0.9804

4 6 8 10 12 14

Gravimetric water content,w (%)

16

.........

20mm

10mm

5mm

100% Saturation

Figure 3.5: Modified Proctor test for soil with Dmax=20 mm, 10 mm and 5 mm.
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e In-situ Proctor test

The in-situ or on-site Proctor test was performed to determine the compaction parameters using the
onsite ramming equipment. As the compaction energy in the site may not the be same as in the Modified
Proctor test since the method of compaction is not the same, it is important to compare them. Only the
earth sieved at 20 mm, was used for the in-situ Proctor test, representing the grain size of the earth
material that will be used to manufacture large samples. The compaction was done in a CBR mould
(Figure 3.4c) by using a pneumatic rammer. The earth was compacted in two layers of thickness of 7.5
cm, the size of the layer was chosen to be representative of the one used in-site. The water content varied
between 6% and 14%. The results of the in-situ Proctor are presented in Figure 3.6. The maximum dry
density is 1995 kg/m? at an optimum water content of 10.4%.
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Figure 3.6: Results of in-situ and modified Proctor test for soil sieved at 20 mm

Table 3.1: Summary of Proctor test results

Type of Proctor test Dmax Optimum moisture =~ Maximum dry density
content (kg/m?3)
Modified 5 mm 10.7% 1990
Modified 10 mm 8.6% 2040
Modified 20 mm 9.6% 2045
In-situ (20 mm) 20 mm 10.4% 1995
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To conclude, both the modified and In-situ Proctor test was then done. A slightly lower value of
maximum dry density (1995 kg/m?) was found in the in-situ Proctor test as compared to the modified
Proctor test (2045 kg/m?), representing a difference of 2.4%. It can be noted that the difference in dry
density is relatively low, which explains that the compaction energy from the modified Proctor test can
be representative of the one used on the site. This observation confirms that the modified Proctor test is
one of the most efficient methods in the laboratory to determine the maximum dry density and OMC
for RE. The OMC from the modified and in-situ Proctors were comparable (w = 9.6% and 10.4%, see
table 3.1), the mean value of OMC was 10% and was therefore used as a manufacturing water content
for large samples (more on this later on).

3.2.3 Atterberg’s limits

In raw earth, fine particles act as a binder for coarse particles. It is important to determine how
consistency changes with water content., which is done by using Atterberg’s limits. An Atterberg limit
corresponds to the moisture content at which soil changes from one consistency to another. These limits
are Liquid Limit, Plastic Limit and Shrinking Limit. The shrinking limit has not been established in this

work because shrinkage is negligible on this earth.
i. Liquid limit (LL)

Liquid limit is defined as the water content w of soil at the state of transition from a liquid to a plastic
state. In this study, the Liquid Limit test is conducted using two methods on the fine particles (<0.4 mm)
These methods are Casagrande’s method in agreement with the norm NF P 94-051 1993 [106] and Cone
Penetrometer method NF P 94-052-1, (1995) [107].

Using Casagrande’s method, the Liquid Limit is defined as the water content at which the two halves
of a plaster of soil, placed in a cup and divided into two parts by a groove, come into contact with a
fixed length as the result of a fixed number of blows (25) delivered to the cup. Figure 3.6a shows the

Casagrande tool used.

10 cm

(@) (b)
Figure 3.7: Method for determining the liquid limit of soil; (a) Casagrande method where moist soil is
grooved in Casagrande tool. (b) The cone penetrometer method shows a cone penetrating moist soil
sample.
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Another method for determining liquid limit is by using the cone penetrometer test method (see Figure
3.7b). Using this method, the Liquid Limit is based on the relationship between the moisture content
and the penetration of a cone into a soil sample. This method provides improvements over the
Casagrande method since it eliminates uncertainties that come from operator skills and provides a
visual measurement of penetration. In the cone penetrometer method, the Liquid Limit is taken as the
water content at which a standard cone will penetrate the soil sample at a distance of 20 mm in
approximately 5 sec. Figure 3.8 shows the results of both the Casagrande and penetrometer methods.

Both methods are in good agreement with the Liquid Limit values of w; =30,5% and 30% [108].

Water content (%)

31.50 36.00
Q
34.00 - o
31.00 R2=0.9212
;\3 32.00
30.50 | ‘e 30.00
R2=0.9822 L
£ 28.00
Q
R e & 26.00
1 -
I = 24.00
29.50 1 | |
1 @ 22.00
|
29.00 : 20.00
10 1 10
Number of Blows (N) Penetration (mm)
(a) (b)

Figure 3.8: (a)Flow curves showing the water content and the corresponding number of blows using
Casagrande’s method. (b)The curve of water content with the penetration depth of the cone using the

Cone penetrometer method.

ii. Plastic Limit (Wp)

The plastic limit is defined as the moisture content of soil at the state of transition from a plastic state to
a solid state. The plastic limit is determined by repeatedly remoulding a small ball of moist plastic soil
and manually rolling it out into a 3 mm diameter thread without cracking. The water content at which
the thread crumbles when lifted, is taken as the Plastic Limit. The Plastic Limit was determined
according to standards NF P94-051, (1993) [106] and was equal to 19% [108].

iii. Plastic Index (PI)

The difference between the Plastic Limit and Liquid Limit defines the range of the plastic zone called

the Plastic Index (PI). Soils with a high PI have a higher clay content. From equation (3.5), the plastic
index was evaluated as equal to 11%.

PI = WL - WP (3'5)
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The plastic index and liquid limit values obtained were then used to classify the soil. Casagrande
defined an A-line in order to separate inorganic clays from silt and organic soils (Figure 3.9). The A-line
represents the relationship between the plasticity index and the liquid limit of soil. According to
Casagrande's Plasticity chart, the soil lies above the A-line which means the soil is inorganic and it is in
the transition from inorganic clay with low plasticity to medium plasticity (Figure 3.9). Also according
to the French Classification of Soils GTR (Guide de Terrassements Routier) [109] for fine-grained soils
(i.e. more than 35% of grains passing 80 um and no grain size over 50 mm), it is classified as Al, i.e. low

plastic silt (Ip <12%). It means that the soil has low plasticity.
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Figure 3.9: Casagrande's plasticity chart for the classification of fine-grained soils

Furthermore, the plasticity index (PI) value was used to characterize the swelling potential of clay soils,
determined by activity value. Activity (Ac) is defined as the ratio of plasticity index to and the percentage

of clay content.
P
A = 7’ (3.6)

Where f is the percentage of the clay content of Recalling the percentage of clay content in 5 mm, 10 mm
and 20 mm soil is 14%, 12% and 10% thus the activity was found equal to 0.79, 0.92 and 1.1 respectively.
Using this value, the soil activity is in the normal range (0.75 < Ac < 1.25) and can be considered as
slightly active soil. The activity of the soil was further determined in the laboratory by using the

methylene blue analysis.

3.24  Methylene Blue analysis

The aim of the methylene blue value (MBV) test is to estimate the presence and activity of clay mineral
present in the soil. The MBV test quantifies the ionic adsorption capacity of soil by measuring the
quantity of methylene blue necessary to cover the total (external and internal) surface of the clay

particles contained in the soil.

To do so, clay and silt fraction (<0.08 mm) was taken as testing sample and the standard NF P 94-068,
(1998) [110] was adopted.
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Procedures:

ii.

iii.

iv.

30 g of dry fine particles (clay and silt) passing through a 0.08 mm sieve are placed in a container
with 500 mL of distilled water, dispersed in the water, and maintained in suspension by means

of a stirrer. (Figure 3.10a).

With a burette, unit doses (5 mL) of the methylene blue solution, with a concentration of 10 g/L,

are added to the suspension.

After adding each unit dose, a small quantity of the suspension is collected with a rod and a
small drop is made to fall onto standard filter paper; this produces a dark blue stain, surrounded
by a colourless wet area (Figure 3.10b).

Further unit doses of the solution are then added and more drops are deposited on the filter
paper until a light blue halo is seen to form inside the wet area and around the blue stain. This
reflects the presence of an excess quantity of methylene blue that is no longer adsorbed by the

clay mineral surface and remains in suspension.

At this point, no more methylene blue is added and the suspension is checked at 1 min intervals
to determine the stability of the light blue halo; if the halo persists after 5 mins, a sufficient
quantity of methylene blue has been added. Otherwise, the titration process is continued until

the halo becomes stable enough.

Pipette

Figure 3.10 (a)Experimental procedure and apparatus for methylene blue value test. (b) Spot tests for

finding the end point and total volume of methylene blue added.

46



Chapter 3 Soil characterisation and sample preparation

The index supplied by this testing method is referred to as the blue value of the soil (MVB, in g/100 g),

for soil with Dmax > 5 mm and is given by:

B
MVB =—x C x 100 3.7)

mO
where mois the mass of dry soil (g), B is the mass of methylene blue (concentration of 10 g/L), C is the

proportion of 5 mm in 50 mm fraction.

Because the blue value test is carried out on fine particles (a mixture of clay and silt), MVB does not only
reflect the clay content of the sample but also indicates the activity of clay minerals. Accordingly, the

index of activity is defined to purely reveal the activity of clay fraction in soil:

_MVB (3.8)
CB CB

where Acs is the index of activity (in grams of methylene blue in a 100 g clay fraction), MVB is the blue
value for the testing sample (in grams of methylene blue per 100 g of dry soil), and Cr is the clay content
(<0.002 mm) in the 0-0.08 mm fraction.

Table 3.2: Methylene blue value results and classification of clay contained in the earth

Test No. 1 2 3
The volume of MB adsorbed (mL) 61 60 60
Blue value (MBV) (g/100g) 1.36 1.34 1.34
Clay content (Cs), in the 0-0.08 mm fraction 0.4 0.4 0.4
Clay activity (Acs) 3.4 3.5 3.5
Evaluation of clay activity Slightly Slightly active Slightly active
active

From the results (Table 3.2), the blue value of the earth was 1.35 g/100g which is in the category of Loam
soil according to NF P 94-068, (1998) [110]. The earth presents a low value of methylene blue adsorption
which indicate low swelling activity [111]. This was confirmed by the index of activity of clay which
was 3.5 and classified as slightly active (3<ACB<5) [110]. The PI, computed from Atterberg Limits, also
gave a lowly plastic clay/loam (from the Casagrande classification).

Other characterization tests of clay soil including measuring the cation exchange capacity (CEC) were
done in another laboratory. 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 the material was measured with the cobalt-hexamine method [112]. The
obtained value of CEC=9.2 + 0.4 meq/100 g at a pH of 7.0, this means that the soil has moderate retention

capacity.
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3.25 Summary of geotechnical properties of the raw earth used

The soil of max grain size (Dmax) of 50 mm was sieved to different Dmay, 20 mm, 10 mm and 5 mm
according to the required size of samples. Table 3.3 shows a summary of the geotechnical properties of
the earth used. A focus is made for soil with Dmaxof 5 mm and 20 mm which will later be used for making
small and large samples respectively. From the granulometry, the clay content is from 8 to 14%, which
is a sufficient binder content for RE construction. Atterberg’s limit test show that the clay has a PI of
11% meaning the soil contains lowly plastic clay/loam according to the Casagrande classification and
the French Classification of Soils GTR (Guide de Terrassements Routier). Furthermore, the activity of
clay was estimated by using the PI value and was classified as slightly active similar classifications were
confirmed by using a methylene blue test. The modified Proctor test was done to determine the
optimum water content (OWC) that will be used as a manufacturing water content during the
compaction of samples. The OWC was 10.7% and 9.6% for 5 mm and 20 mm producing a maximum dry
density of 1990 kg/m? and 2045 kg/m?3. From these OWCs, the corresponding manufacture water
content will be taken as 10% for 20 mm and 11% for 5 mm since they are more practical.
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Table 3.3: Summary of geotechnical properties

Soil property

Soil maximum grain size 5 mm 10 mm 20 mm 50 mm

Granulometry

Gravel fraction 16% 32% 45% 58%

Sand fraction 52% 42% 33% 26%

Silt fraction 18% 14% 12% 18%

Clay fraction 14% 12% 10% 8%

Compaction Characteristics

Modified Proctor test | dry density (kg/m3) 1990 2040 2045 -
Water content (%) 10.7% 8.6% 9.6%

In-situ Proctor test dry density (kg/m3) = - 1995 -

Water content (%) - - 10.4

Manufacturing water content 11% - 10%

Atterberg’s Limit

Liquid limit 30%

Plastic limit 19.%

Plasticity index (PI) 11%

Activity

Activity from PI 0.79to 1.1 Slightly active

Methylene Blue Value 1.35 g/100g Slightly active

CEC 9.2+0.4 meq/100 g
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3.3 Hydric properties

The soil-water properties that are essential to this study are the water retention properties describing
how much can the soil retain and hydraulic conductivity describing how easily can water infiltrate
through the soil. First, it is important to recall several variables are used to describe the water present
in the soil matrix:

e  Water content

Represents the amount of water present within a soil matrix either by mass or volume. Gravimetric
water content is defined as the ratio of the mass of water to the mass of solids whereas volumetric water
content is the ratio of the volume of water to the volume of solid.

e Degree of saturation

The degree of saturation refers to the volume of water occupying the soil's pores. When soil is fully
saturated, the void space is completely occupied by the water and the saturation is equal to 1.

¢ Relative humidity (RH)

Relative humidity is defined as the ratio of the partial pressure of water vapour in the air to the
saturation vapour pressure of water at the same temperature, usually expressed as a percentage.

Unfortunately, water content, degree of saturation and RH are not state variables and consequently,
cannot account for objective behaviour. One of the state variable parameters that is used to quantify the
hydric state of unsaturated soil is known as suction (more detail in the next section).

3.3.1 Suction

In unsaturated soil, total suction is defined as the combined effect of matric suction and osmotic suction.
Matric suction arises from the difference in pressure at the air-water interface. Matric suction refers to
the net interparticle force generated within a matrix of unsaturated granular particles due to the
combined effects of negative pore water pressure and surface tension. The macroscopic consequence
of suction stress is a force that tends to pull the soil grains toward one another. Osmotic suction is due
to the dissolved solutes in the soil pore water. Suction can be linked with the relative humidity (RH) of
the pore air through Kelvin's equation (2.1) (see Chapter 2, section 2.3.2).

3.3.2 Soil water retention curve

The soil water retention curve is a fundamental constitutive relationship in unsaturated soil mechanics
that describes the relationship between soil suction and soil water content [86]. The soil water retention
curve was estimated by measuring the earth's water content for a known (controlled) suction or, else,
measuring suction for a known water content. According to the level of water content targeted, different
methods also exist for controlling the suction or measuring it. A summary of various instruments used
for measuring soil suction is presented in Table 3.4. Therefore, measurements were done using two
methods, the Liquid-vapor equilibrium method and the filter paper method. Experimental results were
then modelled by using Van Genuchten and the GAB model.
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Table 3.4: Summary of common techniques for controlling and measuring soil suction

Method Suction References
Range (MPa)
Controlled suction Isopiestic humidity control 4 -400 Young (1967) [113]
Axis translation techniques 0-1.5 Bocking and Fredlund (1980) [114]
Measurements Contact filter paper method Entire range Houston et al. (1994) [115]
3.3.2.1.  Experimental determination of soil water retention curve

a) Controlling suction, thanks to Saline solution method

This method consists in applying a given suction state within the porous material, through liquid-
vapour equilibrium obtained in a climatic chamber containing different kinds of saturated saline
solutions. By using Kelvin’'s thermodynamic equilibrium equation (2.1), the suction imposed at the

corresponding relative humidity was determined (see Table 3.5).

Table 3.5: Saline solutions with their corresponding relative humidity and suction values at 25°C.

Saline solution KOH CHsCO:K MgClz  NaBr NaCl KClI KaSOs4
Relative humidity (%) 9 22 32.8 57.6 753 8434 973
Suction (MPa) 331.3 205.3 153.4 75.9 39 23.4 3.8

— Rammed earth samples

xxxxx e e e e e i e 5 s e s e e e e e e s Plastic gn” and support

——— Saturated saline solution
—— Plastic container

+— 2%5m —

Figure 3.11 (a) RE samples used for soil water retention curve. (b)A scheme representing the relative

humidity boxes.
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Experimental protocol:

1.

Four small cylindrical samples (® =5 cm, H =1 cm) and an average mass of 56 + 0.5% g were

used. These samples were manufactured by static compaction (Figure 3.11a).

The samples were oven-dried at a temperature of 70°C for several days until the mass was
stabilized. The mass of a sample is considered at equilibrium when the variation of mass is less
than 0.05% for 24 hours. This is also adopted by Chauhan et al. (2019) [53] and it is close to the
one adopted by Champiré et al. (2016) [47] which was lower than 2% for at least one week.

Samples were then covered with a thin permeable sheet to avoid losing soil mass during the

process and allow the water vapour to transfer in the meantime.

Seven different saline solutions (Table 3.5), were prepared in a saturated state. This was
achieved by adding salt to the solution while mixing with a magnetic agitator until the salt
crystals remain undissolved. Saturated solutions were poured into a sealed plastic box (see
Figure 3.11b), and then place in a room with a constant temperature of 25°C. It was made sure

that the salt solutions are always saturated during the experiment.

The test began with the lowest relative humidity (9%), and samples were placed in the box
containing KOH saline solution. Samples were weighed periodically (once per day) using a
balance with an accuracy of 0.01 g. When equilibrium was reached at this RH level, samples

were then transferred to the next higher relative humidity box.

A similar process continued until all samples were placed successively inside 7 boxes having

an increasing RH until the last box.

Once equilibrium was reached in the last box with the highest relative humidity (97.3%), the

data points for the sorption curve were obtained.
The samples were again transferred towards lower relative humidity boxes in descending order

until the lowest relative humidity (9%). In this way, the points for the desorption curve are

obtained.
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Gravimetric water content (%)
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Figure 3.12: Variation of gravimetric water content with time when the samples were moved from RH

Gravimetric water content (%)

of 9% to 97.3% for the sorption phase and vice versa for the desorption phase.
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Figure 3.13: Variation of water content with respect to RH, showing sorption and desorption phases.

In total, it took about 16 weeks for the sorption and desorption phases to complete. Results of the four

samples are summarized in Figure 3.12 showing the variation of gravimetric water content (w) with

time at each RH. A good consistency in w is observed between the four samples, except for the highest

RH of 97.3% where inconsistency in w is observed (Figure 3.12). At a relative humidity of 9%, the water
content was at 0.3% for the sorption phase, and then it increased up to 3.8% at 97.3% relative humidity
(see Figure 3.13). In the desorption phase, for the same relative humidity of 9%, the water content is
0.44%, highlighting the hysteresis effect. Hysteresis is defined as the difference in water content of the

soil at the same corresponding suction obtained under the wetting and drying process. This

phenomenon arises due to the non-uniformity of the pores.
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The equilibrium water contents were then related to the corresponding suction from Table 3.5 to realise
the water retention curve (Figure 3.14). The suction from the saline solution method gives 7 points
between s = 3.8 MPa and s = 331.3 MPa, for these states, mass water content w varies between 0.4% and
4% (Figure 3.14). By using this method, the hydric state is modified only through equilibrium with the
gaseous phase. No high-water content (low suction values) can therefore be reached with this method.
To complete the retention curve with even lower suction values, another method “Filter paper” that

covers the entire suction range will be used.

6
5 1 O Saline solution method-
Sorption

] ®
235 | + Saline solution method-
2 + Desorption

2 - o+

O 4
1 - O %
O T T T T
0.01 0.1 1 10 100 1000
Suction (MPa)

Figure 3.14: Soil water retention curve using the saline solution method

b) Measuring suction thanks to the filter paper method

The second method focused on a specific suction, corresponding to the manufacturing stage. Indeed,
this state is very moist and thus is out of the range of suction controlled by saline solution (it cannot be
reached through equilibrium with the atmosphere). However, because this state corresponds to the
initial one for the rammed earth structures done with this earth, it is essential to know the corresponding

suction. Therefore, the filter paper method was used to determine it [116].

The filter paper method is a soil suction measurement technique It is the only method which covers the
full range of suction measurements (Table 3.4). The working principle behind the filter paper is basically
that the filter paper comes into equilibrium with the soil either through vapour flow or liquid flow. At

equilibrium, the suction value of the filter paper and the soil will be the same.

Furthermore, both matric and osmotic suction measurements are possible with the method. Matric
suction arises from the difference in pressure at the air-water interface whereas osmotic suction arises

from the osmotic effects due to dissolved solutes in the pore water.
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In this study, the osmotic suction could be negligible, since distilled water was used to prepare samples,
and the solute concentration is expected to be very low. Therefore, only matric suction is measured
using “Whatman 42” filter paper. The calibration chart for Whatman 42 filter paper proposed by (ASTM
D5298-03 2003) is given in Figure 3.15, the calibration chart corresponds to both total and matric suction.

6 T T T T T T T T T T T T T T T T T

i —— Whatman Grade 42 | 1

log,S = 5.327 - 0.0779 (W)

Log,q suction (kPa)
w
1

log;,S = 2.412 - 0.0135 (W)

O L | L Iu. ] ) ] L ] | | l
0 20 40 60 80 100 120 140 160 180

Filter paper water content w (%)
Figure 3.15: Calibration curves for Whatman 42 Filter Paper (ASTM D5298-03 2003)

To measure the matric suction with filter paper, the following experimental procedures were followed:

e Six small cylindrical samples with (D =5 cm, H =2 cm) were prepared by static compaction.
Their mass varies between 81g and 84 g (Table 3.6). The surfaces of the soil samples are smooth

and flat for establishing good contact between the soil sample and the filter paper.

e Wathman.42 filter paper was protected from direct contact with the soil by using two larger
protective filter papers. This will prevent the soil grain from sticking directly to the filter paper

but still allows the water or vapour to transfer between the sample and filter paper.
e Three sandwiched samples were prepared (Figure 3.16a), each using two RE samples. In

between the two samples, the filter paper was carefully placed in the middle by using tweezers.
The interface between sandwiched samples is covered by duct tape.
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:

Duck tape Container

Figure 3.16: Filter paper method to measure suction of RE samples. (a)The filter paper is
placed in between two pieces of samples, (b) Each sandwiched sample is sealed by duct tape

and placed in a sealed container.

Table 3.6: Summary of the cylindrical sample of size (® =5 cm, H=2 cm) used in the filter paper test.

Sandwiched Individual Mass Dry density Porosity
samples Sample (kg) (kg/m?3) (-)
1 SF1 82.81 1900.73 0.28
SF2 83.53 1917.25 0.28
2 SF3 81.62 1873.41 0.29
SF4 84.11 1930.57 0.27
3 SF5 83.4 1914.27 0.28
SF6 83.72 1921.62 0.27
Mean 83.20 + 1% 1909 * 1% 0.28 + 3.4%

e In total, three sandwiched samples with filter paper were prepared and put in sealed plastic
containers to prevent any moisture exchange between the air inside and the air outside of the

container (see Figure 3.16).

e  Then, the sealed containers were put in a relatively constant temperature environment for seven

days until equilibrium was reached.

o After equilibrium was established between the filter paper and samples, the filter papers were
weighed to the nearest 0.001 g accuracy and were kept at 105 + 5°C temperature for 24 hours

inside the oven for water content measurement.

Table 3.7 summarizes the results of water content and the corresponding matric suction. The matric
suction values were calculated from the calibration curve (Figure 3.15). Since the values of water content
obtained (Table 3.7) are inferior to 45.3%, then the equation for determining suction from Figure 3.15 is

given:
s(Log kPa) = 5.327 — 0.0779w (3.9)

In simplified form: s(kPa) = 10(5:327-0.0779w) (3.10)
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Where s(kPa) is the suction and w (%) is the water content. Using equation 3.10, the matric suction was
calculated and presented in Table 3.7. From the results, the mean suction for the initial state was s, ,=
0.62 MPa with a standard deviation of 16%. We observed that this suction is below the suction induced
by the KOH saline solution (3.8 MPa), it is logical since the samples are very moist in the manufacturing
state. The results of suctions by using filter paper were added to the retention curve as shown in Figure
3.17.

Table 3.7: Results of matric suction using filter paper method

Mass of wet filter paper ~ Mass of dry filter paper Water content Suction
Filter paper (g) (8) (%) (MPa)
1 0.207 0.155 33.55 0.517
2 0.204 0.154 32.47 0.628
3 0.208 0.158 31.65 0.727
12
10 il X Filter paper method
8 A O Saline solution method-
Sorption
R . .
L 61 + Saline solution method-
Desorption
4 ®
+
2 o 6 s
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Suction (MPa)

Figure 3.17: Soil water retention curve using saline solution method and filter paper method.

3.3.2.2.  Modelling of the water retention curve
Modelling of soil water retention curve helps to predict the water retention properties over a larger
range of suction. Numerous approaches have been proposed for modelling retention behaviour. An
effective and commonly used for geo-mechanical applications relating water content to the matric
suction was proposed by Van Genuchten [87], and is expressed as follows:

s — Or (3.11)

66) =67+ T alsyrm
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Where 0 is volumetric water content, s is suction pressure (MPa), Os saturated water content that
describes the point where all of the available pore space in the soil matrix is filled with water. Or residual
water content that describes the minimum water content beyond which there is no appreciable change
in water with suction and extremely large changes in suction is required to remove additional water
from the soil. « (MPa)?, n and m are fitting parameters. Another important parameter is known as the
air-entry, this describes the suction where air first starts to enter the soil’s largest pores and desaturation
commences. The air-entry value marks the transition between the saturated and unsaturated state of
the soil.

In this work, the Van Genuchten model was used to express the hydric state in a suction value. To model
the whole retention curve Van Genuchten model (equation 3.11) was used. The model fitting parameters
obtained by the mean square method were evaluated as a =1.507 MPa", n=1.556, and m = 0.357. The Van
Genuchten curve is shown in Figure 3.18, the air-entry value is 0.3 MPa. This model is classical for

unsaturated soil mechanics and is suited even for a saturation state close to 100%.

16
14 - | | Airentry value =03 MPa X Filter paper method
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s 8 4 .
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6 - Van Genuchten fit
4 A .
N GAB desorption
2 .
- --- GAB sorption
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Suction (MPa)

Figure 3.18: Soil water retention curve using saline solution method, filter paper method, Van
Genuchten, and GAB models at 25°C.

In addition, another kind of model, namely the GAB model [117] was used. It is well suited for hygro-
thermal applications of RE. The GAB model is described as follows:

B C, C, RH (3.12)
w = Wm
(1-C,RH)(1—-C,RH + C,C,RH)

Where w is the gravimetric water content, RH is relative humidity (-), while Ci, C2, and W are fitting
parameters. The model fitting parameters obtained by the mean square method were evaluated as Ci=
10.58, C2=0.86, and W= 0.64 for sorption and Ci=10.58, C2= 0.78, and Wu= 0.94 for desorption. This

model is a sorption isotherm classically used to describe the hygroscopic behaviour of isolation
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materials. It is plotted in Figure 3.18 for sorption and desorption and is limited within the range of

suction imposed by saline solutions because it is not suited for high levels of saturation.

By considering the two curves, it appears that only the VG model describes the high saturation degrees
which concern the compaction wet state, but the GAB model is maybe more suited for the dryer hydric
state during the exploitation of the earth building. Indeed, the difference between the 2 models is that
the GAB model is a model for the ‘sorption isotherm’ relation whereas the VG model is a ‘soil water

retention” model.

3.3.3.Hydraulic conductivity

Hydraulic conductivity is a measure of how easily water can pass through soil, high values indicate
permeable material through which water can pass easily; low values indicate that the material is less
permeable. Permeability properties are important for studying the liquid water movement in the RE.
Hydraulic conductivity was determined on a small cylindrical sample using a triaxial device.

e First, the sample of size ® =5 cm, H = 10 cm was prepared by using a double compaction
method, which is well detailed in section 3.8.1.

e Rammed earth sample was inserted into the triaxial cell after the sample is covered with the
rubber membrane fixed with O-rings (Figure 3.19).

o Before the beginning of the 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.

F
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. perspex cell
water

O-ring seal
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cell pressure — —» pore pressure

back pressure volume change

Figure 3.19: Triaxial cell used for permeability test [118].

e To check for saturation, the saturation of the sample was monitored by the value of pore
pressure parameter B = Au/ Aoy where Au is the change in pore pressure and Aog; change in
cell pressure = 100kPa. The criterion B > 0.95 is usually accepted as an indication of near-
saturated conditions.

¢  Once saturation is reached, a pressure difference of 20 kPa was imposed between the top and
bottom of the sample, to establish a steady flow.
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e The change in the volume of water flowing through the sample was recorded with time (Figure
3.20), and the test lasted for 20 min.
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Figure 3.20: Evolution of volume of water passing through a sample during the permeability test.

The saturated hydraulic conductivity was calculated using the following expression of Darcy's law:

_ pgALAV (3.13)
SA T AudtA
where 4V is the change in volume recorded within a certain time At, A is the cross-sectional area of the

sample, kg, is the saturated hydraulic conductivity, p is the density of water, AL is the length of the
flow path (i.e. length of the sample), and Au is the pressure difference applied between the top and
bottom of the sample (taken as 20 kPa, enough to create a flow path). The value of % is taken from the
slope in Figure 3.20. The calculated saturated hydraulic conductivity of the earth used is equal to 2.4 x
108 m/s. This value will be applied to determining the rate of capillary rise of RE, which will be described
later in Chapter 5.
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3.4. Sample Preparation and Instrumentation

After earth characterisation, the samples were then manufactured. Three sizes of samples were prepared
(material scale, structure scale and wall scale shown in Figure 3.21). During manufacturing
instrumented, intending to monitor the liquid water content inside the sample. At each scale, samples
where manufactured with the water content adapted from the optimum water content obtained in

Proctor test.

.4 v
o
-

ClTHEEEET

75 cm

Figure 3.21: Different scales of samples manufactured, (a) wall scale, (b) representative elementary
volume scale (REV) and (c) material scale.

3.4.1.5mall cylindrical samples

18 samples were manufactured at material scale, and cylindrical samples (® =5 cm, H = 10 cm) were
prepared using the static double compaction method adopted by Chauhan, (2021) [90], with a total

compaction pressure of 5 MPa.
Following are the steps for the preparation of the sample:

o Firstly, the soil which is sieved at 5 mm was mixed thoroughly at an optimum moisture content

of 11% and left for water content homogenization for 1 day in a sealed container.
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e Two cylindrical disks of 5 cm diameter and 1 cm height are inserted at the bottom of the mould.
These cylindrical disks are used to facilitate the insertion of cylindrical pistons once the mould
is turned.

e Around 430 g of moist earth estimated to obtain the desired dry density and height of the
sample is poured inside the mould.

e A cylindrical piston labelled A (diameter 5 cm and height 12.5 cm) in Figure 3.21 is inserted at
the top and pressed manually to be at least 1 cm inside the mould (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 mould,
which can completely halt the process and damage the mould.

o 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 Figure 3.22.

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

¢ 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)

¢ The loading plate is made to come in contact with 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).

The double compaction process is complete. In order to remove the sample from the mould, piston B is
removed. In order to create a gap at the bottom of the mould, the mould is placed on a mechanical nut,
a diameter of which is less than 5 cm. This assembly is pressed downwards, and piston B is inserted at
the bottom. In order to move the mould downwards and not compress the specimen, another hollow
cylindrical mould of an inside diameter of 10 cm is placed at the top of the assembly. The physical
properties of all the samples are summarized in Table 3.8.

Rotation of the mold

Compaction Pressure= 5 MPa 80 % of total pressure m 100 % of total pressure
—_— —_—

.
Figure 3.22: Procedure for cylindrical sample preparation using the static double compaction

method adapted from Chauhan, (2021) [90].
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Table 3.8: Summary of the cylindrical sample of size (® =5 cm, H=10 cm)

Sample Name Mass (g) Dry density (kg.m-) Porosity (-)
SS1 425.00 1951 0.26
552 422.83 1941 0.27
SS3 425.90 1955 0.26
SS4 426.80 1959 0.26
SS5 428.40 1967 0.26
SS6 395.60 1816 0.31
SS7 397.40 1824 0.31
SS8 394.00 1809 0.32
SS9 395.04 1813 0.32

SS10 391.77 1798 0.32
SS11 394.30 1810 0.32
SS12 397.20 1823 0.31
SS13 394.50 1811 0.32
SS14 402.88 1849 0.30
SS15 393.70 1807 0.32
SS16 391.10 1795 0.32
SS17 393.60 1807 0.32
SS18 425.92 1955 0.26
Mean 405.3 £ 3.7% 1861 * 3.7% 0.30+ 8.8%

3.4.2. RE columns (prismatic and cylindrical)

24 RE samples were manufactured. 21 Prismatic samples (15 cm x 15 cm x 45 cm) and 3 cylindrical
sample (® = 16 cm, H = 32 cm) were manufactured by dynamic compaction of method. To do so, the
following tools were used; soil mixer, metallic moulds (prismatic and cylindrical), and pneumatic
rammer. The pneumatic rammer was used (Figure 3.23a), working by using compressed air that moves
the piston up and down. The pneumatic rammer was connected to an air compressor by using a flexible
tube for a compressed air supply. The piston is connected to a rubber hammer (square or round) which

can be changed depending on the type of compaction.

Connecting
flexi tube

Piston

Rammer

Figure 3.23: (a) Pneumatic rammer used for compaction, (b) Round rammer and (c) Square rammer.
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The following procedures were adopted for the preparation of the rammed earth columns:
e Soil preparation

First, the earth was sieved at 20 mm using a large metallic grid sieve (Figure 3.24b). About 25 kg of
sieved earth, which was enough to make one sample was taken. The mass of soil required was estimated
using the dry density (obtained from Proctor) and the volume of samples, an excess amount of soil can
be added to compensate for the loss of material during manufacture. A sufficient amount of water was
added to the earth to achieve the optimum water content of w=10%. The earth was thoroughly mixed
in a mechanical mixer, (see Figure 3.24c), and then covered for at least 1 day to allow the moisture to be
homogenized. A choice of 1 day was made because it's practical since it assures the good distribution
of water. A similar approach was done by Beckett, (2012) [72] and Xu et al, (2017) [85] who let the soil

mix for 1-2 days in sealed bags to achieve water content homogenization.

< — 100 cm — > l.‘

;_(a) Preparing the earth (b)Sieving and

Figure 3.24: Soil preparation steps directing to the mechanical

mixer (c) Mixing the soil with water.

¢ Compaction

We designed a specific steel mould, able to manufacture 15x15x45 cm samples, while it sustains the
dynamic compaction. It has a vertical extension in order to make possible the levelling of the surface
once compaction is finished (Figure 3.25). The mould was assembled then for each layer, moist soil (with
a water content of 10%) was poured inside it with a thickness of about 14 -16 cm. The soil layer was
rammed using a pneumatic rammer starting from the edges to the centre of the sample until reaching a
levelled surface. This compaction procedure was repeated until the 6th layer. The top surface was
levelled flat using a straightedge metal, and the mould was carefully dismantled (Figure 3.25c). All

prismatic samples are summarised in Table 3.9.

Similar procedures were adapted for manufacturing cylindrical samples (® = 16 cm, H = 32 cm). The
compaction was done in an existing metallic mould (Figure 3.26). The pneumatic rammer was equipped
with a round rammer, (see Figure 3.23b) suitable for cylindrical mould. The moist earth was poured
into the mould and compacted up to 4t layer. Then the top was trimmed to have a flat surface and the

mould was dismantled (Figure 3.26). All cylindrical samples are summarised in Table 3.10.
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After manufacturing, the sample’s humid density (on) was determined at a moist state, and then the dry
density was calculated from the relation between the dry density(od), humid density(on), and water

content(w) described in equation (3.11).

Ph (3.11)

Figure 3.25: Prismatic RE samples manufacturing; (a) Designed mould, (b)Steel mould (c) Compacted

sample

A

Figure 3.26: Cylindrical RE samples manufacturing; (a)Steel mould (b) Comacted sample

65



Chapter 3 Soil characterisation and sample preparation

Table 3.9: Summary of prismatic samples (15 cm x 15cm x 45 cm) manufactured.

Manufacturing
Initial mass water content Dry density Porosity
Sample Name (kg) (%) (kg/m3) )

S1 21.5 10 1930 0.27
S2 20.8 10 1868 0.30
S3 21 10 1886 0.29
54 21.967 10 1972 0.26
S5 21.627 10 1942 0.27
S6 20.64 10 1853 0.30
S7 21.05 9.95 1891 0.29
S8 20.51 10 1842 0.31
S9 21.327 10 1915 0.28
S10 20.697 10 1858 0.30
S11 21.401 10 1922 0.27
S12 20.927 10 1879 0.29
S13 20.52 10 1842 0.30
S14 20.95 10 1881 0.29
S15 21.3 10 1912 0.28
S16 20.6 10 1850 0.30
S17 20.35 9.5 1836 0.31
S18 20.7 10 1859 0.30
S19 21.117 10 1896 0.28
520 20.827 10 1870 0.29
S21 21.04 10 1889 0.29

Mean 20.99+1.9% 9.97+1.1% 1885+1.9% 0.29+4.8%

Table 3.10: Summary of cylindrical samples (® =16 cm, H = 32 cm) manufactured.
Sample Dry density (kg/m?) Porosity

C1 1990 0.25

2 1926 0.27

C3 1976 0.25

Mean 1951 +1.7% 0.26 + 5%
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3.4.3.RE walls

Three identical walls (W =0.75 x H=1.5 x b= 0.2 m3) were manufactured in the laboratory. The following
tools were used in the manufacturing:

i Metallic grid sieve- 20mm (Figure 3.24b)

ii. Soil mixer (Figure 3.24c)

iii. 8 Formwork with dimensions 75 cm x 130 cm

iv. Compactor -Pneumatic rammer with a square ram (8 x 8 cm?) (see Figure 3.23).
V. Concrete beam base (180 cm x 40 cm x 20 ¢cm)

vi. Sealing tape for the formwork.

The following procedures were adopted for the preparation of the rammed earth walls:
e Soil preparation

About 1.5 tonnes of earth sieved at 20 mm using a large metallic grid. Dmax= 20 mm is indeed the
maximum size of grains if we want to consider ‘continuous’ walls of 20 cm width. This size is smaller
than in the real building, but the wall has a scale between % and %with respect to an element of elevation
of 50 cm width and 3.5 m height. 500 kg of sieved earth, which was enough to make one wall was taken
each time. The mass of soil required was estimated using the dry density (obtained from the Proctor
test) and the volume of samples. An excess amount of soil can be added to compensate for the loss of
material during manufacture. A sufficient amount of water was added to the earth to achieve the
optimum moisture content of 10%. The earth was thoroughly mixed in a mechanical mixer and then

covered for at least 1 day to allow the moisture to be homogenized (see Figure 3.24).

e Formwork assembling

A concrete beam was placed on two pieces of wood to keep them elevated from the floor. The formwork
was then assembled on a concrete base. Two types of formwork were used metallic and wooden
formwork. Wooden formwork was placed to support the side of the wall while metallic ones were used
to covering the front and back. The metallic formwork used constituents of two parts; the top and
bottom part. The bottom half was first assembled to facilitate compaction (Figure 3.27a). After
compacting the first half of the wall, the second half of the metallic formwork was assembled (Figure

3.27b) and then compaction continued.
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Plywood
formwork

.:z; 006w ::s:'.

Figure 3.27: Protocols for manufacturing RE wall (W =0.75 x H=1.5 x b= 0.2 m3); (a) Assembly of
metallic and plywood formwork, (b) Compaction by using pneumatic rammer and (c) Removing

formwork after compaction.

¢ Compaction

Moist soil was poured with a thickness of about 14 -16 cm into the mould. The soil layer was rammed
using a pneumatic rammer starting from the edges to the centre of the sample. After compaction, the

thickness of each layer was around 7 cm to 8 cm.

When compaction reaches half of the wall, another part of the formwork is stacked on top and
compaction continues until reaching a top level (H = 1.5 m). In the end, the disassembling of the
formwork was carefully done after the manufacturing by sliding each shutter to avoid any damage to
the wall. In total, each wall is made of 20 compacted layers (Figure 3.28), the properties of all three walls
are presented in Table 3.11

Figure 3.28: Three Rammed earth walls just after manufacture.
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Table 3.11: Summary of walls properties after manufacture

Wall Name Mass of wall (kg) Dry density (kg/m?) Porosity (-)
W1 461 1862.63 0.29
W2 461.5 1864.64 0.29
W3 463 1870 0.29
461 +£0.2% 1865 + 0.2% 0.29

3.5. Instrumentation for monitoring the hydric state

During the tests, the hydric state inside RE samples is recorded as the water content and the relative
humidity (RH). A direct approach to determining water content is by measuring the mass of a sample
and deducing the amount of water present, this is known as gravimetric water content. A balance with
a maximum load capacity of 30 kg and an accuracy of 0.01% was used. This method was employed for
small cylindrical samples and RE columns whose mass can be easily measured. However, this method
was not possible for the three walls due to its impracticality considering the mass of each wall was 461

kg.

Other techniques were used to monitor the hydric state by equipping the samples with various

instrumentation. These instrumentations include:

e Capacitive sensors - for RH and temperature measurements
¢ Time Domain Reflectometry (TDR) - for volumetric water content measurements

¢ Induced polarization (Electrical measurements) using geophysics technique — for water content.

3.5.1.Capacitive sensors

To be able to record the relative humidity (RH) and temperature inside the sample, capacitive sensors
were used. A capacitive humidity sensor measures relative humidity by a variation of the capacitance
of the capacitor. A capacitor is a sensitive element whose dielectric constant consists of a hygroscopic
substance (polymer) a few micrometres thick which absorbs the water molecules contained in the air
environment. A variation of the dielectric constant of the thin layer is then observed and, consequently

a variation of the capacitance of the capacitor [119].

There are different kinds/brands of capacitive sensors, in this work, an SHT75 sensor type was chosen

because of its small size, cost-effectiveness and relative ease to use (see Figure 3.29).
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Figure 3.29: The capacitive sensor used for relative humidity and temperature measurement. The sensor

is covered using a permeable protective filter. Data acquisition is done by a microcontroller (Arduino

Mega).

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 of 10 to 90% RH. The uncertainty in the
measurement rises to 4% RH at either very low RH (less than 10%) or very high RH (greater than 90%)

as shown in Figure 3.30a. The sensor offers a wide range of temperature (from -40 to 123.8 °C) (Figure

3.30b), but only a temperature range between 10°C to 40°C can be measured with a good accuracy of

less than +0.4 °C. Our temperature measurements will stay in that range.

However, long-term exposure to conditions outside the normal range, for example at humidity greater
than 80% RH, may temporarily offset the RH signal (+3% RH after 60h). The sensor gradually returns

to the calibration state after returning to the normal range.
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Figure 3.30: The RH-tolerance at 25 °C (a) and temperature tolerance for the SHT sensor(b) (data given
by the Sensirion SHT75, (2011) [120].
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SHT?75 sensors were calibrated in a small insulated and confined chamber, in the LOCIE laboratory.
Each sensor was protected with a filter (Polyethylene sintered) (see Figure 3.29) which prevents damage
during compaction, since sensors are included in the earth at a given depth, during the sample
manufacture process. This filter also prevents the contact of the SHT with direct moist soil but is very
permeable to the water vapour such as the relative humidity in the earth's pores is the same as the
relative humidity inside the protective filter. Sensors were connected with “Arduino Mega” for data
acquisition (Figure 3.29). The calibration chamber in Figure 3.31 was designed in the laboratory. The
calibration was done in two stages firstly, the temperature was calibrated at a constant humidity and
then humidity was calibrated at a constant temperature. A high-precision cooled mirror hygrometer
was used in parallel with the SHT sensors to record TH and temperature which will serve as reference

data for calibration.

Temperature

Sealed box regulator Display for reference

Capacitive Sensors RH and T°C
+ Hygrometer

(inside the box)

Data acquisition

Figure 3.31: Calibration chamber for SHT capacitive sensor for RH and temperature.

For temperature calibration, the humidity in the chamber was kept as low as possible by using silica gel
which absorbs ambient moisture, this helps to reduce uncertainty in the calibration. The temperature
inside the calibration chamber was varied from 5°C to 30°C with steps of 5°C. The temperature recorded
by SHT75 sensors is plotted along with the real temperature measured by the cooled mirror hygrometer
as shown in Figure 3.31. The calibration curve shows a very good correlation (with a regression value
of 0.999) between the temperature measurements by SHT sensors and the ones from reference data
(Figure 3.32). A discrepancy in measurement is observed for temperatures less than 10°C (Figure 3.32),
this has already been noted by the supplier in Figure 3.30b. In humidity calibration, the temperature
inside the calibration chamber was maintained constant at 25°C. By using saturated saline solution,
different RH were attained inside the calibrating sealed box. At each respective RH, data from SHT75
sensors were recorded and plotted against the RH of the box measured by a cooled mirror hygrometer
(Figure 3.33). From the results of the calibration of RH, a very good correlation between the SHT
measured value and a reference RH value was observed with a regression value of 09999. This means
that, the SHT capacitive sensors provide accurate measurements of RH and temperature, and were then

used in the experiments.
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3.5.2. TDR

Time Domain Reflectometry (TDR) method is a technique applied to determine the volumetric water
content inside the wall [121]. TDR working principle is based on the determination of the apparent
permittivity of porous materials using the measurement of electromagnetic pulse propagation time
along the rods of the measuring probes. The dimensionless value of the apparent permittivity is the

main factor evaluated during the measurement.

Apparent permittivity is a measure of a material molecule's behaviour under alternating
electromagnetic fields and after its release. The dipolar character of the water molecule causes a high
value of the apparent permittivity that equals 80. On the other hand, the apparent permittivity value of
air equals 1 and that of solid materials is between 2 and 9. The difference between the values of the
apparent permittivity of water and other phases is essential for moisture evaluation in the moist porous
media [122].

One of the most essential pieces of equipment in TDR measuring is the TDR probe (Figure 3.34), they
consist of, (i) measuring rods, inserted into the measured material, (ii) coaxial cable connecting the
sensor to the TDR-meter, and (iii) dielectric cover, where the rods are fixed and connected to the coaxial
cable. The TDR probe used in this study was TRIME-PICO-32 (Figure 3.34b), having measuring rods 10
cm long. This TDR was first calibrated by measurements on saturated sands and compacted soils of
known volumetric water content. It was found that the TDR provides a measurement of the volumetric
water content with an accuracy of #2% in the entire volumetric water content range (0 to 100%).

rods

coaxial cable

(a) (b)

Figure 3.34: (a)Typical TDR probe design, (b) TDR probes used in this study for volumetric water
content measurement.
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3.5.3.Induced Polarization (Geophysical technics)

Induced polarization is a non-destructive method for imaging the water content of soil or rocks through
electrical surveying. This method is commonly used in geophysics. This method was done by Feras
Abdulsamad. who was a Post-Doctorate working in parallel with this thesis on the same VBATCH
project.

Abdulsamad et al. (2020) [123] proposed to use of the induced polarization method for imaging the
water content distribution of RE materials. In this method, the measurement could be realized in the
frequency domain (using alternative current varies between 0.1 and 1KHz), or in the Time domain
(continuous current). The latter was used to measure the water content of the RE sample in the present
study (Figure 3.35).

Samples were equipped with electrodes held firmly by a rubber band. Four electrodes are used to carry
on the measurements. One pair of electrodes will inject the electric current and the other for
measurement of the electrical conductivity and normalized chargeability. Electrical conductivity
describes the ability of a porous body to conduct an electrical current. Normalized chargeability
describes the ability of a body to store reversibly electric charges under the action of an external
(primary) electrical field [124], [125]. These measured electrical properties can be connected to the
density of the material, its clay content, and its volumetric water content [126]-[128]. More about the

induced polarization method can be found in Annex 1 and 2.

The induced polarization method was used in parallel with other methods discussed previously. An
advantage of using this method is, its non-destructive nature of measurements making it possible to
detect the hydric state from the surface of the wall, a technique that can be employed in the site to a real
building.

Figure 3.35: Measurements of water content in RE sample by using Induced polarization method (a
geophysical method)
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Chapter 4

4 Influence of drying on the mechanical behaviour

This chapter deals with the impact of hydric state evolution on RE mechanical behaviour during the
earth's ‘young age’. Indeed, as already explained, manufacturing RE structures implies wet compaction,
which has as consequence to have an initial hydric state of the earth that is not yet in equilibrium with
the surrounding HR conditions. In particular, compressive strength, elastic modulus, and dynamic
viscosity coefficient will be focused on during this initial drying. It was decided initially to work on
three scales which are: Material scale which is equivalent to a single layer in a RE building, ‘Columns
scale’” which is considered as a representative elementary volume with multiple layers, with respect to
the Dmax considered (20 mm), and wallets whose scale is equivalent to half of a real RE building’s wall.
At both scales, samples were placed to dry in ambient conditions. The objective of the present work was
then to follow, at the same time, their hydric state and their corresponding mechanical characteristics at

regular intervals of time.
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4.6 Summary of parameter necessary for modelling the thermal hydromechanical behaviour of RE
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4.1 Research problematic

Once constructed, RE structures always have a non-uniform hydric state. First, they dry from the initial
moist state due to wet manufacturing water content. Later, during their lifetime, they are subjected to
varying relative humidity of the surrounding climatic conditions (indoor-outdoor). Finally, they can
potentially undergo accidental wetting from rainfall roof infiltration, capillary rise or other hydraulic

damage inside the building. This creates a non-uniform hydric state of the indoor-outdoor RE wall.

The experimental studies presented in the literature review have made it possible to highlight the
evolution of mechanical behaviour with respect to varying drying conditions. From the literature
review, it was observed that most of these studies were done on a small scale with homogenous samples
(with respect to their density) and uniform hydric state (equilibrium reached each stage of the drying).
Indeed, real RE buildings are made of several layers, with non-uniform density, dry under varying
atmospheric conditions, and with a non-uniform water content field. Therefore, investigation at the

material scale and equilibrated hydric states are not sufficient to understand the RE response.

The evolution of mechanical resistance along drying has already been studied in the literature.
However, in order to enhance construction technology, more practical questions are left unanswered in
the literature with proper quantification. For instance, with the prefabrication process, large
prefabricated RE panels are produced on the ground before being lifted to be placed on top of each
other to form a wall-bearing structure (see Figure 4.1) in the building site of Orangery Confluence

building. Questions raised in this case are thus the following;:
- How long does it take for RE panels to attain sufficient strength for the next wall elevation?

- Does the current answer based on the builder’s experience well estimated or is the drying time

overestimated?
- Are there quantifications of how much the strength increases at a particular time?
- Can the other mechanical characteristics (elastic modulus, viscosity) be quantified as well?

This chapter will thus present an experimental campaign focused on the initial drying of RE after
manufacture. Suitable boundary conditions are adopted, which represent what’s happening in a real

construction scenario. Mechanical characteristics will be investigated at regular intervals of drying time.

In the last part, this work will be carried out in order to move towards the development of a
hydromechanical model, thus the hydric variable chosen is suction since various hydro-mechanical

models can be based on it in the unsaturated soils framework.
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(a) (b)

Figure 4.1: RE construction using prefabricated RE panels, (a) onsite compaction of prefabricated wall

panels, (b) RE panels being placed on top of each other to form a wall-bearing structure. (source: Le

pies, Nicolas Meunier)

The theory behind drying of porous building materials

Drying is defined as the transfer of liquid water or vapour from the pores of a solid material to the
surrounding air. Drying kinetics depends markedly on external factors as well as on intrinsic material
properties. Drying of porous building materials such as RE occurs in two distinct stages, called in the
drying process domain, the constant drying rate period (stage I) and the falling drying rate period (stage
II) [129]-[131].

e Stagel

In the first stage, the water content is high, there is a continuous supply of liquid water across the
material to the drying surface where the vapour diffuses to the external environment (Figure 4.2).
The liquid migrates towards the drying surface by unsaturated capillary flow. In this stage, the drying
rate is strongly controlled by external conditions (ambient RH, temperature, and airflow) above the

drying surface.
e Stagell

The decrease of the water content in the material causes the formation of a drying front which is defined
as the interface between the wet and dry zone (Figure 4.2). After a certain moment, the liquid flow to
the drying surface becomes insufficient to compensate for the evaporative demand and, therefore, the
drying front recedes into the material (Figure 4.2). In this stage liquid transfer by capillary flow prevail

beneath the drying front and the rate of unsaturated flow within the porous solid limits the drying rate.
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The drying front goes on receding as evaporation proceeds and, hence, the water content in the wet
zone decreases further, increasing the path length for vapour diffusion across the material resulting in

a falling drying rate.

Zme Zone
‘llll ‘Ill

Stage 1 Stage II

Figure 4.2: Representation of the two main stages of drying porous building materials.
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In the next section, the experimental campaign will be presented. The schematic plan, of different kinds
of experiments, is shown in Figure 4.3. The experiments will be done at three scales, where the hydric

state and mechanical performances will be monitored.
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Figure 4.3: Schematic plan of the experimental protocol
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4.2 Experiments at the material scale

The experimental campaign started with samples at material scale (H = 10 cm), which is equivalent to
one layer of a RE wall (see Chapter 3, section 3.4). The aim is to quantify the influence of suction on the
mechanical behaviour at the material scale. At this scale, the samples used have a uniform density and
will be conditioned in a homogeneous hydric condition. Indeed, this scale is not representative of a real
RE building, but the results will help us to compare with experiments done at a larger scale (to be
described later on). Cylindrical samples (0=5 cm, H = 10 cm) was used, and the samples were
manufactured by using a double compaction method as explained in the previous chapter 3 (section
3.4.1). This part of experimental work was realised by Dania EL SAHMARANY, who was an intern.

42.1 Experimental protocol
a) Sample conditioning at different suction

Samples were first conditions at different suction. A protocol similar to the one used in Soil water
retention behaviour was used where the samples were placed in RH-controlled boxes with saline
solutions (see Chapter 3, section 3.3.2). In total, 18 samples were used. 15 samples were conditioned in
five different boxes (3 samples in each box) equilibrated at the following RH of 32.8%, 57.6%, 75.3%,
84.34% and 97.3%, at a constant temperature of 25°C. Table 4.1 shows the different saline solutions with
their corresponding RH and suction imposed at a constant temperature of 25°C. The other 3 samples
were not conditioned, instead, they were used at the initial manufacturing state with their suction
corresponding to 0.62 MPa, determined by using filter paper (see Chapter 3, section 3.3.2.1). Figure 4.4
shows the samples inside the boxes, placed on top of the plastic mesh to separate them from the saline
solution Each box was then closed and sealed to maintain their respective RH. The samples were
weighed regularly to follow the variation of water content with time. Every time, the saturation of the
saline solutions was 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.

Table 4.1: Saline solutions with their corresponding RH and suction at 25°C

Saline solution MgCl2 NaBr NaCl KCl K2504
RH (%) 32.8 57.6 75.3 84.34 97.3
Suction (MPa) 153.4 75.9 39 23.4 3.8
N "
RE sample
‘i
« !
10 cm s 7 bl \

‘ Plastic
l Mesh

Saline
| solution

Figure 4.4: Cylindrical RE samples placed inside a box with a controlled RH
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b) Mechanical testing

When samples reached equilibrium at different suction values, they were then tested mechanically.
Unconfined compressive strength (UCS) test was performed to determine the compressive strength (fc),
and Apparent Young's modulus (E:). UCS testing was done on 18 samples, i.e., 3 samples for each 5
suction/RH conditions and 3 samples at initial condition. Firstly, 2 samples from a batch were
compressed with monotonic loading to obtain the fc. 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 25%, 50%, and 75% of the fc. The samples were compressed with displacement control at
a rate of 0.005 mm/s to remain in quasi-static condition. The displacement control was chosen because
the failure is less sudden, and the post-peak behaviour can be observed.

4.2.2 Results and Discussion

The stress-strain curve for 3 samples conditioned at 23.4 MPa suction is shown in Figure 4.5. It shows
the results of two samples compressed without unload-reload cycles and one sample compressed with
unload-reload cycles. The mean value of fc was 3.77 MPa from all three samples (Figure 4.5). The
modulus Es was calculated on three reloading-loading E1, E2 and E3 corresponding to 0.66 GPa, 0.77GPa
and 0.82 GPa. All the stress-strain curves for the UCS test are shown in Appendix A.

5=23,4 MPa,HR=84,34%

54 amae=3,47 I\(IPa Smai=4 44 MPa
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Figure 4.5: Axial stress-deformation curve during unconfined compressive strength test for 3 samples
conditioned at 23.4 MPa suction

The results of compressive strength (fc) with their corresponding suction are presented in Figure 4.6. A
global trend of the variation of fc with suction can be seen, the compressive strength increases
significantly with the increase of suction (Figure 4.6). Suction is reported on a logarithmic scale. A linear
relationship between the logarithm of suction and fc is observed. The value of fc varies from 0.33 MPa
to 5.56 MPa for suction increasing from 0.62 MPa to 153.4 MPa. This behaviour is also consistent with
the literature [53], [132]. The variation of the apparent Young’s modulus with suction for all samples is
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shown in Figure 4.7. A significant increase in the value of Ea is observed with an increase in suction. The
trend is similar to the variation of the fc with the log suction. This can be related to the gain of mechanical
resistance of RE building upon drying. Inversely, this can also be related to the loss of mechanical

strength for unusual water entry in the RE building.
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Figure 4.6: Variation of compressive strength with suction (in log) for samples at material scale
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Figure 4.7: Variation of apparent modulus E. with suction (in log) for samples at material scale
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4.3 Experiments at column scale

In total, 15 prismatic samples were used in this experimental campaign. The preparation of these
samples was previously described in Chapter 3, section 3.4.2. The experimental campaign includes
monitoring of hydric state and mechanical behaviour during drying.

43.1 Experimental protocol
43.1.1 Water Monitoring

a) Boundary conditions

Samples S1, S2 and S3 were tested mechanically on the manufacture state. Other samples (54 to 515)
were then placed in a closed room to dry, up to be tested mechanically at different stages of drying, the
drying being stopped after 2 to 19 weeks, depending on the sample considered (see table 4.8). The
temperature and relative humidity of the room were continuously recorded and ranged around
15°C/25°C and 40%/80% respectively. In order to simulate what happens in the site where a wall
structure, where only 2 faces are submitted to drying conditions, rammed earth samples were covered
with plexiglass on two opposite sides and top. The bottom surface was covered by an impermeable base
on which the sample was placed. This was done to constrain the drying of samples in one direction as

shown in Figure 4.8.

Plexiglass ) :

Drying surface A

Impermeable base

Figure 4.8: Rammed earth samples covered by plexiglass to allow drying on one direction.
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b) Position of Relative Humidity sensor inside the sample

The kinetic of sample drying was followed by using two methods. First, by continuous measurement of
the global mass of each sample at a regular time interval of one day; secondly, by using relative
humidity sensors (capacitive sensors) which were placed inside the sample (see Chapter 3, section 3.5.1).

Capacitive sensors record data each day.

Capacitive sensors were used for measuring relative humidity and temperature. First, they were
calibrated by using a cooled mirror hygrometer in a calibration chamber for both relative humidity and
temperature with ranges of 5°C/30°C for temperature and 9%/98% for relative humidity (see Chapter 3,
part 3.5.1). Calibrated sensors were placed in the sample during manufacture. They were covered by a
polyethene filter as protection from damage. In each sample, a total of 6 sensors were used. These
sensors were placed in the middle of each layer at a distance of 3 £ 0.5 cm, 5+ 0.5 cm, and 7.5 £ 0.5 cm

from the drying surfaces. Figure 4.9 below illustrates the layout of the sensors.

Drying surface

5em
3cm

Drying surface

-

Figure 4.9: Position of the sensor inside a rammed earth sample: 2 sensors placed at each depth of 3 cm,
5 cm and 7.5 cm [133].

43.1.2 Mechanical testing
The mechanical test performed in this experimental campaign is the unconfined compressive strength
(UCS) test. The UCS tests were performed on 18 samples as follows:

e Atits initial moist state (3 samples, S1 to S3, see table 3.10)

e After drying for 2, 3, 4, 6 and 8 weeks (2 samples at each time period, S4 to S513)

e Atdried state after 5 months of drying (2 samples, (514 and S15), and 3 cylindrical samples (C1,
C2, and C3)
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a) UCS test setup

The prismatic samples, after removing plexiglass, were tested in compression between two hardened
steel plates of 100 kN capacity press (Figure 4.10). To reduce friction at the interface between the steel
plate and sample Teflon layers were used on the top and bottom of the sample. The vertical force and
displacement were recorded during the test. Samples were loaded by displacement control at a constant
rate of 1.2 mm/min [134]. At each drying time defined, two kinds of compression tests were performed:
a first test by monotonous compression, to determine UCS, and a second compression test with 3 cycles,
in order to determine the stiffness modulus, at 25%, 50%, and 75% of UCS found in the first test. The
second test is then finally carried on until the failure of the sample.

Figure 4.10: RE sample compression between two hardened steel plates of 100 kN capacity press for
UCS test.

b) Digital image correlation

In parallel to the UCS test, performed with or without cycles, Digital Image Correlation (DIC) technique
was used. DIC is a non-contact and non-interferometric (without interfering waves or rays to the
specimen) optical method used for measuring the displacement field within a solid material subjected
to external loading. In this method, the deformation is determined by comparing the changes in the
image of the surface of a tested object before and after the solicitation. The DIC technique was
introduced in the 1980s [135]. The measurement of the displacement field (and thus strain field) using

the DIC system requires the following consecutive stages:
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e Patterning

A random speckle pattern was applied on the surface of all the samples using black and white spray
paint (Figure 4.11). First, the white paint was sprayed evenly on the surface of the sample to provide
good contrast, then finally the black paint was randomly diffused to obtain patterns. The diffusion was
carefully done manually by using spray cans at medium pressure. The mean size of the dots is around

4 mm.

Figure 4.11: One surface of the RE sample was sprayed with black and white paint to make a random
pattern. On the right side, a zoom of the sample shows a pattern of black dots on the white

background on the surface of the sample.

e Camera and Lighting setup

A single-camera system was applied to measure in-plane deformations, this configuration is thus a two-
dimensional DIC. The camera used in this study has a 3248x4872 pixels resolution, with an almost 16
million megapixels white and black camera system. The camera is placed with its optical axis normal to
the sample’s surface (Figure 4.12). During the tests, a light projector and LED light source were used to

provide constant illumination on the specimen.
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Loading System

Stabilized Light
Source —

—— e i ———— — — Camera

Computer

Speckled Sample

Figure 4.12: Two-dimensional DIC setup showing a camera is perpendicular to the sample’s surface,

image acquisition is done by a special program in the computer [136].

¢ Images acquisition and analysis

Images were recorded at different steps during reloading and unloading UCS tests at the following

stages of the mechanical test (see Figure 4.13):

i.  The first images were taken before loading the sample, point O,
ii.  Then for each cycle, at peak stress during loading and the lowest stress during unloading,
therefore, points AB, CD, and EF.
iii.  Finally, multiple images were recorded at regular intervals during the post-peak phase of the

sample failure.

Image analysis was done by using a specialized computer program for two-dimensional DIC. In this
study, 7D software developed by the laboratory SYMME from USMB was used to analyse the images
[137]. The analysed region was in the middle third of the sample, in order not to be constrained by
friction at the top and bottom supports. The region was divided using a virtual grid into a small square
pattern where the deformation can be calculated (Figure 4.14). Using this technique, the vertical strain

and thus Young’s modulus were calculated.
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Figure 4.13: The points where images were recorded in the stress strain curve. On the right, the middle
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third region of the sample used for analysis of deformation of the RE column.
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Figure 4.14: DIC method, illustration of image analysis by dividing the image using virtual grids and

obtaining a square pattern. Reference pattern, marked with red squares and its centre points located at

the intersection of the green virtual grid [138].
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43.1.3 Summary of all tests on RE columns

The samples properties, type of instrumentation and the type of mechanical test are summarized in
Table 4.2.

Table 4.2: Summary of RE columns samples used for drying experiments

Dryir.lg Dry Date of ' Hydric monitoring
Sample duration Initial mass  density manufacture Mechanical test method
Name (Weeks) (kg) (kg/m?3) Cyclic loading-unloading
Water
RH content
S1 21.5 1930 24/09/2020 No cycles No No
52 0 20.8 1868 30/09/2020 No cycles No No
S3 21 1886 09/11/2020 Cycles No No
54 21.96 1972 03/12/2020 No cycles Yes Yes
S5 2 21.63 1942 03/12/2020 Cycles Yes Yes
56 20.64 1853 05/07/2021 No cycles No Yes
S7 3 21.05 1891 02/07/2021 Cycles No Yes
S8 20.51 1842 08/04/2021 No cycles No Yes
59 4 21.33 1915 25/03/2022 Cycles No yes
510 20.69 1858 08/12/2020 No cycles Yes Yes
S11 6 21.40 1922 17/03/2021 Cycles Yes Yes
512 20.93 1879 30/10/2020 Cycles Yes Yes
513 8 20.52 1842 02/11/2020 No cycles Yes Yes
S14 20.95 1881 09/12/2020 No cycles Yes Yes
S15 19 21.3 1912 18/03/2021 Cycles Yes Yes
Mean 21.08 £2% 1890 +2%
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4.3.2 Results

4321 Results hydric monitoring
¢) Evolution of RH

With the help of capacitive sensors, it was possible to locally follow the relative humidity in the sample.
Figure 4.15 presents the evolution of RH with time for samples dried for 6 weeks and more (i.e. sample
number 510 to S15 as outlined in Table 4.1). Indeed, samples dried between 2 to 4 weeks showed no
significant variation of RH and thus were not presented. From Figure 4.15, it was also observed that no
variation of RH can be measured from the first 2-3 weeks although it is where the mass loss is more
intense (see Figure 4.15). The RH value measured by sensors stays at 100%. This was due to the
limitation of capacitive sensors. In very humid conditions (RH>98%) capacitive sensors have very low

sensitivity to changes in relative humidity [86].

Then, after 2-3 weeks of drying, a significant decrease in RH was observed for each sample depending
on the ambient condition. It was also observed that the sensors placed near the drying surfaces recorded

a higher drying rate and responded quickly to the change in environmental humidity.

For samples that were dried for 6 weeks (510 and S11), S11 was observed to dry at a significant rate
reaching RH between 70% and 80% whereas RH for 510 dried to RH between 80% to 94% in 6 weeks
(Figure 4.13), this difference in RH was probably attributed from the ambient condition, the samples
were not dried at the same season, S10 dried in winter and S11 in spring (see table 4.2). Both samples
(512 and S13), dried for 8 weeks recorded a decrease in RH until reaches RH between 86% to 92%.
Samples S14 and S15, dried after 19 weeks recorded a constant decrease of RH until the samples reach
equilibrium with the drying environment (Figure 4.15). 514 for example, after 3 weeks of drying,
recorded a constant rate of decrease in RH of 4.1%, 4.3%, and 5.6% per week for sensors placed at a
depth of 7.5 cm, 5 cm, and 3 cm from the drying surface. Similar observations were made by Chauhan.
(2021) who used the same type of RH sensor (Figure 4.16) with a similar rate of decrease in RH that was
observed after 2-3 weeks, ranging from 4.5 — 5% RH per week for sensors placed at depth of 7 cm, 5 cm,
an 3 cm (see Figure 4.15) [90]. A hydric equilibrium state was achieved depending on the drying
environment, sample S14 (dried in winter) tends to reach equilibrium after 15 weeks of drying while

sample S15 (dried in spring) stabilized after 10 weeks.
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Figure 4.15: Evolution of RH with time for samples dried after 6,8 and 19 weeks along with the

variation of ambient RH and temperature (RH in samples measured by capacitive sensors at different
depths: 3 cm, 5 cm and 7.5 cm) [133].
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Figure 4.16: RH in RE samples measured from capacitive sensors at different depths (3 cm, 5 cm and 7
cm) [90].

d) Water content measurement

While capacitive sensors provided local measurement of relative humidity, it was essential to find
global information on the hydric state during drying. This was done by periodically weighing the
sample, and thus the evolution of global gravimetric water content was determined. The water content
was determined by the ratio of the actual water mass in the sample to the dry mass. Drying curves
expressed in water content are presented in Figure 4.17. It was noted that the first part of the drying
curve is approximately linear, until 3 weeks. This is known as the first stage of drying and is associated
with a constant drying rate period [129]. The second stage of drying is associated with the falling drying
rate. Good repeatability in the evolution of water content was observed in the first stage of drying for a
majority of samples (Figure 4.17f). Only samples S11 and S15 were observed to dry faster in the first
stage of drying at an evaporation rate of 3% per week compared to 1.6% per week for the rest of the
samples. This difference is certainly due to the difference in ambient conditions, visible in Figure 4.15.
Indeed, it must be pointed out that all samples have not been tested in the same period of the year (see
Table 4.2).
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Figure 4.17: Evolution of water content with drying time for all samples. All curves are combined in

(f)+(g-zoom).
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Figure 4.18: Evolution of water content with drying time for all samples combined (a), and a zoom (b)
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e) Comparison of the local and global methods for monitoring hydric state

As mentioned previously, the hydric state of the RE sample was monitored by using RH capacitive
sensors (local measurements) and water content measurement by global weighing. To compare the two
methods discussed, the results of sample S14 were selected because it presents enough data for a long
drying time, less fluctuation of ambient conditions (Figure 4.15) and has a similar drying behaviour to
most of the samples (see Figure 4.18), hence representative. Figure 4.16 shows the evolution of water
content measured direct (Figure 4.17) and computed from local RH (Figure. 4.13). The RH values were
linked with suction using Kelvin's equation, and suction was finally linked to water content using the
Van Genuchten model for the retention curve (see Chapter 3, section 3.3.4). To recall, the parameters
used from the model were: o =1.507 MPa-1, n=1.556, and m = 0.357.

From Figure 4.19, it was observed that computed local water content presents no variation as long as
the RH was constant at 100% which is not the case as shown by the global water content. Results can
thus be considered from 5 weeks. In addition, the retention curve was prepared at a constant
temperature of 25°C while the sample dried at a varying ambient temperature (between 15 and 20°),
thus the results computed of local water content are not exact. Thus, it can be concluded that the hydric
state of a very humid sample is better represented in a global way by the water content obtained by
weighing. However, the local measure of RH and the deduction of w allows distinguishing the different
amount of liquid water, to have an estimation of w, which is suitable when the hydric state get far from
100%RH (for w lower than 3% here). When the water content is below 3% (5 to 6 weeks), both methods
were fairly close to each other (Figure 4.19). Finally, it appears that both results are tending toward a

similar value of final water content, around 1%.
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Figure 4.19: Evolution of gravimetric water content for sample S14, obtained experimentally together

with the one determined from RH measurements [133].
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f) Induced Polarization method

Only sample S8 was equipped with electrodes, that were used to survey the volumetric water content
through electrical measurements. A resistivity meter “ABEM Terrameter SAS-4000” was used to acquire
the electrical conductivity and changeability of sample S8. The electrical conductivity decreases with
drying (loss of water content). The normalized chargeability has the same trend as the electrical

conductivity.

The conductivity and chargeability were then converted to volumetric water content, more about this
is found in Annex 1. The measurements were carried out at four distinct times during the drying process
[139]. First measurements were performed at the initial state just at the manufacture, then after 5 days,
13 days, and 25 days. Figure 4.20 shows the distribution of volumetric water content at the different
elapsed times during the drying process. The drying profile represented from left to right corresponds
to the following elapsed times t =0, 5, 13, and 25 days, respectively.

It can be observed, after 5 days of drying, the upper part of the block looks dried more than the lower

part. In the same time period, the influence of the layer porosity gradient is very important, the looser

part of the block (at the base of the compacted layers) is losing more water by volume unit than the
denser part of the block (at the top of each layer). After 13 days of drying, this effect starts to be less
visible. After 25 days the block is almost dry with the volumetric water content of less than 7% (w =
3.5%).
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Figure 4.20: Imaging of the distribution of volumetric water content at different elapsed times during
the drying process. By using the induced polarization method [139].
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g) Effect of gravity

It was observed that the samples dried faster on the top part than on the bottom. The effect of gravity
is seen visually, as shown in Figure 4.21, where the top layer seems drier (clearer colour) than the bottom
one (darker colour). A similar effect was observed for all samples during the early stages of drying. In
addition, the same effect of gravity was recorded by capacitive sensors. Figure 4.21 shows for instance
the results of RH from sample S14; it can be seen that for sensors placed at the same depth of 7.5 cm
below the drying surface, the RH recorded at the 3rd layer becomes higher than the one of the 5t layer
from the first weeks. This effect emphasizes from weeks 8 to 12 and then becomes less pronounced as

soon as equilibrium water content tends is reached.

—8—1 week
—0—4 weeks
4 8 weeks
12 weeks

—0— 16 weeks

60 70 80 90 100
RH%

Figure 4.21: RE sample dried faster at the top than at the bottom due to the effect of gravity. This effect
is recorded by capacitive sensors on sample 514, placed at depth of 7.5 cm from the drying surface,
showing RH at the 3 layer is always higher than that of the 5% layer, except for the 1 week where the
sample is still moist.

4.3.2.2 Results of Mechanical testing
a) Results of the UCS test

The results of UCS tests for all samples, including compressive strength (fc) and apparent Young's
modulus (Ea) have been collected in Table 4.3. The modulus Ea calculated from the 1st cycle (between A
and B states as shown in Figure 4.11), the 24 one (between C and D) and the 3 one (between E and F)

are represented by Ea 1, Ea 2, and Ea 3 respectively.

Figure 4.23a shows the mechanical response of samples 51, S2, and S3 which were tested just after
compaction at their manufacturing water content of 10%. The fc were 116.23 kPa, 110.24 kPa, and 137.77
kPa for S1, 52, and S3 respectively. Results of fc for all samples are in the same order of magnitude,
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showing good repeatability with an average fc of 121 + 11.9% kPa. A similar observation was made for
the modulus Ea, which was determined by the DIC technique on S3 where the test was done with
unload-reload cycles. The results of Ea, from 3 cycles, were 190.07 MPa, 183.01 MPa, and 190.7 MPa for
E.l, Ea2, and Ea3, with an average value of 187 + 2.3% MPa.

After two weeks of drying, samples 54 and S5 showed values of fc that are close to each other (509kPa
and 527kPa) (see Figure 4.23b). A slight dispersion in the results of Ea, evaluated from S5, the results
were 523.71 MPa, 417.76 MPa, and 432.33 MPa.

After three weeks of drying, the fc of samples S6 and S7 (753.97 kPa and 758.98 kPa) (Figure 4.23c) were
observed to increase by a factor of 7 compared to the initial manufacturing state. The Ea calculated from
sample S7, the results were 619.62 MPa, 502.75 MPa, and 550.16 MPa.

The samples dried for four weeks, S8 and S9, showed a compressive strength greater than 1 MPa (Figure
4.23d), with a significant difference in the E. between the loading-unloading cycles. The values of
compression strength were 1064 kPa and 1186.16 kPa for S8 and S9 respectively. The values of Ea were
calculated as 944.02MPa, 925.09 MPa, and 694.54 MPa as E.l, Ea2, and E.3 respectively.

The results of the compression test for samples S10 and S11, which were tested after six weeks of drying
period have been shown in Figure 4.23e. The fc of sample S10 which was compressed by direct loading
until failure (fc = 1246.59 kPa) was slightly lower than the fc of sample S11 (fc = 1400 kPa) which was

tested with unload-reload cycles.

Samples 12 and 13 dried after 8 weeks showed a significant drop in both fc (973.33 kPa and 1139.35 kPa)
(Figure 4.23f), and apparent Young’'s modulus (831.42 MPa, 845.98MPa, and 965.49 MPa). It is worth
noting that, samples S12 and S13 were not well manufactured. There was a segregation of gravels during
the earth mixing. Hence the top part of the sample contained more gravel while the bottom part was
mainly sand and fine (Figure 4.22). This explains the sudden drop in mechanical strength for these
samples (Table 4.3, Figure 4.19f, 4.22, 4.23).

Figure 4.22: A segregation of aggregate during soil mix for samples 512 and 513, causing the upper part

of the sample to contain more aggregates while the bottom part is mainly sand and fine.
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Figure 4.24 shows the compression results of samples S14 and S15, which were tested after 19 weeks of

drying. The fc of sample S14 which was compressed by monotonous loading until failure (fc = 1356kPa)

was close to the one of sample S15 (fc = 1391.55 kPa) which was tested with unload-reload cycles. A

similar order of magnitude was obtained for sample S11 (fc=1400 kPa) which was dried for 6 weeks,

suggesting that, an asymptote of mechanical capacity was reached around 6 weeks. Also, after 19 weeks,

both samples exhibited a greater value of Ea compared to the previous samples (see Table 4.3).

Table 4.3: Results of Compressive strength, Apparent Young’'s modulus for all samples.

Sample  Drying duration Compressive strength, fc, Apparent Young’'s modulus, Ea
Name (Weeks) (kPa) (MPa)
Eal Ea2 E.3

S1 116.23 - - -

52 0 110.24 - - -

S3 137.77 190.07 183.01 190.7

54 509 - - -

S5 2 527 523.71 417.76 432.33

S6 753.97 - - -

57 3 758.98 619.62 502.75 550.16

S8 1064 - i -

S9 4 1187.16 944.02 925.09 694.54
S10 1246.59 - _ -
S11 6 1400 1051.62 753.78 1141.07
512 973.33 - _ -
S13 8 1139.35 831.42 845.98 965.49
S14 1356 - _ -
S15 19 1391.55 1310.98 1535.43 1162.02
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Figure 4.23: Axial stress-strain curve for samples after 0 (a), 2 (b), 3 (c), 4 (d), 6 (e), 8(f) weeks of drying
with and without unload-reload cycles.
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Figure 4.24: Axial stress-strain curve for samples after 19 weeks of drying with and without unload-

reload cycles

The stress-strain curves for all the samples tested are assembled in Figure 4.25 without cyclic loading

and in Figure 4.26 with unloading-reloading cycles. It can be observed from both figures that the

mechanical behaviour of a RE sample changes from more plastic at humid conditions to more brittle

failure at dry conditions, similar observations were noted in [75], [90], [132]. A transition between plastic

to more brittle behaviour can be observed after three weeks. It can also be observed from Figure 4.25

that the slope of unloading-reloading cycles increases as the sample dry (Young modulus is getting

higher)
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Figure 4.25: UCS of samples at different drying times without cyclic loading-unloading [133].
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Figure 4.26: UCS with loading and unloading cycles of samples at different drying times [133].

4.3.3 Discussion

43.3.1 Evolution of mechanical performance with drying time

Results of compressive strength and apparent Young’s modulus for 0, 2, 3, 4, 6, 8, and 19 weeks are
summarized in Figure 4.24 and Figure 4.25. As expected, both compressive strength and the apparent
Young’s modulus were observed to increase with drying time. Compressive strength was observed to
increase by a factor of 12 from the moist state (manufacturing state) to the dry state (see Figure 4.27). It
means that once the RE building is manufactured (with a water content of around 10-12%), it will gain
mechanical resistance 12 times more after several weeks of drying (with a water content of about 1-2%).
The factor obtained in this work is a huge factor compared to similar studies, for example, Bui et al, 2014

reported an increase in compressive strength by a factor of 4 from the moist state to the dry state.

In the first 3 weeks of drying, the sample has gained 60% of maximum compressive strength, this is
where the sample loses most of its water (around half of it) as shown in Figures 4.7 and 4.8. After 6
weeks of drying, the compressive strength reaches around 1400 kPa which meets the minimum
characteristic compressive strength (1.-1.3 MPa) for construction [19], [37]. As pointed out before,
samples tested after 8 weeks of drying were not well manufactured which explains the sudden drop in
mechanical strength for samples tested after 8 weeks. After 19 weeks, a little variation of the
compressive strength was observed compared to samples dried after 6 weeks. In addition, the sample
compressed with reload-unloading cycles showed a higher compression strength than those
compressed in a monotonous way during the entire drying period (Figure 4.27). In detail, the difference
is minor for humid samples (before 3 weeks), although a significant difference was observed after 4
weeks, maybe due to different humid stages reached for variable drying kinetics.
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Figure 4.27: Compressive strength with respect to drying time.

Figure 4.28 shows the apparent Young’'s modulus calculated from three loading cycles. The modulus E-
for all cycles was generally observed to increase with drying time (Figure 4.28). The modulus was

observed to increase by a factor of 7 from the manufacturing state (E.=190 MPa) to the dry state (average
E.=1340 MPa).

The difference in modulus between cycles was more prominent on dry samples (from 4 weeks of
drying). There was no regular pattern between loading cycles and the modulus even though some
studies reported a gradual decrease in modulus with the increase in axial stress of cycles [53]. As
explained previously, the results of 8 weeks are not consistent. The maximum apparent Young’s
Modulus of 1535 MPa is obtained after 19 weeks.
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Figure 4.28: Apparent Young’s with respect to drying time.
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4.3.3.2 Correction of fc geometry

The slenderness ratio is defined as the ratio between height and width (for prismatic samples) or
diameter (for cylindrical samples). According to the standard ASTM-D2166 (2016) [134], the UCS test,
the recommended sample geometry is cylindrical with a slenderness ratio between 2 and 2.5. The effect
of samples geometry and slenderness is well explained in the literature (Chapter 2, section 2.4), it was
recommended to use cylindrical samples with a slenderness ratio of 2 to avoid additional friction

between the loading platen and the sample top and bottom surfaces [41], [140].

In this study, prismatic geometry (15 cm x 15 cm x 45 cm) was chosen since it provides a better
representation of the wall-drying problem as explained in section 4.2.1. It was then necessary to compare
the results UCS test on prismatic samples and the recommended cylindrical sample, to quantify the
difference between UCS and Young modulus due to geometry. To do so, three cylindrical samples (®=16
cm and H=32 cm) with a slenderness ratio of 2 were used. The preparation of these samples (named C1,
C2, and C3) is detailed previously in Chapter 3, section 3.4.2. The cylindrical samples have similar dry

density, and granulometry, and were compacted using a similar method (see Table 4.4).

After manufacture, cylindrical samples were placed to dry for 19 weeks in the same drying environment
as the prismatic sample. The samples dried up to an average final water content of 1.32%. The UCS was
done with monotonous compression and with unloading-reloading cycles according to the same
procedure as explained in section 4.2.3.1. The results are summarized in Table 4.4, the average
compressive strength of cylindrical samples was 1771 kPa, whereas for prismatic samples was 1373.5
kPa. Figure 4.29 shows a comparison of the UCS results for prismatic and cylindrical samples. It was
observed that the cylindrical sample shows 22 % higher compressive strength compared to the prismatic
sample. Therefore, applying a coefficient of 1,22 to fc would maybe make the values determined more
representative. The modulus E. for cylindrical samples showed high dispersion in results, this could be
due to the curved surface of the cylinder making it extreme complex to determine the strain by using 2-
D DIC. So, the results of E. for cylindrical samples are not presented. Although prismatic samples
underestimate the mechanical capacity with respect to the cylinders, they seem to be well representative
of the wall. The choice of slenderness, size (with respect to the Dmax) and section (square) was made to

have a multilayer representation of the wall.

Table 4.4: Results UCS of cylindrical samples

Sample Dry density Porosity fc (kPa)
Cl 1990.5 0.248 1691
2 1926.99 0.273 1791
C3 1976.39 0.254 1830

Mean 1951 +1.7% 0.26 + 5% 1771 + 4%
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Figure 4.29: Comparison of compressive strength for the cylindrical and prismatic sample in the dry

state.

4.3.3.3 Cracks pattern at failure using DIC

Thanks to the DIC, the displacement field during different stages of the UCS was recorded. Then strain
field could be deduced with the help of DIC software. Figure 4.30 show the failure pattern of rammed
earth at different drying time. For samples at the initial state and 2 weeks of drying, cracks mostly
appeared on a propagating top or bottom edge. Shear bands are thicker at the initial time which can be
explained by the more ductile behaviour of the earth at this hydric state. For more dry samples (6 and
19 weeks), localized strains are localized both at the interface between layers and with an inclination of

about 30° with respect to the vertical direction.

Initial 2 weeks 4 weeks 6 weeks 8 weeks 19 weeks

Shear
strain
0.01

Shear
strain

0.07

i

Figure 4.30: Failure pattern of a RE samples at the peak stress, represented by fields with maximum
shear strains [133].
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Figure 4.31: Link between the mechanical properties and suction development

4.3.3.4. Evolution of mechanical performance with suction

The evolution of mechanical behaviour was linked to the hydric state within the samples as presented
by its suction values (see Figure 4.31c). The hydric results of sample 14 were used. As discussed, the RH
(Figure 4.15) and their corresponding temperatures were expressed in suction by using Kelvin's
equation (1). The suction values correspond to local values at depths of 3 cm, 5 cm, and 7.5 cm are
represented in Figure 4.31c. Indeed, the suction in the sample is non-uniform, so local suctions are
represented as a field of suction with minimum values in the middle of the sample and the maximum
near the surface (Figure 4.31c). In addition, global suction in Figure 4.31c was obtained from the
evolution of water content thanks to the Van Genuchten model (chapter 3, section 3.3.4). Figure. 4.31c

shows, in the early drying stage, the development of global matric suction up to 10 MPa was correlated
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with a substantial increase in the compressive strength from 100 kPa at manufacture to 1000 kPa after 4
weeks (Figure 4.31a). From 6 weeks, a significant increase in matric suction from around 20 MPa to 90
MPa had little to no influence on mechanical behaviour. This confirms the results of Bui et al., 2014 [42]
that a slight change in the hydric state of an almost dried sample produces a minimum effect on its

mechanical properties.

43.3.5 Validation of results of mechanical strength with suction

The results from this study were further compared with other studies on a similar scale (column scale).
Bui et al. (2014) [42] performed a UCS test on drying RE columns and then used the filter paper method
to measure respective suction values just after the UCS test. In this thesis, suction values were linked
with the Kelvin equation and Van Genuchten model similar to Chauhan, (2021) [90]. Figure 4.32 shows
the results of compressive strength with the corresponding suction from different authors. In this thesis
work, it was observed that the logarithm of suction is linearly correlated to the compressive strength.
This linear relation is well correlated for all results regardless of the soil composition. This underlines
again the important role played by the development of suction for low values, whereas the same

increase at high values has few influences on fc.
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Figure 4.32: A linear relationship between compressive strength and suction. Comparison with studies
of Bui et al. (2014)[42] and Chauhan (2021) [90].
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43.4 Synthesis

Rammed earth samples were dried in a closed room before they were mechanically tested. The
boundary conditions adopted constrained the moisture transfer in the sample to one direction
mimicking a real wall equilibrating with ambient climatic conditions. While drying, periodic
monitoring of the hydric state was performed. Thus, the evolution of water content, as well as RH, were
obtained. In the first week, the drying rate was constant with a high evaporation rate, then followed by
a fall in evaporation rate after 3 weeks. Capacitive sensors were placed to measure relative humidity
inside the sample. During the first weeks of drying, there was no change in RH recorded by capacitive
sensors. This is due to their limitation in very humid conditions. However, after 3 weeks the relative
humidity inside the sample was falling at a constant rate. In addition, a comparison between the two
methods (balance and capacitive sensors) for hydric monitoring was done, and a good agreement was

observed at water content below 3%.

In the meantime, compressive strength was evaluated. It was observed both compressive strength and
apparent Young’s modulus were increasing rapidly during the first 3-4 weeks. After 6 weeks of drying
the maximum strength was attained with a slower rate of gain in stiffness, although, the drying time
depends on the temperature and HR conditions. Moist samples were more ductile while dried samples
showed more brittle behaviour. Furthermore, the hydric state was represented with a matric suction
variable. The evolution of mechanical behaviour with respect to suction was presented. A slight increase
in suction was correlated with a significant increase in mechanical capacity at the early stage of drying,
which is why the semi logarithmic graph for the fc(s) curve is more suited, where a linear relationship

was observed. Results were validated by previous studies on a column scale [42].
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4.4 Experiment at wall scale

Previously, a drying experiment on RE columns was performed, and a link between hydric state and

mechanical properties was obtained. Now, this section will proceed similar experimental campaign but

at a wallet scale (1.5 x 0.75 x 0.2 m?) (Figure 4.33), in order to evaluate a geometric configuration which

is closer to a real RE structure than the prismatic samples. The scale here is about 2 in width and height

with respect to a real wall scale. Three walls named W1, W2 and W3 were fabricated as mentioned

previously in chapter 3.8.3. Their properties are summarized in Table 4.5 with the type of test and

monitoring, hereafter presented

Figure 4.33: Experimental protocol for RE walls

Table 4.5: Summary of walls properties, type of mechanical test and instrumentation.

Wall Dry Porosity Date of Mechanical test Instrumentation
No density (%) manufacture,
(kg.m3) Drying time
W1 1862.6 29.6 01/04/2021, Initial state after manufacture Non
0 week
W2 1864.6 29.7 28/06/2021,  Periodic test during drying and Capacitive sensors
32 weeks after drying
W3 1870 29.4 17/05/2021, Mechanical test after capillary ~ Capacitive sensors+ TDR+
8 weeks rise Electrodes
Mean 1865+0.2% 29.6+0.5%
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4.4.1 Experimental protocol
a) Water monitoring

The kinetics of drying of two walls W2 and W3 was followed by relative humidity sensors (capacitive
sensors) and water content sensors (Time Domaine Reflectometer, TDR), whose principles are detailed
in Chapter 3, section 3.5. Calibrated sensors were placed in the sample during manufacture. In each
wall, a total of 9 of them were used. They were placed in the mid-height of each layer at a depth of 3 +
0.5 cm, 5+ 0.5 cm and 10 + 0.5 cm from the drying surfaces (see Figure 4.34).

The TDR probe used in this study was TRIME-PICO-32, which provides a measurement of the
volumetric water content with an accuracy of + 2%. The device was calibrated by measurements on
saturated sand and compacted soil of known volumetric water content. After calibration, the TDR was

placed until a depth of 10 cm on the right side at mid-height of the wall.

Sensors and respective
depth from drying surface

¢ Capacitive sensors

QO >3
->5cm

O > 10cm

TDR

..........................

ER | Y- FENAGNE
Zoom of sensors from back of the wall

Figure 4.34: Layout of the position of the sensors with their respective depth in the wall. Zoom of the
sensor's final position taken from the back of the wall.

b) Mechanical testing

A series of compressional tests were performed on large walls. At this scale, and with the huge mass of
the walls, setting up experiments can be challenging. Thanks to the LOCIE Lab, which provided proper
equipment to facilitate such experiments. The experimental setup is illustrated in Figure 4.35. The
testing platform consists of a portal frame steel structure. The compression was done by electric
actuators fixed on the top horizontal beam. An electric actuator that can push up to a maximum capacity
of 120KN was used for compression. This way, according to the force necessary, one or two actuators
were used. Transporting the walls to the testing platform was challenging. Indeed, walls had to be
transported together with the concrete beam at the base, the wood beam at the top and the
manufactured metallic formworks. In total, they weighed together about one tonne. To transport such

a heavy wall, an electric forklift was used and operated by a skilled person.

110



Chapter 4 Drying experiments

— Electrical Portal frame
actuators —— steel structure
(VLV2)
|
|

40 cm 40 cm !
| Il |
|_| | | Ball joint
- 2 connection
Wooden . ~20 c?n go em :
beam
75 cm

-‘\‘--‘_-_"-—!—._.—H

Rammed earth well =
- 250 cm.
[ 150 cm

e S

|
A M

i_ Dem — 1 30em —

Auto-centering system }_. Center

Figure 4.35: Experimental setup for mechanical testing

e Periodic mechanical test (Elasto-viscoplastic behaviour)

In order to determine the compression strength of the wall at the initial state, wall 1 (W1) was tested
directly after manufacture in its moist state (w=10%). Whereas wall 2 (W2) was kept to be periodically
tested with small loading-unloading increments to evaluate rigidity evolution. W2 was not tested at
time 0 (in order to avoid damage at such a weak state) but from 1 week up to 32 weeks. Displacement
controlled mechanical test is adopted. The loading path is illustrated in Figure 4.36 [141]: a first load
until 0,1 MPa were performed (OA in Figure 4.36), then an unloading-reloading up to 0,1 MPa is done
to determine the elastic behaviour (ABC). Lastly, it was decided to keep the displacement fixed for 100
to 500 seconds in order to determine the viscous component of the behaviour in relaxation (CD). The
maximum loading, 0,1 MPa both prevent damage on the wall and is representative of a classical vertical
apparent stress for a one-story building. The loading was controlled at a constant displacement of 1.2
mm/min (quasi-static loading). From Figure 4.36 points OAB represents the loading-unloading path
with corresponding plastic and elastic deformation. The strain was calculated using field displacement
coming from (DIC) technique as explained in section 4.2.3.2. The wall was sprayed with black dots to
make patterns as shown in Figure 4.37. Images were recorded at points O, A, B, C, and D in Figure 4.36.

The strains were determined in the central part of the wallet in order to avoid border effects.

Stress relaxation shows the dependency of stress on time, while displacement is fixed. The relaxation

test is represented by points C and D (see Figure 4.36) and its corresponding stress-time dependency.
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Figure 4.36: Loading path: Loading-Unloading cycle (OAB), and stress relaxation (CD) [141].
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Figure 4.37: Black dots patterns on wall W2 for DIC during mechanical testing.
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442 Results
4421 Results of hydric state

With the help of capacitive sensors, relative humidity was followed in walls W2 and W3, results are
shown in Figure 4.38 and 4.39 respectively for 8 weeks. In wall W2, it was observed that no variation of
RH can be measured from the first 3 weeks although it is where the mass loss seems to be more intense
according to TDR results (see Figure 4.40). At 8 weeks, both walls had RH ranging from around 80% to
90%. W2 was further dried, up to 32 weeks were it was mechanically tested, at this time the RH in the
wall W2 was between 50% to 65%, reaching equilibrium with the drying environment. As for the
prismatic columns, this was due to the limitation of capacitive sensors: in very humid conditions
(RH>98%). Similarly, to the columns, after 3 weeks of drying, a constant decrease in RH was recorded
from each sensor. It was also observed that the sensors placed near the drying surfaces recorded a higher

drying rate and responded quickly to the change in environmental humidity.

Although measurement of global water content was not possible due to the large size and weight of the
walls, it was possible to measure local water content using TDR. Figure 4.40 shows the evolution of
water content determined by TDR in the core of wall W3. This Local value of water content decreased
from a manufacturing water content of about 10.7% to 4.5% in 8 weeks. This value is higher than the
global water content reached by prismatic samples S12, S13, S14 and S15 after 8 weeks of drying, which
was between 2 to 3.5% (Figure 4.15f). However, this is consistent since the TDR is placed at the core of

the wall thickness. That explains the higher water content.

It was noted that the first part of the drying curve is approximately linear, until four weeks. This is
known as the first stage of drying and is associated with a constant drying rate period [129], where the
ambient drying conditions (globally constant) are the limiting factor to the drying kinetics. The second
stage of drying is associated with the falling drying rate, from weeks 5 to 8, where the internal water

transfer from the core to the surface is the limiting phenomenon to the drying kinetics.
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Figure 4.38: Evolution of RH with time for wall W2, RH recorded by capacitive sensors placed at a depth
of 10 cm, 5 cm and 3 cm.
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Figure 4.40: Evolution of water content with drying on wall W3, water content was measured by TDR

probe placed middle side of the wall at a depth of 10 cm.
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4422 Results of Mechanical tests
a) Initial and final compressive strength

The mechanical resistance was determined on wall W1 in the moist state and on wall W2 after 32 weeks
by compression until rupture. Results are presented in Figure 4.41. At the initial moist state, the
compressive strength found was 0.1MPa, and at a dried state it was found 1.15MPa. An increase in
compressive strength by a factor of almost 12 from the moist state to the dry one, a similar factor was
observed in the RE columns presented in the previous section. The behaviour of the dried wall (W2)
was more brittle observed by a sudden drop of axial stress during the rupture, while a moist wall (W1)
presented a slow plastic deformation at the failure zone (Figure 4.41). Finally, the stress-strain curve of
both shows that the dried wall (W2) has a large slope compared to the moist wall (W1) suggesting that
the modulus of W2 is greater than W1. This modulus will be quantified in the next section by using the

DIC technique to analyse the deformation and hence the modulus.
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Figure 4.41: Stress-strain curve for wall W1 tested at moist state, and wall W2 tested at dry state after
32 weeks.

b) Apparent Young’'s modulus of wall W2

The apparent Young’s modulus was determined from the unloading path AB where elastic deformation
is found (see Figure 4.36). The images recorded at points A and B were analysed by 7D software to
determine the strain. In this case, image B was used as a reference. Figure 4.42 presents the strain
calculation using DIC on W2 dried after 8 weeks. All curves for all drying periods are presented in
Appendix B. The displacement field between images A and B was determined, with 3 vertical profiles
of vertical displacement (dy) represented in Figure 4.42. A non-uniform vertical strain can be observed
in the Figure since the repartition of dy is not linear. The top part has deformed greater than 0.2 mm
(seen by the bluish colour in Figure 4.42) and the near bottom part has deformed by 0.05 mm (seen by
the reddish colour in Figure 4.42), it is worth noting that, the negative sign on the dy scale indicates the
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downward direction. The strain was calculated in the third middle zone, marked by a dashed box in
Figure 4.42. To ensure that the strain is calculated from the same region at each drying period,
displacement profiles were made on the left, centre and right of the wall (see Figure 4.42). From these
displacement profiles the strain was always determined between 500 mm to 1000 mm, the strain was
calculated from the slope of displacement (dy) to the corresponding height on the wall. After 8 weeks
of drying, and for da,, = 0.1 MPa, we got de,,, = 0.0119%, 0.0115% and 0.0149% for the left, centre and
right of the wall respectively. It leads to an average value of apparent Young’s modulus of E, =721.7
MPa.

The results of all weeks are summarised in Figure 4.43. Results show that the E,of the walls increased
from 190 MPa to 721.7 MPa after 8 weeks of drying from manufacture and then to 1024 MPa after 32
weeks. It was observed that the results of the evolution of apparent Young's modulus are very
comparable to those obtained on RE columns presented in Figure 4.20, for very comparable densities,

only the scale differs.
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Figure 4.42: Image analysis of wall 2 (W2) dried after 8 weeks. On the left, is the displacement map of
the wall during the unloading of 0.1 MPa. The strain is calculated in the third middle zone. The curve
on the right shows the displacement profile on the left, centre and right of the wall, where the strain is

determined between 500 mm to 1000 mm.
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Figure 4.43: Evolution of Apparent Youngs’ modulus with drying time along with its tendency shown
by the dashed line.

c) Viscous behaviour of RE and rheological models

Figure 4.44 shows the evolution with drying weeks, of the stress relaxation curve during phase CD of
the loading path (W1 at =0, and W2 for one week and after). It was observed that, on each curve, the
stress reduces with a pattern that seems to be exponential. For 8 weeks, the relaxation has been realized
for a sufficiently long time of all and it can be seen that stress evolution seems to approach a fixed
asymptotic value. Using the three-element model for relaxation (Figure 4.45), explained in Chapter 2,

recalling the model equation as follows:

Ej+Ep

a(t)=Ae_( n )t+C

4.1)

Where o is stress, ¢ is strain, E is Young’s modulus, 1 is the coefficient of dynamic viscosity, and A and
C are constants. From equation 4.1, the relaxation behaviour was modelled for each week and
represented by the dashed line in Figure 4.44. From the model, the dynamic viscosity was determined

for each test to fit the more accurately possible experimental data. Results are presented in Figure 4.46.

An increase of the coefficient of viscosity (1)) from 8.15 x 10° to 1.53 x 10" Pa-s during 8 weeks of drying
is observed, after 8 weeks, 1] tends to an asymptotic value as shown in Figure 4.46. A significant change
of n by a factor of almost 20, suggests the viscous behaviour should be considered in modelling the
coupled hydro-mechanical behaviour of URE. When the wall is dried, the value of the viscosity was
ranging around 1.3 x 10" Pa.s. A similar order of magnitude of the coefficient of viscosity (4.834 x 1012
Pa.s) was reported by Gil-Martin et al. (2022) [91] studying a RE cylindrical column (©=15 cm and H=30
cm) during a creep test using the same rheological model (see Figure 4.45). From Figure 4.46, it is clear
that the viscous behaviour of rammed earth is highly dependent on the hydric state. In the first week, it

may be significant, and it was noticeable (noise made by rearranging of grains) even for the low
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increment of loading. In real buildings, viscosity can take place when the wet earth is loaded, and strain

can develop by creep. Therefore, it could be s necessary to estimate the creep strain.
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Figure 4.44: Stress relaxation test results showing experimental and modelled curve each week on a
drying URE wall [141].
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Figure 4.45: (a)Three-element model to describe the elasto-viscoplastic behaviour. (b) Stress relaxation

function.
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Figure 4.46: Evolution of coefficient of dynamic viscosity with drying time, along with its tendency
shown by the dashed line.

Using the same three-element model (Figure 4.45a), creep strain £(t) was calculated from equation 2.13

(more explanation in Chapter 2, section 2.3.3). We recall:

e(t) = 0 (Eil +Ei2(1 G ))

Where o is stress, ¢ is strain, E is Young’s modulus and 1 is the coefficient of viscosity. The evolution of
creep strain developed at a constant load of 0.1 MPa at different drying times is shown in Figure 4.47.
At the initial state, where the wall is moist, it was observed that the creep strain developed increased to
0.125%. While a dry state, (32 weeks), a gradual increase in creep strain to 0.097% was observed in about
two hours. A significant reduction of creep strain from moist to dry state by a factor of 1.3. It can be
observed in Figure 4.47 that the asymptotic values seem low. It means that a 3 m fresh wall would only
creep for about 3 mm. The values of creep strain might seem negligible at first glance, but it's worth
noting that these values are proportional to the constant load applied, the higher the load, the higher

the creep strain. Doubling the constant load will double the creep strain.
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Figure 4.47: Evolution of creep strain at a constant load of 0.1 MPa with drying time. The strains are
calculated from Three element model (Burges model) using the coefficient of viscosity obtained

experimentally.

4.4.3 Discussion
a) Study of suction as a state variable to represent the hydric state

Suction has been shown to be a very suitable parameter in order to understand and model the
unsaturated hygro-hydro-mechanical behaviour of the earth's porous medium [84]. It is thus important
to adopt it as a single variable to stand for the hydric state. The RH (Figure 4.38) and their corresponding
temperatures were expressed in suction by using Kelvin's equation (8). Kelvin’s equation was
previously defined in Chapter 2, section 2.3.2. The suction values were computed locally at depths of 3
cm, 5 cm, and 10 cm (position of capacitive sensors), and represented in function with drying time
(Figure 4.48). In addition, suction evolution deduced from TDR water content (Figure 4.48) was obtained
thanks to the Van Genuchten model of the water retention curve. These curves show a consistent
evolution, except for the first 3 weeks on which the SHT sensors cannot measure the very slight
evolution of RH, responsible for a not negligible variation of water content, once the Kelvin equation is
used. We can observe that the suction value deduced from TDR stays low during the drying period
(consistently, it was observed previously that the water content measured was still high after 8 weeks).
However, it is close, during the last weeks, to the values of suction deduced by SHT, at the same position
(10 cm under the surface). It means that measurements can be trusted and that the core of the material

stays very humid, even after 8 weeks.
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Figure 4.48: Evolution of suction in RE wall deduced from RH and water content evolution
b) Mechanical properties vs suction

The evolution of total mechanical behaviour can be linked to the hydric state within the wall through
its suction values. Only local suctions in the wall were evaluated by using TDR and capacitive sensors
as shown in Figure 4.48. To relate, the mechanical behaviour with the corresponding suction, the local
suctions from TDR were used in the first three weeks. Then after three weeks, both TDR and RH were
considered, and the suction was taken as the mean value of suction with an error bar representing the
lower and upper values of suction at each stage. Figure 4.49a. shows the results of apparent Young’s
modulus with the corresponding suction. In this work, it was observed that the logarithm of suction is
linearly correlated to the apparent Young’s modulus, similar relation was observed from the RE column.
The low R? of 0.64 value in Figure 4.49a can be explained by some points that are way off-set from the
rest, such as the one near Ea. of 1200 MPa, this could be due to technical errors in the measurement of
strain. In addition, the suction value is not uniform and may vary in between the error bar represented
in Figure 4.49a which can vary the R2. On the other hand, the coefficient of viscosity (1)) was also linked
to the suction (Figure 4.49b), a linear relation, with an R? of 0.54 correlation was shown in Figure 4.49b,

similar results ) are observed on soil material containing clay [142].
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Figure 4.49: (a) Evolution of apparent Young’'s modulus with log(s) at wall scale (b) Evolution of

coefficient of viscosity n with the log(s) for RE wall.
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¢) Effect of scale

The results of the influence of hydric conditions on mechanical performance have been presented at
each scale (i.e. material scale, column scale and wall scale). The study has been done by using the same
soil and the same clay nature. At the material scale, the soil was sieved at 5 mm, while at both large
scales, the soil was sieved at 20 mm. The samples in all three scales had comparable dry densities with
standard deviation of 0.8%. As discussed previously, suction is a parameter chosen to represent the
hydric state. A uniform suction was controlled at the material scale. At large scale, the distribution of

suction is not uniform, therefore, the global and local repartition of suction was measured.

In all three scales, the mechanical performances increased linearly with the log of suction. The results
of fc with the log of suction at three scales are shown in Figure 4.50. It is observed that the fc at the
material scale is significantly larger than both column and wall scales. The reduction in strength at a
large scale was attributed to higher gravel content and size according to the weak link theory. At large
scale, both columns and wall show a similar fc at moist state (suction around 2 MPa), at this state
samples were more ductile as we have seen previously in Figure 4.25 and 4.41. When dried, the
behaviour was more brittle (suction near 100 MPa), and columns were found to have a higher fc of 1.2
as compared to the wall (see Figure 4.50). This highlights the effect of scale and can be explained as that
the more the sample is, the more probabilities are to have a default in the sample, which could initiate
the failure. On the other hand, the apparent Young’s modulus, Ea, showed the same trend with the log
of suction at three scales (Figure 4.51), but the values of E. were in the same order of magnitude at all

suction levels, with minor exceptions.
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Figure 4.50: Evolution of compression strength with the log of suction, presented for material,

columns and wall scale.
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Figure 4.51: Evolution of compression strength with the log of suction, presented for material,

columns and wall scale.

444 Synthesis

The mechanical behaviour of RE has been studied at a wall scale close to a real building scale. The RE
walls were dried after manufacture and while drying, periodic monitoring of the hydric state was
performed. Thus, the evolution of water content, as well as RH were obtained. The walls were then
subjected to mechanical tests including Loading-unloading cycles (elastoplastic behaviour) and stress
relaxation (viscous behaviour). These tests were performed each week for 8 weeks of drying and then
at the dried state, thus the evolution of mechanical behaviours with respect to time and hydric state

were presented.

This chapter includes some major contributions to the unsaturated behaviour during RE drying. First,
it highlights the viscous behaviour of RE and its evolution with the hydric state. Considering that, none
of the existing studies has ever shown the variation of visco-elastoplastic behaviour of RE, this work
will pave the way for taking into consideration the viscous part of the mechanical behaviour of URE. In
particular, it provides the order of magnitude for the coefficient of viscosity (n) for RE, which is scarce
in the literature. The influence can be taken into consideration, and the creep effect has been estimated

to be limited for limited increments of axial load.

Secondly, the size effect on the mechanical response of RE has been investigated. The results of apparent
Young’s modulus at the wall scale were compared to the ones at the material and column scale that
used the same soil. A close relation was observed in the evolution of apparent Young’s modulus with
time between the three scales. However, some variations were noted on the apparent Young’s modulus
when considering the suction in the samples, but it could be due to the non-uniform distribution of
suction in walls and columns, thus the suction is presented as a global and local value of suctions. Semi-
logarithmic functions are obtained between suction and, apparent Young’s modulus and coefficient of

viscosity. Similar results are obtained on soil material containing clay.
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4.5 General conclusion of the drying experiment

In this chapter, the mechanical behaviour of RE has been studied with respect to hydric conditions in
an early stage of drying. The study was performed experimentally at three scales, from material scale

to large scale of columns and walls which is half of a scale of a real building scale.

The main protocol was to link the change in mechanical response with the hydric state. To do so, First,

the hydric state was monitored and then mechanical tests were performed.

The hydric state at the material scale was monitored by conditions samples at different RH between
32.8% and 97.3%, at a constant temperature of 25°C. At both large scales, RE samples and walls were

dried in an ambient condition, and continuous measurements of water content and RH were done.

The kind of mechanical tests performed at all scales were UCS to determine the compressive strength
(fc) and apparent Young’'s modulus, and relaxation test (viscous part) to determine the coefficient of

viscosity for the wall.

Attention was paid to the presentation of the hydric state (RH and water content) using the suction
variable which is a state variable. Finally, the link between the hydric state and mechanical
characteristics was established. The evolution of mechanical behaviour with respect to suction was
presented at all three scales. A slight increase in suction was correlated with a significant increase in
mechanical capacity at the early stage of drying. A linear relationship was observed between mechanical
capacity and logarithmic of suction. It means that, close to the saturation, the effect of a few variations
of the suction has much more important than a few variations of suction, for a low saturation degree. It
may be understood by the fact that at high saturation, the suction is developed in a larger amount of
liquid into the pores, whereas at low saturation, only a small volume is concerned by this stress. This is

the sense of the Bishop expression of unsaturated effective stress (where: ¢';; = 0;; + Sr.5.1;;, see the

jr
equation in Chapter 2, section 2.4.2).
In addition, from the wall, the viscous part of them had a similar response with suctions, the equivalent

creep effect calculated was about 0.1% for a fresh wall, meaning that a 3 m fresh wall would only creep

for about 3 mm.

A comparison of all three scales was done showing that the fc at the material scale was significantly
larger than both column and wall scales. While, the apparent Young’s modulus, Ea, showed the same

order of magnitude at all suction levels.
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4.6 Summary of parameters necessary for modelling the thermal

hydromechanical behaviour of RE

In this section, the parameters required for modelling the thermal hydromechanical (THM) of the RE

wall are presented. These parameters are obtained experimentally with boundary conditions close to a

real building. Parameters are categorised as physical, hygro-thermal, hydric and Mechanical

parameters. These parameters are summarised in Table 4.6 as follows:

Table 4.6: Parameter summarized from this work necessary for modelling the thermo-hydro-mechanical

behaviour.
Factors Units Values
Materials Fine contents - 0.1
Fine/Gravel ratio - 0.3
Porosity - 0.29
Dry density kg-m 1865
Dimension Wall thickness m 0.2
Wall height m 1.5
Wall width m 0.75
Hygro-thermal Initial saturation of walls - 0.71
Average ambient RH % 60
Average ambient temperature °C 15
Water retention properties  Air entry suction MPa 0.3
VG parameters: o, m and n a (MPal)  «a=1.507, n=1.556, m=0.357
GAB parameters: Ci, C2zand Wa C1=10.58, C2=0.78,
Win=0.94
Hydraulic conductivity m/s 2.4 x 108
Moist Dry
Suction MPa 1.8 60 to 115
Mechanical Compressive strength MPa 0.1 1.15
Apparent Young’s Modulus GPa 0.19 1.024
Coefficient of viscosity Pa-s 10° 101
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Chapter 5

5 Influence of capillary rise on mechanical capacity

This chapter presents a second experimental campaign where RE columns and a wall are subjected to
capillary rise. During the capillary rise, the hydric state of the sample was recorded thanks to various
instrumentation methods and therefore the kinetic water rises and water absorption parameters to
characterise capillarity are presented. In parallel, samples are tested mechanically just after the capillary
and others were left to re-dry after the capillary rise and then tested mechanically. This chapter answers
the following questions:

What experimental method is suitable to follow the capillary rise, and which kinetics can be observed?
How evolves the mechanical resistance during the capillary rise?

Is the mechanical resistance restored upon re-drying?

Chapter Summary
5.1 Research motivations and the theory of capillary rise in porous building............ccceevevnnnn. 127
52 Experiment at cOIUMN SCAle ..o 132
521  Experimental protocol ... 132
522  Results and diSCUSSION.........cceuiveviiiiiiiiiteie e 137
52.3  Synthesis of capillary rise experiment on COIUMNS..........cccceuvuiviiiiiininiiiniiiins 147
53 Experiment at Wall SCale .......c.cciiiiiiiiiiiiiici e 148
53.1  Experimental protocol ... 148
532 Results and diSCUSSION.........ccvuiviviiiiiiiiiit e 149
5.3.3  Synthesis of capillary test on wall..........cccocoviriiiiiinii 155
5.4 Conclusion on capillary eXperiments...........cccocioieirririrecieiiiiiirrrcce e 155

5.1 Research motivations and the theory of capillary rise in porous building

Capillary rise, also known as rising dampness, is a common problem in masonry buildings, caused,
respectively, by the humid state of ground soil and ambient conditions such as rainfall. Usually, a damp-
proof course and raised foundation are used to prevent groundwater to access the ground floor walls,
and overhanging roofs to reduce the wetting of wall surface from rainfall. In case of a broken, bridged,
or missing damp-proof course, groundwater will gain access to ground floor walls through capillary
action. Also, in extreme cases like a flood or unexpected heavy rainfall, water rise through capillarity
can still cause serious structural damage, especially for earth buildings like RE.

As discussed in the literature review, the effect of capillary rise on mechanical behaviour RE is
significant but rarely studied. In addition, the impact of drying-wetting cycles on the mechanical
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performance of RE has not been yet accurately quantified and understood. The study aims to
experimentally quantify the effect of capillary rise on the mechanical performance of RE at a scale that
is representative of a multi-layer structure of rammed earth. To do so, capillary experiments adapted
for the large scale were designed, and the kinetic of capillary rise and evolution of mechanical strength
were followed before and after capillary rise.

The interactions between water and porous building materials are complex and numerous. First, it's
important to understand the mechanism of capillary rise in a porous building.

a) Height of capillary rise

The internal molecular force of attraction between molecules of the same substance is termed cohesion
and the force of attraction that exists between the molecules of dissimilar materials is known as
adhesion. Water molecules stick together because of cohesion forces, and stick to other materials such
as glass or cloth because of adhesion forces. When the adhesion force is greater than the cohesion forces
within the water, then the surface of the solid material becomes wet. At the air/water interface, the
surface of a given quantity of water behaves as a thin tight membrane due to surface tension. Therefore,
capillarity is a phenomenon that describes the movement of water within the spaces of a porous material
due to the forces of cohesion (holding water molecules together), adhesion (sticking water molecules to
the other material), and surface tension (holding the surface intact). The classic example to illustrate
capillary rise is that of a hollow open-ended glass tube in a container of water (Figure 5.1). Capillarity
is a consequence of the surface tension between the surface liquid film and the wall of the capillary tube.
The height of capillary rise reached by the liquid depends on the surface tension of the liquid and the
radius of the capillary tube (Figure 5.1).

Glass tube

Figure 5.1: Capillary rise of water in a small-diameter glass tube

From a simple analysis of mechanical equilibrium for the capillary rise in a small-diameter tube, the
ultimate height of capillary rise, k., is given by Jurin’s law [86]:

_ 4T cosa (5.1)
© dpwg
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Where:

pw is the density of water (1 g/cm3), g is the gravitational acceleration (980 cm/s?), « is the contact angle
(low for water, air, and glass contact and Ts is the surface tension of water (72 mN/m at 25 °C), d is the
diameter of the tube. Imposing these values, and considering a zero value of a equation 5.1 simplifies
to:
03 (5.2)
h.(cm) = Toem e

However, capillary rise in porous building material is far more complex than the simple capillary tube
model (Figure 5.1, thus equation 5.2 is not sufficient to estimate the capillary height.

In particular, RE is made of compacted soil, so to better estimate the capillary rise, an approach used in
real soil will be adopted. Soil comprises a range of different particle sizes with complex packing and
pores distribution. Analytically evaluating the height of capillary rise is quite difficult. Various
empirical equations have been developed for soil by considering the particle size distribution, void ratio,
and air-entry head. Peck et al. (1974) [143], for example, describe an empirical equation expressing the
height of capillary rise hc (mm), with the void ratio e, and the 10% finer particle size, D1 (mm) as;

_ ¢ (5.3)
eD;,

he

Where C is a constant varying between 10 and 50 mm? depending on surface impurities and the grain
shape. However, the coefficient C is difficult to choose because the range of C is relatively large. Lane
and Washburn (1946) [144] proposed a formula after conducting an experiment for eight different soil,
they found that the maximum capillary height /e (mm) is linear with Dio (mm):

h, = —990(In D;) — 1540 (5.4)

Where both D1 ranges from 0.006 to 0.2 mm. On the other hand, Kumar and Malik (1990) [145] by
carrying out indoor tests summarized the following equation:
he = hg + 134.84 — 5.16+/r (5.5)

Where K (mm) is the air-entry head defined as the height up to which the soil remains saturated during
the capillary rise, r (um) equivalent pore radius. The unit of r is very small, so it has little influence on
the calculation of h.. Therefore, ha is the only key parameter which can be determined by the soil-water
characteristic curve.

To conclude, these empirical formulas will be used to estimate the hc of the soil used in this study. Then
by using hc, the rate of capillary rise will be estimated by using the Terzaghi approach as explained in
the next part.
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b) Rate of capillary rise

In order to predict the rate of capillary rise in soil, a conceptual model of a soil sample placed on a water
table is considered in Figure 5.2, placed along with its soil-water retention curve. It is important to define
the term that will be used: capillary front, ultimate height of capillary rise, and air-entry head.

The distance measured upward from the elevation of the water table to a wet zone is known as the
capillary wetting front or simple capillary front (z). The capillary front can be observed at the interface
between wetted soil which takes a darker colour in contrast to its original dry soil. The capillary front
will keep rising until reaches a maximum height known as the ultimate height of capillary rise (hc). Air-
entry head (h.) is defined as the height at which air enters the largest soil pore, and soil begins to
desaturate. In other words, the air-entry head is the height up to which the soil remains saturated, it can
be calculated from the soil-water retention curve (Figure 5.2).

Suction head

he

(Ultimate height
capillary rise)

i (Air entry head)

Wate? table Water content

Figure 5.2: Conceptual model for the capillary rise and associated soil-water retention curve

Terzaghi (1943) proposed an analytical solution to predict the rate of capillary rise, and the following
two major assumptions were considered: that Darcy’s law for saturated fluid flow is roughly applicable

to unsaturated soil and that the hydraulic gradient (i) responsible for capillary rise can be described as
follows:

he—z (5.6)
A

i=

where hc is the ultimate height of capillary rise; and z is the capillary wetting front. Darcy’s law can be
expressed as:
. dz 5.7

q=ki= nE (5.7)
Where g is the discharge velocity (m/s), ks is the saturated hydraulic conductivity (m/s) of the soil, 7 is
the hydraulic gradient and # is the soil porosity. Solving Eqn. (5.6) and (5.7) and imposing an initial
condition of zero capillary rise at zero time, Terzaghi arrived at the following solution describing the
location of the capillary wetting front z as an implicit function of time:
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t:nhc (n h. z (5.8)
ks

h.—z h,

However, the hydraulic conductivity (k;) to be nonlinear from the point where the soil ceases to be
saturated and enters the unsaturated zone. Lu and Likos (2004) developed an alternative solution for
the rate of capillary rise by incorporating the Gardner (1958) one-parameter model to estimate the
unsaturated hydraulic conductivity function. Gardner’s model may be expressed as:

k = k.exp(Bh) (5.9)

where k is the unsaturated hydraulic conductivity at suction head / (cm) and S is a pore size distribution
parameter (cm) representing the rate of decrease in hydraulic conductivity with increasing suction
head. Incorporating the Gardner model to represent hydraulic conductivity at the wetting front, a
governing equation for the rate of capillary rise can be written as:

dz k h,—z (5.10)

== -
T = exp(h) —

Then the analytical solution of equation 5.10 can be written in the series form:

j

t=£m§mﬁ_j Rt g 2 _Zhizj“‘s (11
ko \" Tho—zT Lj+i-s

s=0

Therefore, the modified Terzaghi equation 5.11 will be used in this study to estimate the rate of capillary

rise.

In the next section, the experimental part of this chapter will be presented. The schematic plan of the
methodology is illustrated in Figure 5.3.
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Figure 5.3: Schematic plan of the experimental protocol
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5.2 Experiments at a column scale

The experimental campaign started with RE columns, six prismatic samples of size 15 cm x 15 cm x 45
cm were used in this study, and two more dry samples were used as reference. The physical properties
of these samples are summarized in Table 5.1, with an average dry density and porosity of 1873.7 +1.4%
kg-m? and 0.295 + 3.5% respectively. More about the physical properties and preparation of these
samples can be found in Chapter 3, section 3.4.2.

Samples were dried at ambient conditions before the capillary test for 16 weeks. To follow the hydric
state during the test, five samples were equipped with capacitive sensors and only one was equipped
with electrical instrumentation, more on this will be detailed later on. After the capillary rise test,
samples were subjected to mechanical testing. The mechanical test was performed in a wet state, just
after capillary rise (sample 516, S17, and S18) and re-dried after capillarity (S19, S20, and S21) (see Table
5.1).

Table 5.1: Summary of six RE columns used for capillarity, kinds of instrumentation used and hydric
state during mechanical test.

Sample label  Dry density (kg-m?) Porosity (-) Type of Hydric state during
instrumentations Mechanical test
514 1881 0.27 - Dry
515 1912 0.29 - Dry
S16 1850 0.30 Capacitive sensors Wet
517 1836 0.31 Electrical Wet
measurements
518 1859 0.30 Capacitive sensors Wet
519 1896 0.28 Capacitive sensors Re-dried
520 1870 0.29 Capacitive sensors Re-dried
521 1889 0.29 Capacitive sensors Re-dried
Mean 1873 +1.4% 0.29 £4.3%

52.1 Experimental protocol

The global protocol consists in evaluating the mechanical capacity of 6 RE samples through the capillary
rise. Then, 8 samples are considered. 2 of them are tested in the dry test after 19 weeks after manufacture.
They are the reference of the experimental campaign. 3 of them will be subjected to the capillary rise
and mechanically tested just after capillary equilibrium. Finally, 3 of them will be subjected to the
capillarity rise, and tested once gone back to a dry state (16 weeks).

a) Capillary rise setup

Different methods have been developed in the literature to measure the capillary rise of RE. Generally,
they involve plunging the RE sample into the water and recording the capillary rise in function of time,
this method has been adapted from different standards for capillary rise tests for concrete and
compressed earth bricks (AFNOR NF EN 13057 [146] and AFNOR XP P 13-901 [147]).
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For example, Chabriac, (2014) [98] used a capillary tank developed by the Civil Engineering and
Building Laboratory at ENTPE. The bottom of this tank was covered with a bed of gravel, then sand
held in place by a plastic grating. This layer of aggregates is submerged in a few centimetres of water
(Figure 5.4). Rammed earth samples made from different soil were placed on the gravel with a sheet of
filter paper in between. A basket was made using wire mesh and wire to be able to lift the sample. The
sample was weighed at regular intervals to measure the amount of water absorbed by capillary action.
Teixeira, (2020) [148] adopted a similar method by immersing the lower face of the sample in a 5 mm
water bath and then measuring the mass of water absorbed at a regular time.

Panier

Niveau d'eau
constant

ORI PR B ISIBER PRI BIROf PR SR PY
(a) (b)

Figure 5.4: Setup for measurement of coefficient of water absorption of rammed earth (Chabriac, 2014)

The capillary setup of Chabriac, (2014) [98] is quite useful since the actual mass of the sample can be
measured directly from the overhanging wire mesh. However, the only problem with this setup is the
risk of wearing edges at the base of the sample that is soaked in water. When RE samples are submerged
in water, they tend to swell and disintegrate [99]. This decomposition results in the material being
soaked through with water, thus the loss of mass of the sample during the test which brings a significant
uncertainty in results.

This problem can be overcome by introducing a medium of contact between the sample and water.
Various studies have introduced a wick and a filter paper to avoid the problem of disintegration. Wick
is a porous material that sucks water up by capillary action with low or negligible capillary resistance.

Hall et al. (2004) [38] introduced a wick material which acts as a point of contact between the RE sample
and water. They adopted the standard test for determining capillary suction of water into masonry
materials, known as the initial rate of suction (IRS) test (See Figure 5.5a). RE cubical samples (100x100 x
100 mm) weighing around 2 kg, were placed on a platen allowing an opening for the wick. The platen
is supported by using stands at a certain height. The whole assembly is placed in a tray containing
water.
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Figure 5.5: Capillary rise test setup with wick material providing contact between water and the sample
by (a) Hall et al., (2004) [73] and (b) Indekeu et al., (2021) [99].

The drawback of this setup is the reduced surface area of contact between the sample and the wick. This
is due to the space taken by the plate that carries the sample. To overcome this, the best way is to place
the sample directly on the wick, a strong wick material is required. A technique that was used by
Indekeu et al. (2021) [99] during their experimental study on the capillary absorption characteristics of
RE. Indekeu et al. (2021) [99] placed RE samples on top of a ceramic brick acting as a wick material. The
contact between the ceramic brick and the sample was improved by using filter paper. Small samples
3.1 x 2.1 x2.5 cm? were used (see Figure 5.5b).

However, this setup can be practically challenging for large and heavy samples. Therefore, there was a
need to design a capillary setup that is practical for large RE columns, with better protection from
disintegration and easy to control the constant boundary condition at the base of the sample.

Following these requirements, the capillary bench shown in Figure 5.6 was designed to study the
capillary rise on a large RE column sample. The setup consists of two plastic containers connected by a
siphon pipe to ensure a constant level of water [149]. As RE disintegrates when immersed in water [99],
using fine sand as a medium of contact between the sample and water level was adopted to have a less
intensive hydric boundary condition. The container on the left consists of the sample and fine sand all
placed on high precision balance for continuous mass measurement. On the other hand, the water level
was maintained constant thanks to the water reservoir system visible on the right container (Figure 5.6).
The water level can be varied to change the height of capillary in sand hence imposing a certain suction
at the base of the sample. In this study, the height of the capillary into the sand was maintained constant
at 2 cm (equivalent to a suction value of 200 Pa = 0.2 kPa). Using this setup, dried samples covered with
plexiglass (maintaining the same boundary conditions as in the drying experiment, chapter 4), were
placed on top of saturated sand for the capillary rise. First, the two samples (516, S17) were placed in
capillary rise without plexiglass, then plexiglass was placed on the two opposite and the top of the
samples (518, 519, 520, S21).
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Figure 5.6: Design of experimental setup for capillary rise on RE column, adapted from Chitimbo et al.
(2022) [149].
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Figure 5.7: Experimental setup for capillary rise on RE column, (a) sample S16 equipped with
capacitive sensors and (b) sample S17 equipped with electrodes for electrical measurements [149].
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The tests were carried out in a closed room with a variation of temperature around 20/25°C and an
average relative humidity of around 50/60%. The tests were carried out on samples in the dry state after
they had spent more than three months drying at ambient conditions.

During this experimental campaign, the tests began immediately after the samples had been deposited
on saturated sand (Figure 5.6). The tests ended in most cases when the water ingress on the samples no
longer changed.

Samples were equipped with different instrumentation to follow the kinetics of capillary rise (more
details on these instrumentations and calibration can be found in chapter 3, section 3.5);

J Capacitive sensors for relative humidity (RH) and temperature

In total six capacitive sensors were used per sample. Each sensor was placed in the middle of each layer
of the RE column to provide the local evolution of RH with time (see Figure 5.7). This technique was
applied to all samples except sample S17 which was reserved for electrical measurement technique. In
addition, the capacitive sensors need to be installed during the manufacture and thus are not suited for
the diagnostic of an existing structure.

U Electrical investigation

This geophysics method uses an electrical resistivity survey to measure the presence of water in the
structure. Four electrodes were stuck with a gel around each layer to measure the local electrical
resistivity as the water rise through capillarity. This method was applied only to sample 517 (see Figure
5.7b). This method is non-destructive since electrodes are only glued to the surface of the structure. It
could be thus suited for the expertise of an existing structure.

. Balance and camera

Balance was used to measure the mass of the sample during capillary rise (see Figure 5.7). The mass of
water absorbed was determined from the increment in the mass as the sample absorbs water at each
time interval. Finally, a camera was used to take pictures of the sample at regular intervals during the
capillary rise. These pictures were then analysed to determine the evolution of moisture rise at the
surface of the sample observed.

b) Mechanical test

After the capillary rise test, where the kinetic of the capillary rise was followed, the experimental
campaign was followed by a mechanical test. The test performed was the unconfined compressive
strength (UCS) test to determine the compressive strength (fc) and Apparent Young’s modulus (Ez). The
UCS test was done using a compression machine and controlled at a constant rate of displacement of
1.2 mm/min according to standards [134]. More about the experimental protocol for the UCS test and
DIC is explained in Chapter 4, sections 4.3.2.1 and 4.3.2.2). The UCS test was performed on three samples
(sample S16, S17, and S18) in the wet state just after the capillary rise, and on the other three samples
re-dried after capillarity (sample 519, S20, and S21) (see table 5.1).
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5.2.2 Results and discussion

52.2.1 Water monitoring during the capillary rise
a) Evolution of mass of water absorbed

Thanks to the balance, a gravimetric determination of absorbed water in RE columns was done. Results
of the evolution of the mass of water absorbed with time for all samples are represented in Figure 5.8.
The test lasted for about three weeks and equilibrium was reached when there was no significant change
in the mass of water absorbed in one day. The equilibrium was attained when the difference in water
absorbed was less than 10 g in a day. It can be observed that most of the samples attained equilibrium
ataround 18 days showing that the total mass of water absorbed ranged from 1.5 kg to 1.8 kg for samples
518 to S21. The variation in results may be driven by the fluctuation of the ambient conditions, also
considering that the tests were not done at the same time. Samples S16 and S17 showed a relatively low
value of water absorbed because they were not covered by plexiglass, thus there was more surface
evaporation loss as compared to the rest of the sample. Figure 5.9 shows the initial rate of absorption
for each day, it represents the rate of water absorbed at each day. From this curve, it can be seen that

the rate of absorption is significantly higher in the first two days.
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Figure 5.8: Evolution of mass of water absorbed in the sample during the capillary rise.
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Figure 5.9: Evolution of the initial rate of water absorbed by the sample on each day during the capillary

rise.
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A parameter that is used to characterise the capillary behaviour of porous material is known as the
coefficient of absorption (A). It is used to indicate the amount of water a porous material absorbs on
first coming into contact with the water. The A coefficient comes from a property of porous material
that when placed onto water, the cumulative absorbed mass of water per unit area of the inflow surface
increases linearly against the square root of the elapsed time [95]. This coefficient reflects the quantity
of water absorbed (in kg) per unit area (m?) and per root of the immersion time (Vs).

The coefficient of absorption was determined over the first 10 minutes of capillary rise according to the
standard (AFNOR XP P 13-901) [147]. Figure 5.10 shows the cumulative mass of water absorbed per
plotted against the root of time on the first 10 minutes of capillary rise, the relationship is linear and the
coefficient of absorption was calculated from this curve. After ten minutes the behaviour is non-linear
as shown in Figure 5.11, the relationship is linear.
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Figure 5.10: Relationship between mass of water absorbed per area and the square root of time at the
first ten minutes of capillary rise.
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Figure 5.11: Mass of water absorbed per area plotted against the square root of time for the entire
capillary rise.
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Table 5.2: Results of total water absorbed and coefficient of capillary absorption(A)

Total water absorbed (kg)

Sample name A (kg/mz/\/s) R2
1.5

518 0.227 0.9683

1.765
S19 0.199 0.938

1.635
520 0.143 0.8792

1.65
521 0.131 0.9868

1.683+4.2%
Mean 0.175+ 26%

Therefore, the coefficient A obtained ranges from 0.13 to 0.23 kg/mz/\/s, with a mean value of 0.175
kg/m2?/\s (table 5.2). One can notice a wide spread of results of the tests with a standard deviation of
26%. The coefficient of absorption obtained in this study is in the same order of magnitude as the one
obtained by Guiheneuf, (2021) [150] who reported A values ranging from 0.03 to 0.23 kg/m2//s. But the
lower range of the values determined by Chabriac, (2014) [98] ranges between 0.2 to 0.6 kg/m2/\s. This
big discrepancy in the coefficient of absorption value results from the difference in material
compositions used, method, and conditions of a particular experiment.

b) Height of capillary rise

At the beginning of the test, the height of capillary rise was recorded by observing directly, as the bottom
part of the sample could not be well captured by a camera. Then a high-resolution camera was used to
record pictures each day during the capillary rise. Figure 5.12 show the image recorded during the
capillary rise. From these images, the height of capillary rise was observed on the difference of the
grayscale with the help of a ruler scale that is attached to the plexiglass (Figure 5.7a).

It can be observed that moisture rose at a uniform level at the beginning, for example, from day 1 to day
7 (see Figure 5.12), but diffused at the near end of the test on day 20. The results of the evolution of the
height of capillary rise for all samples are presented in Figure 5.13. A higher rate of capillary rise is
observed at the early stage of capillary rise, for example, in just two days the water has reached half of
the height of the sample around 22 cm (see Figure 5.13), similarly observed in Figure 5.12 where a
sample has reached the 3rd layer of the sample. Then this rate will gradually reduce until equilibrium
is reached where there is no significant change in height, and then the test was stopped. Equilibrium for
samples covered with plexiglass was reached after around 18 days showing the water rose by about 32
cm to 40 cm. While samples 16 and S17, which were not covered by plexiglass, reached a maximum
height of 26 cm and 35 respectively.
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Figure 5.12: Image of capillary rise in RE samples showing the evolution of height of moisture rise for
20 days.
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Figure 5.13: Evolution of height of capillary rise for all samples during capillary rise along with the
analytical model.

Analytical solution for the rate of capillary rise

The experimental results of height capillary rise were then compared with the analytical solution
proposed in equation 5.11. First, the ultimate height was determined, and then the rate of capillary rise.

The ultimate height of capillary rise (hc) was estimated using equation 5.3 formulated by Peck et al.
(1974). The input parameters of soil used were, D10 was equal to 0.002 mm (from the granulometry),
porosity (n) of 0.295, and void ratio (e) of 0.42. The hydric properties include the air-entry of 0.3 MPa
and the saturated hydraulic conductivity of 2.4 x 108 m/s.
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By using equation 5.3, the C parameter of 10 mm? was chosen by considering the proportion of coarse
grains are more than fine grains in the soil used, hence we expect a lower value of hc, thus the value
of hc:

c 10 mm?

h = =
¢~ eD,, 0.42 x0.002 mm

=11904mm = 11.9m

Another empirical equation 5.4 by Lane and Washburn (1946) gives a value of hc of 4.6 m while Kumar
and Malik (1990), equation 5.5, gives hc around 32 m. A huge variation in the prediction of hcis
observed, some provide an overestimated value of hc, making these predictions not so reliable. So, we
chose the value of hic of 11.9 m obtained from Peck et al. (1974).

Using the modified Terzaghi equation (5.11), the rate of capillary rise can be estimated analytically as
shown in Figure 5.13. One can observe a good correlation between the experimental results and the
analytical model in the first week of capillary rise. After a week, the capillary rise starts to stabilize due
to mainly evaporations on the surface of the sample, while in the analytical model, the capillary rise will
continue until reaches a hic value. This analytical model is suited for the underground application, where
the effects of evaporation are not considered, thus posing a limitation when applied to a building
structure that is exposed to ambient conditions.

Table 5.3: Summary of maximum capillary height on RE column

Sample name Maximum height (cm)
S16 26
517 36
518 32.5
519 40
520 35
521 41
Mean 37.1+11%
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c) Results of relative humidity and electrical resistivity

Figure 5.14 shows the evolution of the relative humidity (RH) in five samples S16, 518, S19, 520, and
521. Sample S17 was equipped with electrical measurements only so the RH of this sample was not
presented. The test was done in a closed room with an RH of around 45/55% and a slightly varying
temperature of 20/25°C (ambient conditions are visible in Figure 5.14).

At the beginning of the capillary test, all samples had RH ranging between 50% and 60% which is in
equilibrium with the ambient RH. When water starts rising in the samples, RH on the first and second
layer instantly rise to 100% indicating saturation. A high rate of capillary rise was observed on the first
two days, the RH in the middle of the first, second, and third layers increased from an RH value of
50/60% to 100%. Similar to what has been observed in the height of capillary rise in Figure 5.11.

When the water reaches the 4th layer, the capillary front is more and more diffuse, represented by the
slope that gradually reduces for the 4th, 5%, and 6% layers (see Figure 5.14). For example, in Figure 5.14,
sample 521 the RH in the 6t layer took over two weeks to increase from ambient RH to 100%, which is
longer compared to the first three layers that were saturated in two days. The reason behind this
behaviour could be a manifestation of two phenomena: first, the hydraulic gradient (see Eqn. 5.6)
reduces as the water rises on the sample, hence the rate of capillary rise reduces, and the second is the
increasing proportion of pore water that find an equilibrium between capillary and gravity forces along
the height.

A similar trend noted on RH was also observed in the evolution of electrical resistivity (Figure 5.15).
This work has not been developed in the frame of the PhD but has been led by a post-doctorate (Feras
Abdulsamad) during the ANR VBATCH project. The sample S17 was equipped with electrical
measurements to survey the electrical resistance. A set of four electrodes was placed to obtain one
measurement, in a total of 8 sets of electrodes were placed along the height of the sample. Figure 5.15
shows the evolution of electrical resistivity in sample S17 which is compared to the RH of sample S19
during the capillary rise. Initially, the sample's electrical resistivity was around 2000 Q.m, as the sample
gets in contact with water its resistance to electricity decreased, and thus a sharp decrease in resistivity
of the sample from 2000 Q.m to around 100 Q.m on the first layers followed by a gradual drop in
resistivity as seen on the sixth layer (Figure 5.15). More on electric measurement can be found in Annex
1.

Finally, by using both capacitive sensors and electrodes method (Figures 5.15 and 5.16), the evolution
of the capillary front with time was deduced for each sample and presented in Figure 4.16. The capillary
front was considered when the RH reached 100% for each sensor and around 100 Q.m for electrodes.
The positions of capacitive sensors and electrodes were known, capacitive sensors were placed in the
middle of each layer (see Figure 5.6) and electrodes were placed 2 cm from the bottom and then at an
interval of 6 cm high (see Figure 5.15). The capillary fronts in Figure 5.16 were compared to the ones
obtained by using a camera (see Figure 5.13), and it was concluded that all methods (capacitive sensors,
electrodes and camera) were coherent in the determination of the height of capillary rise. The electrical
measurement has more advantages over capacitive sensors since its non-destructive and therefore can
be applied in real RE buildings.
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Figure 5.15: Evolution of electrical resistivity during capillary rise. Electrodes are arranged from bottom
N1 to the near top N8 of the sample.
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Figure 5.16: Evolution of height of capillary rise deduced from capacitive sensors (516, S18, S19, S20,
521) and electrodes (for S17).

d) Other observation

It was observed at the beginning of the capillary test that the water rises in a curved dome shape (n-
shape) whereas, in the middle part, the water rose faster than at the borders (Figure 5.17a). This can be
explained by two factors; first, the layers of the sample are more compacted in the middle than at the
border. Second, is the water loss at the border due to the effect of evaporation at the surface, causing to
have a higher rate of capillary rise in the middle part. At the end of the capillary test, where the sample
is wet, there was a development of mould and growing plants, showing the presence of organic matter
in the soil (Figure 5.17b). This development of the biological activity shows that mould may appear and
grow and that the earth building is also vulnerable from an air indoor quality point of view.
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Figure 5.17: (a) capillary rise in a dome shape at the beginning of the test, (b)In-growing plants and
mould at the end of capillary rise.

5.2.2.2 Results of mechanical test after capillary test
Among the six samples used for capillarity (see Table 5.4), three samples were tested mechanically just
after the capillary test in a wet state and the other three were tested after being re-dried. Figure 5.18
presents the results of the UCS test on a total of 6 samples.

The results of samples tested after the capillary rise showed a significantly low fc of 0.065 MPa,
0.077MPa, and 0.068MPa for samples S16, S17, and S18 respectively. These values are considerably
lower than the required minimum strength recommended for RE building. This means that a RE
building will have a higher risk of collapsing when it is wet, near saturation, due to capillary rise or
other similar conditions. The values of Ea cannot characterize a wet state, since the sample was partly
wet and partly dry and hence not representative. Thus, the values Ea are not presented for samples 516,
517, and S18. Samples that were re-dried after capillarity, showed an fc of 1.11 MPa, 1.17 MPa and 1.27
MPa for samples S19, S20 and S21. All the samples showed strengths with an average of 1.18 MPa, which
is above the required strength of at least 1 MPa according to New Mexico Code, 2001 [37].

In order to check the effect of capillary rise on the mechanical behaviour of RE, the results of
compressive strength and modulus were compared to one of the samples that were tested at a dried
state without capillarity. For this case, two samples S14 and 515 were used, these samples have been
previously used in the drying experiment in Chapter 4 (see Table 4.2). The compressive strength was
1.36 MPa and 1.39 MPa for samples S14 and S15 respectively, with an average compressive strength of
1.375 MPa for the dried sample without capillary rise.

Figure 5.19 shows the evolution of fc at different state during the capillarity test. Samples tested after
capillary rise show a decrease in average compressive strength to 0.07 MPa, this represents a reduction
in strength by 95% from the initial dry state. For the samples (519, 520, and S21) that after capillarity
dried in a closed room, similar drying conditions to the original dry samples, show an average
compressive strength of 1.18 MPa. This account for restoration in compressive strength by 86% of the
dry original samples. The reduction in strength after a cycle of drying-wetting could be explained by
the possible viscous flow that disorganizes the grain packaging.
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Figure 5.18: Stress-strain curve for samples used in capillarity
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Figure 5.19 Compressive strength of RE columns at dry state, wet, and re-dried after capillary rise.

Table 5.4: Results of UCS test on samples after capillary rise test.

Sample label Hydric state during Mechanical Compressive strength, fc (MPa)
test
S14 Dried 1.356
515 Dried 1.392
S16 Wet 0.065
517 Wet 0.077
518 Wet 0.068
519 Re-dried 1.11
520 Re-dried 1.175
521 Re-dried 1.269
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5.2.3 Synthesis of capillary rise experiment on columns

The effect of capillary rise on the mechanical behaviour of RE has been studied experimentally. A
suitable capillary bench was designed suited for a large RE sample. RE columns equipped with different
instruments for hydric measurement were placed on a capillary bench to start the capillary rise test.

During the capillary rise, the mass of water absorbed was followed by using a precise balance. The
evolution of water absorbed was determined showing a high rate of water absorbed during the initial
time which reduced gradually until equilibrium was reached. The total mass of water absorbed was
observed to a maximum value of 1.8 kg, for all samples an average of 1.63 kg. From the evolution of
water absorbed, the coefficient of absorption was determined, ranging from 0.13 to 0.23 kg/m2As, with
a mean value of 0.175 kg/m?/\s for the coefficient. A good correlation between different methods: the
evolution of RH and the electrical resistivity of the sample was observed.

After the capillary rise, the samples were subjected to the UCS test. Results of the UCS test after
capillarity show a drop in mechanical resistance by 95% (a compressive strength of 1.375 MPa decreased
to 0.07 MPa). Other samples dried after the capillarity test, show restoration of strength by 86% of the
original sample. This suggests that a cycle of wetting and drying might have an effect on the mechanical
performance of the RE structure, and thus reduces the durability of the RE building. However,
resistance stays suitable after this cycle.

In the next section, experiments at a wall scale of 0.20 m x 0.75 m x 1.5 m will be done as a continuation
of this experimental campaign. Thus, size effects on the kinetic of capillary rise and evolution of
moisture content could be highlighted.
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5.3 Experiment at wall scale

After interesting results from the RE column, the experimental campaign continued at the scale of a
large wall of 1.5 m high.

The principle is to investigate the mechanical behaviour through an exceptional water entry, i.e.
capillary rise. Thus, the global protocol includes 2 walls: one tested in a dry state (W2, already presented
in the previous chapter), one initially dry, then weakened by a capillary rise and finally dried again and
mechanically tested (W3). W3 is previously presented in Chapter 4 (section 4.6). This wall was
manufactured and left to dry at ambient conditions.

5.3.1 Experimental protocol
a) Capillary rise setup

Given that wall W3 is large (1.5 m) and heavy (460 kg) it was challenging to design a suitable
experimental bench for the capillary rise. The first challenge was how to introduce water at the bottom
of the wall without moving it, and then obtain the mass of water absorbed for the determination of
capillary characteristics.

To solve these challenges, the experimental setup shown in Figure 5.19 was designed. The setup consists
of a RE wall that was constructed on a concrete beam. On the bottom, the wall is covered by paraffin up
to a height of 10 cm, then the tank was filled with fine sand up to 12 cm. Therefore, there is a 2 cm high
contact between fine sand and the wall. Finally, the water level was maintained at 8 cm thanks to the
water reservoir system visible on the right (Figure 5.20a). By controlling the water level, the height of
the capillary into the sand in contact with the wall was maintained between 2 and 4 cm (equivalent to a
suction value of 200 to 400 Pa), which is similar to the RE column. The designed setup was implemented
as shown in Figure 5.21. The wall was instrumented by capacitive sensors, TDR, and electrodes (Induced
Polarization method) to monitor the hydric state. On the other hand, a camera was used to record the
capillary rise and a balance was used to measure the amount of water absorbed. The capillary rise
experiment lasted for 21 days (from 07/07/22 to 28/07/22).
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Figure 5.20: Design of capillary rise experiment adopted for large wall. (a) Sketch of the experimental
setup. (b) Zoom of the setup showing different levels for the water infiltration at the basis of the wall.
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Figure 5.21: Experimental setuf) of RE wall subjected to capillary rise.

b) Mechanical test

After the capillary rise test, the wall W3 was left to dry in ambient conditions. The mechanical test was
done upon drying for over 3 months. The test performed was the unconfined compressive strength
(UCS) test to determine the compressive strength (fc) and Apparent Young’s modulus (Ea). The
experimental protocol for the test was similar to wall W2 in the previous chapter. More about the
experimental protocol for the UCS test is explained in Chapter 4, sections 4.5.1b. The mechanical results
of re-dried after capillarity wall W3 were then compared to the one of wall W2 which was tested at a
dry state without capillarity.

5.3.2 Results and discussion

5.3.2.1 Results of capillary kinetics

i. Evolution of Relative humidity (RH)

The RH was measured by capacitive sensors, the position of the sensors in the wall is shown in Figure
5.20b. Figure 5.22a shows the evolution of RH in the wall and the ambient RH conditions. First, it was
observed that the ambient RH was varying between 40% to 50% and remained relatively constant
during the capillary rise. A high rate of capillary rise was observed on the first day, the RH of the sensors
(51 and S2) that were placed on the first and third layers increased from a RH value of 60% to 100%.
After a week of capillary rise, the RH value of sensor S3, placed at a height of 36.5 cm from the base of
the wall, increased from 60% to 100%, showing that the capillary head reached this point. Between two
to three weeks when the capillary front seems to stabilise (see Figure 5.22), the RH recorded by sensors
54 gradually increased from 60% to 100%. However, it doesn’t seem consistent with the evolution of the
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capillary front on the earth's surface, measured at 42 cm with the camera. This suggests that the moisture
level in the middle of the wall was possibly higher than that on the surface. The rest of the sensors (S5
to S10) recorded an RH value fluctuating around the ambient conditions since they stay above the
capillary zone.
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Figure 5.22: (a)Evolution of Relative Humidity (RH) in the wall along with the ambient condition.
(b)The right panel displays the layout of the RH sensors and the position of the layers is also
indicated.

i. Height of capillary rise

The capillary wetting fronts are recorded using a fixed camera that takes photos over time. The change
in the grey scale of the pictures is used to monitor the evolution of the water level in the wall over time
(Figure 5.22). Figure 5.23 shows the evolution of moisture level. At the beginning of the test, water was
allowed into the sand up to a height of 8 cm, and started seeping through capillarity at a height of 10
cm above the paraffin cover (see Figure 5.19b). The moisture level was observed to increase from 10 cm
to 25 cm after two days, then stabilises after two weeks at a height between 40 cm to 42 cm above the
base of the wall. The analytical model for the rate of capillary rise developed previously for RE columns
was applied to the wall since they are both made up of the same soil. In Figure 5.23, it is observed that
the analytical model seems to be closer to the experimental results. Another way of putting determining
the height of moisture rise was by using the position of capacitive sensors (see Figure 5.21b). Since the
position of the sensor is known, and the time for the sensors to reach 100% can be obtained from Figure
5.21a, the rate of moisture rise was determined and presented in Figure 5.23.

It was observed that the height of capillary rise from RH sensors was always slightly higher than the
one recorded on the surface (see Figure 5.23), at the end of the test the height of capillary rise on the
surface was from 42 cm while 51.5 cm from the RH sensors. This could be due to the fact that the
observation on the surface or the measurements in the sub-surface are affected by evaporation. This
suggests that the moisture level inside the wall was higher than that on the surface. We recall that this
could be due to two reasons. First, the wall layers are denser in the middle than on the borders because
of compaction. The second explanation is due to evaporation that occurs on the surface causing water
loss on the surface and thus a lower rate of capillary rise.
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Initial 1 day 11 days 20 days
Figure 5.23: Image of capillary rise in RE samples showing the evolution of height of moisture rise up
to 20 days.
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Figure 5.24: The rate of capillary rise, comparison between experimental data and analytical solution

ii. Evolution of water content

The capillary experimental setup (see Figure 5.20) was designed in a way that the mass of water leaving
from the reservoir can be measured by a balance and thus the mass of water absorbed can be calculated.
Unfortunately, there was unexpected leaking at the base of the concrete beam, which was difficult to
seal once the experiment started. Therefore, due to the leaking problem, the evolution of water absorbed
will not be presented.

Another method for measuring water content was by using Time Domaine Reflectometry (TDR) probe
(more on this is described in Chapter 3.5.2). TDR was used to measure the volumetric water content
which was then converted to gravimetric water content. The TDR was placed at the side centre of the
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wall (see Figure 5.20) to monitor the local water content along a depth of 10cm. Figure 5.25 shows the
evolution of gravimetric water content deduced from TDR during the capillary rise. A water content of
around 2.4% was recorded during the entire experiment. No significant change in water content was
observed since the moisture rose to 42 cm high (see Figure 5.23) while the TDR was placed in the middle
of the wall (75 cm high).

The water content of the wall can also be calculated from the RH presented in Figure 5.22. The RH
values were linked with suction using Kelvin's equation, and suction was finally linked to water content
using the Van Genuchten model for the retention curve (more about this can be found in Chapter 3,
section 3.3.2). The results of gravimetric water content deduced from RH are presented in Figure 5.26,
the initial water content was about 1.3% and rose to 14.5% during the capillary rise.
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Figure 5.25: Evolution of local water content (in weight, w) at the middle of the wall.
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Figure 5.26: Evolution of gravimetric water content computed from RH.

Another method for measuring water content was by using the Induced Polarization technique. This
part of the work was done by experts from geophysics (Feras Abdulsamad, Ahmad Ghorbani and
Andre Revil) in collaboration with this PhD work. More details about this technique and calculations
can be found in Annex 2 [151]. The experimental setup was shown in Figures 5.19 and 5.20, the wall
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shown here is in its dry state, before adding water to the sand. 64 self-adhesive electrodes are placed on
one line in the middle of the wall, the distance between the electrodes is 4.5 cm. Two supports were
used to keep the electrodes in contact with the wall during all days of the experiment.

A device “ABEM Terrameter SAS-4000” was used to perform both the resistivity and time domain-
induced polarization data measurements. From these measurements, water content was deduced. The
tomograms along time are presented along the vertical mid-plane, beneath the position of the electrodes,
in Figure 5.27 [151].

It can be observed that initially, before capillarity, the gravimetric water content was below 3% which
is consistent with Figure 5.26. When the capillary test started, the water content at the bottom part rose
to 14% (Figure 5.27), which is also consistent with w shown in Figure 5.26. The interface between the
dry part and wet part is clearly visible showing the capillary wetting front. The capillary front from this
method was then compared to the one recorded by using a camera, and a good correlation was observed
between the two methods.
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Figure 5.27: Water content (volumetric fraction) and (gravimetric fraction) tomograms obtain induced
polarization method [151].

5.3.2.2 Results of mechanical test after capillary test

When dried after the capillary test, the wall W3 was subjected to a mechanical test where compressive
strength and apparent Young’s modulus were determined. A similar protocol for the mechanical test
was followed as explained in Chapter 4, in section 4.6.3. The wall was compressed with reloading-
loading cycles at 20% of the estimated maximum strength. The deformation was calculated by DIC. The
result of the stress-strain curve of wall W3 is presented in Figure 5.27. It can be observed that the
maximum compressive strength was 0.98 MPa for a wall that was re-dried after capillary rise. The
apparent Young’'s modulus of the re-dried wall was equal to 1.11 MPa at 20% of compressive strength

(fc).

Compared to the reference wall W2, tested at a dry state in the drying experiment (Chapter 4, section
4.6.4.1), without capillary rise, had a compressive strength of 1.15 MPa. From the values of compressive
strength of the two walls, a possible restoration of strength by 85% can be observed on the wall re-dried
after capillary rise.
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Figure 5.28: Stress-strain curve for RE walls, wall W2 tested without capillarity and W3 after re-dried
from capillarity.

The results of compressive strength were further placed with the one at column scale as shown in Figure
5.29. First, we observe that the compressive strength of the RE walls is always lower than the one of the
RE columns at both dry and after re-dried even though they are made of the same earth and have
comparable density. A possible reason for this difference could be their size difference. In both RE
columns and walls, there was a noticeable decrease in compressive strength when the samples were re-
dried after capillary rise (see Figure 5.29). This shows that a wetting-drying cycle has a significant effect
on the mechanical performances of RE structures.
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Figure 5.29: Compressive strength of 8 RE columns and walls (W2 and W3) before and after the
capillary rise
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5.3.3 Synthesis of capillary test on wall

The capillary rise was done in the RE wall of 1.5 m high, the aim was to investigate the mechanical
behaviour of the wall through an exceptional water entry, such as capillary rise. Therefore, the hydric
state was followed during the capillary rise and a mechanical test was performed.

The capillary rise setup was designed suited for large walls. The hydric state was followed by using
methods such as capacitive sensors, TDR, and electrodes. A camera was used to record the height of the
capillary rise. The test lasted for 21 days which the capillary fronts reaches equilibrium at a height of 42
cm. It was observed that the moisture rose faster inside the wall than on the surface. A similar analytical
model was used, it seems to be closer to the experimental results. Different methods for monitoring
water content were compared. It was observed that both capacitive sensors and electrodes showed a
similar gravimetric water content of around 13% to 14.5% once the soil is in contact with water. Also,
from the position of electrodes, the tomogram of w was determined, making it possible to determine
the evolution of the capillary front. A good correlation of capillary front was observed from the one
obtained using a camera.

The capillary rise test was stopped when equilibrium was reached, and the wall was left to be re-dried.
The re-dried wall (W3) was subjected to a UCS test. The results were then compared to a wall dried
without capillarity named W2. It was observed that the fc was 0.98 MPa for the wall W3 that was re-
dried after capillary rise. Compared to the reference wall W2, tested at a dry state in the drying
experiment which had fc of 1.15 MPa. From the values of compressive strength of the two walls, a
possible restoration of strength by 85% can be observed on the wall re-dried after capillary rise.

5.4 Conclusion on capillary experiments

This chapter has highlighted the effect of capillary rise on RE building. The experimental campaigns
were realised at two large scales (RE columns and a wall) aiming to reproduce what happens on a real
RE building.

The development of an experimental setup at these two large scales was a challenge that was overcome
by the use of saturated sand and a controlled water level, thus imposing a known value of suction at
the base. Samples were place placed on top of the sand to start the experiment which lasted about three
weeks.

During the capillary rise, the hydric state was monitored by using different instrumentations such as a
capacitive sensor, TDR, balance, camera, and induced polarisation (a resistive technique used in
geophysics). Thanks to these instrumentations, the kinetics of the capillary rise were followed by the
evolution of water absorbed and the height of capillary rise.

A linear relationship was observed between the water absorbed and the square root of time elapsed,
thus a coefficient of absorption was determined. The coefficient of absorption indicates the amount of
water a porous material absorbs on first coming into contact with the water. The value of the coefficient
of absorption ranged from 0.13 to 0.23 kg/m?/Vs which was close to other RE found in the literature. The
results of the mass of water absorbed were not presented for the RE wall due to experimental difficulties.
Despite the lack of this data in a wall, water content was followed using another method. The wall was
equipped with electrodes that permitted the wall's electrical resistivity to be surveyed, this method is
known as Induced polarization. By using this technique, the evolution of water content and height of
capillary rise were determined.
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The height of capillary rise was also recorded by a camera for both columns and the wall. In both
experiments, the evolution of the height of capillary rise was quite similar, the water level stabilized at
a height of around 41 to 42 cm with an applied suction at the base between 200 and 400 Pa. An approach
to deducing the analytical solution for the rate of capillary rise was performed by using unsaturated
flow theory. This theory was modified from Terzaghi's assumption of saturated flow in the soil. By
using the unsaturated theory, the rate of the capillary was determined. A good correlation was found
between experimental data and analytical ones, but this can be improved because the ultimate height
of capillary rise on columns or walls is much lower than the theoretical one.

Another observation was the RH inside the sample was monitored by capacitive sensors. The sensors
were installed during sample preparation with protection from damage. The capacitive sensors were
used in both RE columns and the wall. The evolution of RH was recorded with time, in the early days
the RH of the bottom layer will shoot instantly as the water wet the sample while at the near top of the
sample, the RH gradually increased, indicating that water was diffusing to vapour.

When the capillary rise reached equilibrium, the test was stopped and samples were subjected to drying.
The aim was to answer a question like to what extent is the mechanical performance of RE building at
critical conditions such as flood, and is there a restoration of strength upon drying after capillary rise?

Therefore, the UCS test was performed on three samples that were tested in a wet state just after the
capillary rise and three other samples that were re-dried after capillarity. Results of the UCS test after
capillarity shows a drop in mechanical resistance by 95% from the initial dry state, this means that the
building is at a high risk of collapsing. After dying, both wall and column showed restoration of the
strength by 85% of the original strength. In the future, further research is welcomed to study the effect
of several drying-wetting cycles on the mechanical behaviour of RE.
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General Conclusion and Perspectives

Conclusions

The effect of water in RE is one of the main reasons hindering the adaptation of this type of construction
and earth construction in general. This problem is not new, and there exists various research to quantify
the effect of water on the mechanical behaviour of RE, but only a few are done at a realistic scale. More
research is needed to improve the design of RE with respect to varying hydric conditions. This thesis
proposed to quantify experimentally the effect of water in the RE building, with the goal of facilitating
the hydromechanical modelling.

The thesis begins with the characterisation of the earthen material used. The soil came from the recent
construction of the RE building in the Rhone-Alpes region. The soil contained 10% clay which was
adequate for RE construction. The clay activity was categorised as slightly active, meaning less sensitive
to swelling and shrinkage. The hydric properties were characterised by determining the water retention
curve and hydraulic conductivity of the earth.

Before the compaction of the sample, the manufacturing water content was determined by the proctor
test. Two kinds of proctor tests were performed (i.e. Modified proctor test and In-situ proctor test) to
determine the optimum water content. It was found that the results of the modified proctor test were
close to the in-situ using on-site ramming equipment. Therefore, it was confirmed that the modified
proctor provides a good representation of the on-site compaction, thus it is recommended for RE.

Samples were manufactured at three scales from material scale (small samples) to large scales (column
and wall). Small samples were compacted with a homogeneous density since there were no layers. At
large scales, columns and walls were made up of layers intentionally chosen to have a closer
representation of a real RE and were mainly used in the experiments. After sample preparation, two
kinds of experimental campaigns (drying experiments and capillary rise experiments) were performed
to link the hydric state and the mechanical properties.

The drying experiment was done at all three scales, at the material scale samples after manufacture were
dried in different uniform RH until reaches equilibrium, and then tested mechanically. At large scale
(columns and walls) samples were dried in a closed environment before they were mechanically tested.
The boundary conditions adopted constrained the moisture transfer in one direction. While drying,
periodic monitoring of the hydric state was performed.

Capillary experiments were done on columns and walls. A design of a capillary setup suited for both
scales was presented. Dried samples were placed for the capillary rise test, and the kinetic of capillary
rise and the mechanical behaviour were followed.

The following conclusions were made from this thesis:

e The hydric condition inside the RE samples was monitored by the following methods;
capacitive sensors (for RH), TDR, and Induced polarization method for water content. It was
observed that capacitive sensors are not suitable for very humid conditions (RH >98%), but
below that they were working fine. When using Induced polarization, it was observed that the
evolution of electrical resistivity had a similar trend as the one of RH. Both the Induced
Polarization method and capacitive sensors had a similar result in the determination of capillary
fronts. The Induced Polarization method has more advantages over capacitive sensors since its
non-destructive and allows to obtain the 3D field of hydric state, therefore can be applied in
real RE buildings.
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e Water has a very important influence on the mechanical behaviour of RE. The compressive
strength which is considered the main parameter for strength was observed to increase by a
factor of 12 from the moist state (manufacturing state) to the dry state. The modulus of elasticity
was also observed to increase at a significant amount from the manufacturing state to the dry
state for both walls and columns. Considering the realistic boundary conditions were adopted,
the evolution of mechanical behaviour with drying time presented in this thesis is
representative of a real RE. This is useful in practice to estimate the minimum drying time for
RE structures to attain the required strength during construction. Here, for the earth considered,
the geometry of the column and wall, and the indoor conditions, we found between 3 and 4

weeks.

e However, time alone does not account for the changes in mechanical performances but rather
the varying drying environment. Therefore, the mechanical behaviours were linked with the
hydric state, represented by a state variable “suction”. The mechanical behaviour was observed
to increase with suction. At an early stage of drying, where the sample is close to saturation, a
little variation in suction has a greater influence on mechanical behaviour than a few variations
of suction, for a low saturation degree (near dried state). Thus, a linear relationship was
observed between mechanical capacity and logarithmic suction.

o  The effect of scale and granulometry of samples was observed, and the results of compressive
strength with the logarithm of suction at three scales were compared. it was concluded that the
compressive strength at the material scale is significantly larger than column and wall scales.
Whereas the apparent Young’s modulus was in the same order of magnitude at all suction
levels.

¢ New findings on the viscous behaviour of RE were reported in this thesis. The viscous part of
the mechanical behaviour was quantified experimentally, at different hydric states. It was found
that the coefficient of viscosity increased during drying, and this value will tend toward a
constant value when the wall dried. The coefficient of viscosity was also related to suction. A
linear relationship between the coefficient of viscosity and the logarithm of suction was
observed. This work provides the order of magnitude for the coefficient of viscosity for RE,
which is scarce in the literature. Considering that, none of the existing studies has ever shown
the variation of the viscous behaviour of RE, this work will pave the way for taking into
consideration the viscous part of the mechanical behaviour of RE.

¢ In the capillary experiment, it was found that the wet samples just after the capillary rise,
showed a drop in mechanical resistance by 95% from the initial dry state, this means that at this
state the building is at a high risk of collapsing. Upon drying after the capillary rise, both wall
and column showed a restoration of the strength by 85% of the original strength. This implies
that even though the building will lose strength during the capillary rise, most of it will be
recovered upon re-drying.

Finally, a summary of parameters toward modelling is presented in the thesis work. A tremendous
amount of experimental data on hydric conditions inside RE columns together with their corresponding
mechanical capacity is provided. These data will improve the validation of the hydro-mechanical
model.
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Perspectives

One of the main challenges in the drying experiment was the fluctuating environmental
conditions, notably due to varying seasons. Improvement of drying conditions by designing a
chamber that can maintain a steady RH and temperature, will solve this problem for future
studies and assure a more accurate study of suction. Similar case for the capillary experiment,
constant temperature ensures constant water viscosity, hence less uncertainty in results. It is
worth noting that, at the beginning of this thesis project, a climatic chamber was developed
where the humidity was controlled by saline solution. This is not an effective way for the moist
sample as they tend to release a lot of water that can’t be controlled by saline solution. A
solution could be, designing a sealed climatic chamber, large enough to accommodate large
samples, where the humidity and temperature are controlled through a humidity control
machine.

Numerical modelling and validation of existing Thermal Hydro-Mechanical models. The
parameters required for modelling are summarized from the experiments. The numerous
experimental results, at both small and large scales, showing the evolution of mechanical
performances with suction as well as time, could facilitate the validation of existing RE models.
In addition, the new findings on the coefficient of viscosity of RE and its evolution with the
hydric state will facilitate the integration of viscous behaviour the in hydro-mechanical
modelling.

Further experimental studies on the viscous behaviour of RE for a long duration of time are

recommended.

In the capillary rise test, only one cycle of wetting and drying was done, and it was observed to
influence the mechanical performance. Further research is welcomed to study the effect of
several drying-wetting cycles on mechanical behaviour, thus the durability of RE can be
assessed.
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Appendices

Appendix A: Results of UCS results at material scale. Samples were conditioned at five different RH by

using saline solution.
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Appendix B: Calculation of Vertical strain for wall W2 during 8 weeks of frying. The strains were

determined by using the vertical displacement (dy) along the vertical the height of the wall (y).
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Annex 1

Article on Induced polarization technique applied in RE column while drying.

(Submitted to Engineering Geology Journal on Jan, 2023).
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Abstract. Rammed earth is a traditional building material characterized by a low environmental impact. The
variation of the moisture content of rammed earth can affect its mechanical properties. Therefore, the non-intrusive
evaluation of the water content and its distribution inside rammed earth structures is of high interest to anticipate
the risk of failure. A non-destructive geophysical method called induced polarization is used to evaluate its
sensitivity to the water content distribution. Induced polarization properties are first connected to the water content
and the cation exchange capacity using a petrophysical model. Induced polarization measurements are first
performed on small cylindrical core samples of rammed earth in order to test the model. Then, the petrophysical
model is used to estimate the water content in 3 cylindrical samples undergoing capillarity rise tests at 3 distinct
heights. The data show the increase of the in-phase and quadrature conductivities as a result of capillary water rise
over time. Finally, the sample was cut and its water content was determined by gravity and compared to that
estimated from induced polarization measurements. A good correlation between the two estimates of the water
contents was observed. In the second part of this study, induced polarization is used to image the water content
distribution and its evolution over time in a rammed earth structural element. The monitoring is done for a period
of 25 days strating from saturated conditions. We assess the evolution of the 3D distribution of the water content
and we demonstrate that the geophysical results are in agreement with data from a Time Domain Reflectometry
(TDR) probe. Such a probe provides a local measurement of the water content thanks to the measurement of the
dielectric constant of the material.
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1. Introduction

In order to mitigate climate change effects, humanity must decrease greenhouse gas emissions. In this
spirit, the building industry is known to have a strong environmental impact and finding alternative construction
materials is therefore a serious issue (Formoso et al., 2000). Rammed earth materials are sandy-clayey materials
characterized by a moderate amount of clays (Walker et al., 2005). Raw earth materials have been broadly used
for construction all around the world and over the history of mankind (Niroumand et al., 2013).

These materials are locally produced reducing the cost related to transport and therefore the environmental
impact of the technique (Morel et al., 2001). It does not require any burning process during its manufacturing
(Morella et al., 2001). The use of ecologic materials like rammed earth materials for construction is considered as
an important challenge for the next decades (Hall and Allinson, 2009; Taylor and Luther, 2004). In addition,
rammed earth materials are known for their durability (Bui et al., 2009, Hall, 2007). Other benefits of this
construction material include (i) the ability to keep relative humidity and temperature pretty constant in the
buildings (Hall, 2007), (ii) its energy consumption is lower in comparison to other construction materials (Taylor
and Luther, 2004) and (iii) it is characterized by a significant durability (Bui et al., 2009). A detailed presentation
of earth materials suitable for construction can be found in Walker et al. (2005). Among construction techniques
with raw earth, one consists to compact successive layers of blocks using a mass water content w lower than the
plastic limit of the material. This is why several studies have been recently performed to study the hydromechanical
characteristics of rammed earth materials (Chauhan et al. 2019; Champiré et al. 2016).

Despite all these advantages, the use of rammed earth materials is scarce especially because their
mechanical properties are highly influenced by hydric conditions. The increase of the water content in rammed
earth structures decreases dramatically its mechanical strength and can lead to the collapse of the structure when
a threshold in water content is reached. Estimation and evaluation of the water content and its distribution inside
the rammed earth walls have a huge interest to anticipate risks and possibly to heal the structure before getting to
the failure point. Hygrometers and relative humidity sensors are commonly used to get reliable information
regarding the relative humidity. TDR (Time Domain Reflectometry) sensors provide intrusive and local
measurements of the volumetric water content with quite a high accuracy (about 2%, see Gong et al., 2003). That
said, only the information at the position of the sensor is recorded and the presence of the sensor itself may perturb
the measurement. A non-intrusive and non-destructive method able to image the water content would be therefore
welcome.

In Abdulsamad et al. (2019), we proposed a geophysical method called induced polarization for imaging the
water content distribution of rammed earth materials in a non-destructive way. Time-domain induced polarization
method is based on the measurement of the electrical conductivity and normalized chargeability of a porous
medium (Gazoty et al., 2012; Soueid Ahmed et al., 2020). The electrical conductivity describes the ability of a
rock to conduct an electrical current, while the normalized chargeability describes the ability of a porous material
to store reversibly electric charges under the action of an external (primary) electrical field (Vinegar and Waxman,
1984). These measured electrical properties can be connected to the density of the material, its clay content or
cation exchange capacity, and its volumetric water content 8 (Vinegar and Waxman, 1984; Revil, 20134, b).

In the present study, we use induced polarization method to investigate its specific sensitivity to the water
content of rammed earth samples. Induced polarization characterizes the ability of a material to store reversibly
electrical charges through a petrophysical quantity called normalized chargeability (Kemna et al. 2012; Ghorbani
et al. 2018; Revil et al. 2017; Tartrat et al., 2019). In Spectral Induced Polarization (SIP), we used a low-frequency
electrical field (the frequency lies in the range 1 mHz to 10 kHz) and the resulting electrical current is measured
as well as the phase lag between the two. The amplitude ratio and the phase are used to define a complex
conductivity with an in-phase (real) component characterizing conduction and a quadrature (imaginary)
component characterizing charge storage. A petrophysical model called the Dynamic Stern model was developed
to connect the complex conductivity spectra to salinity, temperature, cation exchange capacity, and water content
(Revil, 2013a, b). We can also use Time Domain Induced Polarization (TDIP) to investigate the material response.

In the present paper, we first perform SIP experiments on small rammed earth cylindrical samples to
characterize the induced polarization properties of the material at different saturations. Then, the method is applied
to follow the evolution of the water content associated with capillarity rise in cylindrical core samples and check
the estimates of the water content with independent measurements. Finally, we monitor the drying of a rammed
earth structure (45x15x15 cm in size) made of non-sieved rammed earth. This is made possible thanks to 3D TDIP
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tomography. The water content distribution obtained by tomography is compared to a local measurement of the
water content obtained using a Time Domain Reflectometry (TDR) probe.

2. Petrophysical model

2.1. Spectral Induced Polarization (SIP)

We summarize here the so-called dynamic Stern layer model used to represent the complex conductivity
o™ of a porous material. In spectral induced polarization, a sinusoidal current is injected between two (current)
electrodes A and B and the potential difference measured between two voltage electrodes M and N. The voltage
difference divided by the distance between M and N represents the component of the electrical field in the MN
direction. The phase denotes the phase lag between the electrical current and the electrical field. The amplitude
|a| (in S/m) and the phase ¢ (in rad) are used to define a complex conductivity ¢* according to Ohm’s law

J(0) = o*(0)E(w), M

" (w) = |ole’ =o' (w)+ic"(w), 2
where J and E denote the current density and electrical field, respectively; i denotes the pure imaginary number
(i = -1), ¢’ denotes the in-phase component (in S m?), ¢" denotes the quadrature conductivity, and @ =2 = f
denotes the pulsation frequency. Figure 1 describes the mechanisms of conduction and polarization associated
with a clay particle in a rammed earth.

In order to interpret complex conductivity spectra in a metal-free partially-saturated porous material, a
petrophysical model called the dynamic Stern layer model is used below (see details in Revil, 20133, b, Revil et

al., 2017, see also Figures 1b, c). When an harmonic electric field E = E exp(+iat) (t refers to time) is applied

to a porous material, the complex conductivity of the porous material can be written as (Revil, 2013a, b; Revil et
al., 2017).

T h@)

c*(w)=0,-M, dr, (3)
‘!.1 (iwr)"”

o =% 5 S, BCEC (4)

0 F w F¢pg !
o =3 o+, (B-A)CEC (5)

0 F w F¢pg !
S p

M, EGOO—O'OZF—¢,092,CEC, (6)

where p = n-1 (Revil et al., 2017), t is a relaxation time (in s), h(r) denotes the (normalized) probability density

associated with the distribution of the time constants of the material (in turn related to its distribution of
polarization length scales), a,, (in S m™) denotes the conductivity of water, s, the saturation degree, ¢, the
porosity, F, the formation factor (F= ¢™, according to Archie’s law, with m, the first Archie exponent, Archie,
1942), 0., (S m™), the instantaneous conductivity of the soil while the real-valued term g, (S m™) corresponds to
its DC (Direct Current) conductivity (see Figure 1), M,, the normalized chargeability (S m™), equal to the difference
between the instantaneous conductivity and the DC conductivity M,, = 6, — a5, M =M | /00O (dimensionless,

see Cole and Cole, 1941), the chargeability, p,, is the grain density (in kg m), CEC is the cation exchange capacity
of the soil expressed in C kg™ or in meg/100 g (1 meg/100 g = 963.20 C kg™* in SI units), B (in m?s1V1), the
apparent mobility of the counterions for surface conduction (associated with the in-phase conductivity), and A (in

m2s1V/1), the apparent mobility of the counterions for the polarization associated with the quadrature conductivity
(see Vinegar and Waxman, 1984; Revil et al., 2017a). The last term of Equation (4) corresponds to the
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(instantaneous) surface conductivity, which at partial saturation is given by o, = s\:'v’lpg BCEC/F¢ and at full

saturation by o =prCEC/F¢. A dimensionless number R was introduced by Revil et al. (2017a, b, c) as

R = A/ B. From Ghorbani et al. (2018), we have B(Na*, 25°C) =3.1+0.3x10° m?sV-! and A(Na*, 25°C)
=3.0£0.7x10"° m?%sV-1, and R = 0.10+0.02. The quantity B and A have roughly the same temperature dependence
(Vinegar and Waxman, 1984; Revil et al., 2017. Since we are working in isothermal conditions, here, this
temperature dependence is not required here. The volumetric water content ¢ is also given by 8 =s,¢ .

When the distribution of relaxation times is broad, then we can used another approximation called the
constant phase model to interpret the real and imaginary components of the conductivity. This happens when the
grain size distribution is broad and therefore the distribution of the relaxation times is also broad. This is quite
typical of soils often associated with a self-affine structure and very broad grain size distributions. In this case, the
associated complex conductivity spectra are rather flat (Vinegar and Waxman, 1984; Revil et al. 2017). In this
case, we can approximate the in-phase conductivity by equation (4) whatever the value of the frequency.
Regarding the quadrature conductivity, we consider that the quadrature conductivity at the geometric mean
frequency of two frequencies f; and f, and the normalized chargeability defined as the difference between the in-
phase conductivity at the frequency f. (> f1) and the in-phase conductivity at the lower frequency fi, are related each
other by (Van Voorhis et al., 1973; Revil et al., 2017a)

G"(\/ﬁ)z_w, (7

a

a~2mnA. ®)
TT

and A denotes the number of decades between f1 and f2 (e.g., for 3 decades, A = 10 and & ~4.4). Equations

(7) and (8) provide the relationship between the quadrature conductivity and the CEC when combined with
equation (6). Equation (7) is exact for the constant phase model and a reasonable approximation for the Cole Cole
model whatever the value of ¢. At saturation (s,,=1) and assuming the conductivity of the pore water is known,
equations (4) and (6) have one unknown parameter F (the formation factor). A measurement of electrical
conductivity and chargeability of a saturated sample could be enough to get information about F.

From equations (4) and (6), we can also write directly a relationship between the instantaneous
conductivity and the normalized chargeability as:

o, =g +—. 9)

From previous studies (e.g., Ghorbani et al. 2018), we have B (Na*, 25°C) =3.1+0.3x10° m2stV-, A (Na*, 25°C)
=3.0+0.7x10"° m2s1V, and R is typically around 0.10+0.01.

2.2. Time-Domain Induced Polarization (TDIP)

In time-domain induced polarization (TDIP), the primary and secondary voltages are measured at a set of
bipoles M and N (voltage electrodes) during and after the injection/retrieval of an electrical current at a bipole A
and B (current electrodes) (see Figure 1). The secondary voltage decay (obtained after shutting down the primary
current) is sampled and integrated over a series of 10 windows to provide so-called partial chargeabilities M;
(expressed in ms). These partial chargeabilities are obtained by integrating the secondary voltage decay between
two times tj and ti+1 (t = 0 s corresponds to the time of the shutdown of the primary current, see Figure 1) according
to:

1 tiy
M, == [w(t)dt, (10)
Yo i,
where y(t) denotes the secondary voltage measured between the electrode pair MN, {5, denote the potential
difference between the electrodes M and N just before the shutdown of the primary current (Figure 1), and

W, =t —t, indicates the duration of the time window (typically 100 ms).
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Two tomograms can be obtained using TDIP data. An electrical conductivity (in S m™) tomogram and a
chargeability (dimensionless) tomogram. For each cell of the tomogram, the multiplication of the electrical
conductivity ¢ by the chargeability M provides the so-called normalized chargeability described in Section 2.1.

In the second part of this paper, we will investigate the drying of a rammed earth element. In the situation
corresponding to drying a rammed earth structure from saturation, the salt is remaining segregated in the liquid
pore water phase during drying. Consequently, the conductivity of the pore water is inversely proportional to the
saturation itself when the sample is initially fylly water-saturated (i.e., the following transform should be used
o, — o, 1s,) Therefore in the case of drying, equations (4) and (6) should be written as:

n-1

o, =2 (o, + p,BCEC), (12)
Fo
Sn—l
M =>%_ , 2CEC. 12
= (12)

From equations (11) and (12), we can also write the conductivity and the normalized chargeability as,

o, (s,)=s,"c.(s, =1, (13)

M, (s,) =5,""M,(s,=1). (14)

and therefore the logarithm of the conductivity and normalized chargeability depends linearly on the log of the
saturation. These expressions will be used in this paper to characterize how the conductivity and the normalized
chargeability evolve with the degree of saturation of the rammed earth.

3. Method and materials

We used a soil from a site called St Quentin Fallavier located in The Auvergne-Rhone-Alpes region
(France). This soil was used in the construction of an office building in France (Orangery building in Lyon) and
for few houses around. We first characterize this soil in section 3.1 below. SIP measurements are described in
Section 3.2.

3.1. Soil characterization and sample preparation:

The soil used in this study was first sieved at 5 mm to avoid the presence of large heterogeneities (gravels
and peebles) in the core samples used for the measurements. The averaged grain size distribution curve of the core
samples and the water saturation versus the relative humidity curve are shown in Figure 2. The analysis of the
particle size distribution of the soil shows that the material contains about 50% gravels, 50% sand, 20% silt, and
clay <15% (weight. fraction). To determine the optimum water content (i.e., the water content that insures getting
the maximum dry density of the compacted material), a proctor test was performed. The optimum water content
(in weight (g/g) was found to be about w = 10.7% for a static compaction at 5 MPa. The maximum dry density

reached is 1990 kg m (porosity ¢~ 0.24 using a grain density Py = 2650 kg m-3).

A total of 20 samples of rammed earth materials were prepared under the same conditions with the same
soil to obtain roughly the same porosity. Once prepared, the samples were placed in an air-tight container for
moisture homogenization. Then, the partially saturated material was put in a cylindrical mold of 5 cm diameter
and 10 cm height. Later, the mold was subjected to a compaction pressure (5 MPa). In order to get homogeneous
density in the samples, 80% of the total compaction pressure, i.e., 4 MPa was applied gradually from one side, and
then 100% of the total compaction pressure, i.e., 5 MPa was applied from both sides (a complete description of
this double compaction method is described by Bruno et al., 2015, and Chauhan et al., 2019). The cation exchange
capacity (CEC) of the material was measured with the cobalthexamine method (see Aran et al. 2008; Ciesielski
and Sterckeman 1997). We obtain CEC = 9.2+0.4 meq/100 g.
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3.2. Spectral Induced Polarization measurements

Two kinds of experiences were carried out on the cylindrical samples of rammed earth. The first
experience aims petrophysical characterizing of the samples to evaluate the necessary parameters for water content
estimation (i.e., the petrophysical parameters are F, m and n). The second experience consists of SIP
measurements during capillary rise experiments.

Frequency-domain induced polarization measurements were performed over the frequency range 100
mHz - 45 kHz using the ZELSIP04-VV02 impedance meter built by Egon Zimermann (Zimmermann et al., 2008,
see Figure 3). The electrical current was injected between two electrodes (A and B), while the electrical potential
was measured between two other electrodes (M and N). Medical electrodes of type carbone film was used for
current injection and medical Ag/AgCl electrodes where used to measure the potential difference. The conversion
of the measured impedance into the complex conductivity was performed using a geometric factor K (m)
depending on the position of the electrodes. The geometric factor was estimated by numerical modelling using the
software COMSOL Multiphysics (see Jougnot et al., 2010, for details).

In order to get information about the formation factor, the porosity exponent and the saturation exponent,
6 cylindrical samples were saturated with pore water solution of different salinities. Figure 4 shows the dependency
of the in-phase conductivity (at 1 Hz) versus the pore water conductivity. After fitting the data with equation (4),
we get the values of parameters reported in Table 1 including the formation factor, and the surface conductivity

o5 =p,B CEC/F¢. InTable 1, we also reported the porosity and CEC determined above and make a comparison

with the properties of another soils used for construction (Sample ABD20, Table 1). We can easily check if the
surface conductivity determined from the conductivity measurements at different salinities is consistent with the

estimate obtained from the CEC. Using o5 = p B CEC/F ¢ with CEC = 9.2 meq/100 g, F = 14 (Figure 4), ¢~
0.24 (see above Section 3.1), p, = 2650 kg m3, m=2.0, and B(Na*, 25°C) =3.1+0.3x10° m?sV-1, we obtain a

surface conductivity of o =0.021 S m™, which can be compared to the value estimated in Figure 4, o5 =0.018

S m. The agreement shows consistency between the predictions of the pretrophysical model and the laboratory
data.

Another group of samples was confined in different relative humidities in humidity chambers. We use
saturated solutions of different salts to control the relative humidity in the chambers. After about two months, the
mass of samples was stabilized, and the water saturation of each sample could be calculated by a measurement of
its weight. SIP measurements of those samples were carried out. Figure 5 shows the dependency of the in-phase
and quadrature conductivities versus the saturation. We could notice a clear linear log-log relationship between
the saturation and both the in-phase and quadrature conductivities (here reported at 1 Hz). The fitting of these data
with equation (6) and (7) gives the second exponent of Archie’s law (saturation exponent) n reported in Table 1.
The high value of n (23.4 £0.1) indicates disconnected pores possibly associated with the percentage of clays (15
vol.%) forming patches in the medium. We note that the value of p = n-1 = 2.4 is consistent with the exponent
obtained in the plot (p = 2.3, Figure 5). Again the petrophysical model is consistent with the estimates. If we place
the in-phase conductivity value at saturation in Figure 4, this implies that the pore water conductivity for the
partially saturated samples is around 2 S m (25°C). In turn, according to Figure 4, this justifies that the in-phase
conductivity data are dominated by their bulk contribution.

3.4. Capillary rise experiment

SIP measurements during a capillary rise were carried out for 3 samples, named in what follows Sample 1,
Sample 2 and Sample 3. A sandbox of dimension 22x30 cm and 5 cm in height, was filled by saturated sand of
grain size varies between 100-200 um. A capillary bench was created (Figure 3c), where the water level is at 1.5
cm under the sand surface, and the capillarity insures the saturation of sand upper the water level. The sandbox
was connected to water reservoir for maintain the same water level in the sandbox. The rammed earth samples
were put directly on the sand during the capillary rise. SIP measurements were carried out over the time at three
levels of the sample (2.3, 5.3 and 8.3 cm from the base of the sample). At each level, the four electrodes (2
electrodes for current injection and 2 electrodes for measuring the potential difference, Figure 3c) were distributed
radially around the sample at each level with 90° in between.
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3.5. Results and interpretation

Figure 6 shows the variation of sample 1 weight during the capillary rise because of water suction and the
advancement of wetting level over time. We could notice that the velocity of the wetting level is high (the slope is
high) at the beginning of the experiment. The wetting head gets 4 cm in the first few hours (about 4 hours). Later,
the velocity decreases (the slope is less than in the first part of the curve) and it continues linearly until the top of
the sample after about 24h from the beginning of the experience.

Figure 7 show a series of spectral induced polarization spectra (in-phase and quadrature conductivities) in the
frequency range 1 Hertz-10 kHz and taken over time at one level (Level 1) and for Sample 2. Similar data were
obtained for the other levels and the two other samples.

Figures 8, 9, and 10 show the evolution of the in-phase conductivity (at 1 Hz) over the duration of the three
capillary rise experiments. At the start of the experiment (t = 0 h), in-phase conductivities of the three levels are
almost the same value, about 10 S m* for Sample 1, 103 S m for Sample 2. No value were recorded for Sample
3. This initial difference could be explained by the ambient relative humidity controlling the hydric state of the
earth by liquid-vapour equilibrium. The relative humidity curve shown in Figure 2b explains this observation.
Indeed, the relative humidity of the room was recorded, and it was higher for Sample 2 (60-70%) than for Sample
3 (30-40%, see Figure 2b for the implication in terms of water saturation).

After the capillary rise starts, a quick elevation of in-phase-conductivity of first level (at 2.3 cm) occurs (before
2-3 hours), followed by the elevation of level 2 conductivity (5-6 hours), and finally by level 3 (between 10 and
20 hours). This increase corresponds to the wetting head rising which modifies the water content close to the
measurements level. As the wetting head advance upward in the sample, the in-phase conductivity increases for
each level, to get a stable value few hours after arriving the wetting head. By the end of the experience, all levels
have almost the same value of in-phase conductivity, (1.0£0.2) x10* S m'%, and the sample is close to saturation.
We could notice that the capillary rise is so fast at the beginning and the whole capillary rise test takes about 24
hours (the wetting head gets the top of the sample). In order to slow down the phenomena, the capillary rise is
stopped during the time of measurements, we carried out the SIP measurements out of the sandbox (Samples 2
and 3, not for Sample 1).

Figures 8, 9, and 10 show the evolution of quadrature conductivity for the 3 samples during the capillary rise
test. The same trend as that noticed for in-phase conductivity is visible. The quadrature conductivity increases over
the development of the wetting head. At the end of the capillarity rise, we get almost the same level for the in-
phase conductivity and the quadrature conductivity for all tested samples. From Figures 8, 9, and 10, it is clear that
we have three phases, dry one at start, saturated at the end and transition phase in between.

At the end of capillary test, Samples 2 and 3 were cut off into three pieces (at the middle between the levels
of SIP measurements). The water content in each piece was later measured by drying in oven at 100°C during 48
h. By using equation (6) and after replacing the values of all calculated and measured petrophysical parameters
(Table 1) and the constants p, (2650 kg m?) and A(3.0x10%° (m?s*V1)), the water content could be estimated
from SIP measurements. Figure 11 shows a comparison between the water content estimated from SIP

measurements and the measured water content by weighting (8 = w p;ﬂ, where p,, is the density of water and

w denotes the gravimetric water content). The correlation is good (less than 2% of 0) at low water contents. At
high water content (saturation >0.85) the precision slightly decreases. The heterogeneity and local variations in
porosity, cation exchange capacity or grain density could be responsible of the divergence at high saturation level.

Using the same approach as that used in Figure 11, it is possible to follow the increase of water saturation (or
volumetric water content) over the time at each level (Figure 12). Additional studies should be conducted to
evaluate the effect of clay percentage and clay type (CEC) on the results.
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4. Application to a rammed earth structural element
4.1. Preparation of the rammed earth element

The material used in this section is the soil coming from a village of St Quentin Fallavier located in Auvergne-
Rhone-Alpes region in Southeastern part of France and we will use here the method of time-domain induced
polarization described in Figure 13 and section 2.2 above. This soil was used for the construction of different
buildings. The particle size distribution was estimated using wet sieving and hydrometer analysis according to
French standards (NF P 94-057) (French Standard NF P 94-057, 1992). In this study, soil sieved at 20 mm was
used to make samples free of gravels. The particle size distribution curve of this soil is represented on Figure 14.
The soil contains about 10% clay, 12% silt, 33% sand and 45% gravel (vol.%). An optimum mass water content
of w=0.10 was obtained from a modified proctor test to obtain the plastic limit of the material. This optimum water
content provides the highest dry density (2060 kg/m?) for a fixed compaction energy.

Four prismatic samples were manufactured using the dynamic compaction method. Three samples were
made with the following dimensions 15x15x45 cm. they are labeled S1, S2, and S3. A fourth sample with a size
of 15x15x8 cm (S4) was prepared with an optimum water content, corresponding to normal proctor test, of w=0.10
and stored in a covered container for 1 day before the fabrication to assure the homogenization of the water content.
Then, these four samples were dynamically compacted in a metal mold having a base of 15x15 cm. The rammed
earth is compacted layer after layer: a mass of earth is poured loosely into the mold and rammed by a pneumatic
hammer, which gives a layer of 7 to 8 cm of thickness. Samples S1, S2 and S3 were made with 6 layers with a
final size of 15x15xH=45 cm. Sample S4 was made with a single layer of 8 cm. The four samples have an average
dry density of 1884+32 kg m (mean porosity of 29+2%) with a standard deviation of 1,75% which lies in the
range of dry density for earthen structure 1700 kg m- to 2200 kg m (Hall and Djerbib, 2004). The dry density of
S1 is equal to 1840 kg m3. This gives (considering a grain density of 2650 kg m) a porosity of 30% (¢ =0.30).

Sample S1 is dedicated to geophysical investigation, as well as an independent measurement of the
volumetric water content 6 using a TDR probe (Figure 15). This local measurement is obtained for all the four
times of investigation (0, 5, 13, and 25 days). Samples S2 and S3 are reference samples, dedicated to the survey
of mass evolution with time. These experiments are more difficult to obtain on the instrumented sample S1. Sample
S4 is used to investigate the petrophysical behavior of the porous medium at saturation and get a first idea of the
formation factor (see Figure 16).

The petrophysical parameters of the samples are evaluated for the whole volume using the following

equations: & =g¢s,, =V, IV, =wpy. | p,,, Py, = 1—§)p,, and w=mass of water / mass of solid, where

vy, Uy , w are the volume of water, the total volume and the water content in weight fraction, respectively; p,, and
Pary denotes the density of water (1000 kg m) and the dry density of the sample (kg m), respectively. For S1,
the volumetric water content (8) once manufactured is equal to 18.4 %. For this sample, a measurement of the
volumetric water content was also performed by using a TDR probe (Figure 15). The petrophysical parameters of
the sample are reported in Table 2.

The rammed earth samples S1, S2, S3 were covered with Plexiglass on two opposite sides and on top, and a
wooden impermeable surface at the bottom (Figure 15). This was done to constrain the drying of samples in the y-
direction. Thin holes were let accessible on the side of the sample S1, at y =7,5 cm under the two drying surfaces,
in order to have access for TDR (Time Domain Reflectometry) measures of volumetric water content 6 at the core
of the earth pile. The Plexiglas covering for short intervals of time was removed for the measurements for a short
time (Figure 15c¢). The probe used in this study is a TRIME-PICO-32 TDR probe, which provides a measurement
of the volumetric water content with accuracy of +2% in the entire volumetric water content range (0 to 100%).
The precision of the device was first tested by measurements on saturated sands and compacted soils of known
volumetric water content.

The weights of samples S2 and S3 were daily recorded and introduced as a variation in water content w over
the time (S1 was only weighted at the initial and final time). Electrical conductivity and chargeability were
acquired during drying of rammed earth block S1, by using an ABEM Terrameter SAS-4000 resistivity meter. The
box current has a box mode (+ 1, 0, —I, 0) with a period T of 4s. The maximum injected current is | =5 mA. A total
of 10 partial chargeabilities were measured during the decay of the secondary voltages (T =1 s), after a dead time
of 20 ms (i.e., 10 windows). Non-polarizable Ag/AgCl electrodes were used for the current injection and potential
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measurement. 2 profiles of 32 electrodes were setup on the structure (15x2 electrodes on each open side, and 2x2
electrodes on the top of the block). The distance between electrodes is 3 cm and between profiles is 9 cm (see
Figure 16a). At a given time, a set of data provides about 350 measurements of apparent chargeability and apparent
resistivity. Figure 16b shows an example of the decay curves measured by two quadrupoles of electrodes (ABMN)
at different times.

The electrical measurements were carried out at four distinct times during the drying process: first
measurements were performed at time to=0, just at the manufacture, then at t1 = 5 days, t2 = 13 days, and t3 = 25
days. TDR measures were made at the same times. The apparent chargeabilities corresponding to the first window
(M; (mV/V)) and the apparent resistivity were used in the inversion process. The ResIPY software (Blanchy et al.,
2020) was used for the inversion of the recorded data. As the chargeability is proportional to the phase angle
(Mwakanyamale et al., 2012), it was transformed before inversion to phase angle (¢ in mrad): ¢ = aM,, and a =
—1). The results of inversion process are the distribution of conductivity (6 S/m) and distribution of chargeability
(M, in V/V) in the block. From these two parameters (c and M), the normalized chargeability M,, = ¢ M has been
calculated. Then the diagram we used to integrate the petrophysical and geophysical data to get time lapse
tomograms of the water content is shown in Figure 17.

In order to use equations 11 and 12 to evaluate the water saturation, the formation factor F(-) and the saturation
exponent (n) need to be estimated. To do so, the same TDIP measurement was performed on sample S4, which
was saturated by vacuum aspersion a saturated layer at three levels (2, 4 and 6 cm) from the bottom (Figure 16c¢).
The electrical conductivity at saturation is 0.014+0.001 S m™ and the formation factor is therefore 2.5~3. The
mean value of the formation factor will be used in equations (11) and (12) to calculate the saturation.

To evaluate the saturation exponent n, the in phase conductivity was extracted from the inversion results at
the level of TDR (at z=20 cm height, Figure 15) and plotted versus the saturation (extracted from TDR
measurement of water content) on Figure 18. The parameters used in equations (11) and (12) to calculate the water
saturation from geoelectrical measurements are reported in Table 3.

4.2. Global drying kinetics and TDR measurements

Figure 19 shows the variation of weight of the sample (introduced here as a mass water content) over time.
The water content curves for S1, S2, and S3 are consistent and we could notice on them two phases of drying. In
the first phase, the drying is fast and the sample weight decrease linearly during approximately one week, which
corresponds to a constant rate of evaporation (with regard to surface and time unit). In the second phase, the drying
is slower and the rate of evaporation is decreasing.

TDR measurements on S1, provides the volumetric water contents at 0, 1, 5, 13 and 25 days which are equal
to 6=20%, 19,5%, 16.3%, 11% and 6.6% respectively. When 0 is converted in mass water content w (accounting
for a porosity of 30%, see above), it gives the curve presented in Figure 19. It is interesting to notice that this
punctual value of w, measured at the core of the sample, evolve in the same way than the global water content,
with an immediate adaptation of the hydric state, even at 7.5 cm depth from the drying surfaces.

4.3. Electrical measurements at initial time

Figure 20 results from the tomography reconstruction of electrical measurements at time 0, in 3D. A first
observation is that, at time 0, the measures makes appear a variation of the conductivity and chargeability along
the vertical direction. A contrast appears within the layers, with the top part of them having a value of o, globally
between 0.01 and 0.03 S m™, and the bottom of them having a conductivity globally between 0.003 and 0.01 S m-
L. For the same nature of soil, and the same mass water content w, upper values of conductivity are linked with
the saturation degree, which increases for a decrease of porosity. Indeed, it is known that the dynamical compacting
could not impose a uniform dry density across and the earth layer rammed, and gives denser part at the top of each
layers, and looser part at the bottom of them (Bui and Morel, 2009). At time 0, the saturation (s, =water
volume/pore volume) calculated from equations (11) and (12) and the measure, follows the dry density variation
(thus porosity variation). An estimation of porosity is important to evaluate correctly the volumetric water content
(Figure 17). We can also write a relationship between dry density and saturation as

pdry :pspwl[pw+psW/Sw]'

The distribution of saturation at time 0 was calculated using equatios (11) and (12), and used to evaluate the
dry density and later the porosity. Figure 21 shows the variation of dry density and porosity with height at two
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different points (x, y). First of all, the calculated dry density varies between 1750-2100 kg m-3 which is in the range
of RE material (1700-2200 kg m, see Hall and. Djerbib, 2004). Bui and Morel (2009) reported experimental
evolution of the dry density in the upper part of RE layer (1980 kg m) and in the lower part (1820 kg m-3). The
mean of dry density calculated is 1890 kg m- and the porosity is 28.4% (very close to the mean value estimated
from weight of the sample and reported in Table 2).

4.4. Evolution of resistivity, chargeability and water content 6

From Figure 22, we could notice the electrical conductivity decreases with drying (loss of water content). At
a global scale, we observe that the decrease is faster in the top part of the block. The normalized chargeability has
the same trend as the electrical conductivity. Besides, only a small variation of chargeability during drying could
be noticed (Figure 23) in correlation with the prediction of the dynamic Stern layer model developed in Revil
(20134, b). The volumetric water content (8 = ¢s,,) was estimated using the water saturation calculated from the
TDIP measurements and the estimated porosity curves. Figure 24 shows the distribution of water content (6(-))
from 3D inversion inside sample S1, and Figure 25 presents the graph of 6 vertical profiles for point (x=5 cm ;
y=12 cm).

After 5 days of drying, the upper part of the block looks dried more than the lower part (Figures 23 and 24).
Up to this time, it seems that loss of water content is not intenser at the drying surface than in the core sample
(Figure 24). This is consistent with the observation made on w evolution, similar for the whole sample than for a
point at 7.5 cm depth. This means that the water evaporation is not limited by the internal water transfer inside the
porous material during this period. In the same time period, the influence of the layer porosity gradient is very
important, as shown in Figure 25: the looser part of the block (at the base of the compacted layers) is losing more
water by volume unit than the denser part of the block (at the top of each layer). After 13 days of drying, this effect
starts to be less visible. After 25 days the block is almost dry with water content & less than 7% (w = 0.035 g/g).

Finally, the water content at the level of TDR probe at position (y, z) = (7.5, 2 cm) was extracted at different
points for x=3 to x=12 cm with TDIP. The mean values of the water content estimated from TDIP data is plotted
versus the water content measured with TDR probe (Figure 26). A very good correlation could be noticed between
both measurements.

5. Conclusion

lin the first part of this paper, we perform frequency-domain induced polarization measurements of
cylindrical core samples of rammed earth were used to evaluate the volumetric water content in case of a capillary
rise experiment. First, the petrophysical parameters of the samples were identified and later used in the Dynamic
Stern Layer model to estimate the change in the volumetric water content. A good correlation between the
estimated water content (from induced polarization) and measured water content (by weight) was noticed. At low
water content the precision is high enough (less than 2%). The results are promising and the approach is applied
on a representative volume of rammed earth material manufactured in laboratory with dimensions of tens of
centimeters. This application is essential in the context of the structural diagnosis and rehabilitation of rammed
earth-made buildings.

In the second part of the paper, time domain induced polarization measurements were carried out on a
rammed earth block during drying in order to evaluate the distribution of water content inside the block. The results
of induced polarization were compared with precise measurements of TDR probe. The distribution of water in the
block over the time shows that the upper part dried faster (under the gravitational effect), while the variation of
water content with depth (i.e., in the drying direction) are less pronounced in the first drying phase. On the contrary,
the variation of density in each layer has a significant influent at the first drying phase, and then blurs after 13
days. The estimated water content has a good correlation with the punctual measurements of carried out by TDR
probe. The results are promising and the approach will be applied at a large scale, i.e. on a real wall. However, in
real case other information is still needed to properly asses the distribution of water content (e.g., the porosity, the
formation factor). Measurements of porosity (e.g., ultrasound measurements) could be worth to complete the image
of the structure.
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Tables

Table 1. Petrophysical properties of the rammed earth used in the present study and comparison with the data
obtained using the core sample (reference ABD20) used in the study of Abdulsamad et al. (2020). The parameters
m and n are the porosity and saturation exponents in the First and second Archie’s law, respectively. The CEC
denotes the Cation Exchange Capacity and os the surface conductivity.

Sample ¢ (-) F(-) m(-) n(-) o3 CEC
(S/m) (meq/100g)

This study 0.25 143 2.0 3.8 0.018 9.2

ABD20 0.26 9.1 1.8 2.1 0.031 2.6

Table 2. Petrophysical parameters of the samples used in this study.

Parameter Water Bulk Dry Mean Volumetric Volumetric water Saturation
content w density p density Porosity | water content | content from TDR Sw (-)
(9/9) (kg/m?) pary ¢() 0 () 0 ()
(kg/m?)
Value 0.10 2024.3 1840.3 0.30 0.18-0.19 0.20 0.66

Table 3: Parameters used in equation (11) and 512) to evaluate the water content. F denotes the intrinsic formation
factor, m > 1 denotes the porosity exponent (also called the first Archie’s exponent), n is called the saturation
exponent (second Archie’s exponent), R the ratio of the normalized chargeability by the instantaneous surface

conductivity (a constant independent of temperature, saturation, and salinity), and o, the pore water electrical

conductivity. The pore water conductivity is obtained from the conductivity curve at saturation and the value of
the conductivity at full saturation (see Figure 18). The initial conductivity of the tap water used to saturate the

rammed earth is o, = 0.035 S m (25°C). The porosity exponent m is obtained from the formation factor and the

porosity while the saturation exponent n is obtained from Figure 18.
Parameter F() m (-) n(-) R(-) 0, (S/m™1)

Value 275 2.80 2.65 0.10 0.35
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Figure 1. Polarization of a raw earth elementary volume under the action of an external (applied electrical field)
Eo. a. The raw earth material used in the present study is obtained after the compaction of a soil. This soil has a
broad grain size distribution including clays. b. Just after the application of Eo, all the charge carriers are mobile.
This state defines the instantaneous (or high-frequency) electrical conductivity. c. After a long application of the
external electrical field, the clay gets polarized and the charges associated with polarization do not participate any
longer to the conduction process. This state defines the DC conductivity. The reduction in the conductivity
corresponds to the chargeability M. The normalized chargeability is simply the difference between the
instantaneous conductivity and the DC conductivity. SL stands for the Stern layer.
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Figure 3. Complex conductivity measurements of rammed earth materials. a. Sketch of the experimental setup for
the core sample experiments. The electrodes are self-adhesive super conductive carbon film-with biocompatible
hydrogel. b. ZEL-SIP04-V02 impedance meter used for the laboratory experiments (see Zimmermann et al., 2008,
for details). c. Capillary bench and position of injection electrodes (A and B) and voltage electrodes (M and N) in
the Rammed earth cylinder lying on the partially saturated sand. Levels 1, 2 and correspond to three heights 2.3,
5.3 and 8.3 cm from the base of the sample, respectively.
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Figure 4. Variation of in-phase conductivity o of the core samples (at 1 Hertz) versus the pore water conductivity
obtained at different salinities. Measurements are made with NaCl solutions at 25°C. The formation factor F is the
inverse of the slope of the trend with os denotes the surface conductivity of the grains. We also measure the value

of the tap water used to saturate the other samples (0.035 S m™* at 25°C).
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rise.
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10 kHz) over the time during the capillary rise experiment (Level 1, Sample 2). The in-phase conductivities show
a minor dependence on the frequency. Such flat induced polarization spectra are characteristic of porous media
having a very broad grain size distribution such as in the present case (see Figure 2a). For the quadrature
conductivities, we start to see the influence of the Maxwell-Wagner interfacial polarization at high frequencies
corresponding to the take-off of the quadrature conductivity values with frequency. The data are missing around
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Figure 8. Evolution of the in phase conductivity ¢’ and quadrature conductivity 6” (at 1 Hertz) over time during
the capillary rise experiment (Sample 1). Note that once the capillary rise has passed the third levels, both the in-
phase and quadrature conductivities reach the same values at the end of the experiment. Levels 1, 2 and correspond
to three heights 2.3, 5.3 and 8.3 cm from the base of the sample, respectively.
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Figure 9. Evolution of the in-phase conductivity ¢’ and quadrature conductivity 6™ (at 1Hz) over time during the
capillary rise experiment (Sample 2). Note that once the capillary rise has passed the third levels, both the in-phase
and quadrature conductivities reach the same values at the end of the experiment. Levels 1, 2 and correspond to
three heights 2.3, 5.3 and 8.3 cm from the base of the sample, respectively.
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Figure 11. Comparison between the water content evaluated from the spectral induced polarization measurements
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induced polarization measurements provide a reliable estimate of the water content.
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Figure 12. Variation of the water content & (volume fraction) over time in the capillary rise experiment at three
levels using the spectral induced polarization data (Sample 2). We use the spectra at 1 Hertz. The spectral induced
polarization data can be used to reconstruct the capillary rise using non-intrusive measurements. Levels 1, 2 and
correspond to three heights 2.3, 5.3 and 8.3 cm from the base of the sample, respectively. The porosity of the
sample is around 25%. We observe that the water contents around 75 hours are slightly below this value.
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Figure 13. Principle of Time-Domain Induced Polarization (TDIP) measurements. a. A primary current is injected
in the wall between two electrodes A and B. The associated response corresponds to the measured potential
difference measured between two voltage electrodes M and N. b. The injected current I (in A) corresponds to a
box signal of period T. c. The associated voltage response between the electrodes M and N is the sum of a primary
voltage s, (called the instantaneous potential) and a secondary voltage yy-W., Where s, denotes the steady-state
potential. Once the primary current is shut down (for t>0), only the secondary voltage persists and decays over
time while the charge carriers are coming back to their equilibrium position at the grain scale. This decaying
secondary voltage is measured between M and N for different windows (named Wi, W5, etc.) separated by
characteristic times (to, t1, to, ...). The time to is a delay time before starting the partial chargeability measurement
(dead time). The dead-time is required to avoid the interference with spurious electromagnetic effects due to
capacitive or inductive couplings. d. The partial chargeabilities are determined for each of these windows by
integrating the secondary voltage over time. Ton and T denote the time of current injection and time for potential
decay measurement, respectively. M denotes the chargeability (unitless or sometimes expressed in mV/V). The
partial chargeability M1z is expressed in ms and needs to be normalized by the duration of the time window.

200



100

Hydrometer<= | == Sieve analysis

—a—20mm | T 80

......... Ref Min i : '

......... Ref max E : E 60 83
! | g 2
i : . ) o]
{ RRRNC Ll ' o
! ’ E 0 X
AR : ; 20

Clay[10%] [USilffia%] |  sand33%] |  Gravelds®]l

0.000 0.001 0.010 0.100 1.000 10.000 100.000
Particle size (mm)

Figure 14. Particle size distribution curve of the soil used in the present study and sieved below 20 mm (i.e.,
gravels are removed). The two reference curves (min and max) are those proposed by Houben and Guillard (1994)
for the construction of rammed earth made-structures. Note the very broad distribution of the grain sizes and D1
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Figure 15. Rammed earth structural element. a. View of the earth structure S1 at manufacture with Plexiglas
covering. We clearly see the six layers of rammed earth material. b. Sketch of the geometry for samples S1, S2,
S3, with x, y, z axes. Drying is occurring from two lateral sides of the rammed earth element (the others being
covered by Plexiglas layers). c. Sketch showing the position of the TDR sensor during the measurements for
sample S1 (positiony = 7.5 cm, z =20 cm). The TDR probe is used to get an independent estimate of the water
content.
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Figure 16. Electrode array and decay curves. a. Position of electrodes on the earthen block. 30 electrodes are
distributed on each side plus 4 electrodes on the top. All the electrodes are non-polarizable medical electrodes. b.
Examples of partial chargeability decay curves obtained by different combination of ABMN electrodes (AB
current electrodes, MN voltage electrodes). The approximate exponential decays illustrate the quality of the
recorded data. The measured partial chargeability over the time for two quadrupoles (ABMN=2,3,4,5, black curves
at different elapsed time and ABMN=10,11,13,14, blue curves). c. Sample S4 (one layer of rammed earth) with
instrumentation.
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Figure 17. Diagram showing the analysis of the petrophysical and geophysical data and their integration to get
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the water content at the position of the TDR probe and then obtained from the tomography at the same position.
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Figure 18. Relationship between the instantaneous electrical conductivity o, and water saturation S, . The

electrical conductivity data are here extracted from the inverted tomograms at the position of the TDR probes (at
a height of 20 cm) while the saturation is determined from from the TDR measurements using a calibrated
relationship between the dielectric constant and the saturation for the soil. The linear trend denotes a power-law
relationship corresponding to equation (13) with a saturation exponent n = 2.65+0.15 (reported in Table 2) and

o, (s, =1) =0.014+0.002 S m.
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the different experiments.
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Figure 22. Tomograms of the electrical conductivity distribution (upper tomograms) and tomograms of the
normalized chargeability (lower tomograms) at different elapsed times, For the two levels, the tomograms

correspond to time 0 (manufactured wall), then for t = 5 days, t = 13 days and t = 25 days during the drying process,
respectively. The Y-direction denotes the drying direction.
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Figure 24. Distribution of volumetric water content at different elapsed time during the drying process. Panels
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Figure 26. Comparison between the water content measured by the TDR probe and the estimated from geophysical
measurements (TDIP). Water content from TDIP is the mean of the water content estimated at the position of the
TDR probe using the induced polarization data. The vertical error bars are determined from the TDR probes (£2%),
while the horizontal error bars are the standard deviation of the water content from the TDIP measurements at each

elapsed times.
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Annex 2

Article on Induced polarization technique applied in RE wall subjected

to capillary rise

(Submitted to Engineering Geology Journal on Nov, 2022).
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Abstract. The capillary rise in earthen buildings is a factor of risk since it changes the mechanical properties of
such class of materials. A laboratory-scale experiment is performed to see the ability of time-domain induced
polarization to monitor the change in the water content during a capillary rise experiment in a rammed earth wall
(150 c¢cm in height and 75 cm in width). 64 self-adhesive Ag/AgCIl electrodes are placed at the surface of the
rammed earth wall. The contact between the electrodes and the wall is insured by a conductive gel. The distance
between the electrodes is 4.5 cm. An ABEM Terrameter SAS-4000 is used to perform time-domain induced
polarization measurements at 7 specific dates in July 2022. The raw data (apparent resistivity and chargeability)
are inverted to produce tomograms through the wall. These tomograms are presented along the plane drawn by the
position of the electrodes. A petrophysical model recently developed to interpret electrical conductivity and
normalized chargeability data is used here to recover the water content distribution over time. The results are
compared to the dielectric measurements made with a TDR (Time Domain Reflectometry) probe placed within
the wall. In addition, the wet front associated with the capillary rise is monitored using a camera. The data shows
a consistent position of the capillary rise between the various datasets. A methodology is described to obtain the
distribution of the water content over space and time in the rammed earth structure.
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1. Introduction

In the history of humankind, rammed earth materials have been used in many constructions worldwide
(Easton and Easton, 2012) and its first recorded use is in ancient Northern China c. 2310-1810 BC (Jaquin et al.,
2008). Rammed earth materials consist mostly of gravels, sand, clay, and water, compressed together between
formworks to form a solid mass and let dried (Kebao and Kagi, 2012). This technique is called pisé in French,
tapial in Spanish and taipa in Portuguese (Jaquin et al., 2008).

Nowadays, raw earth faces a revival of interest for houses and small buildings construction in the context
of sustainable development and carbon footprint reduction which is more and more targeted by new regulations,
as RE2020 in France (Taylor and Luther, 2004; Soebarto, 2009, Morel et al. 2001). As discussed by Abdulsamad
etal. (2020, 2022), monitoring the water content of rammed earth structures is essential for predicting the evolution
of the mechanical behavior of these materials (see also Chauhan et al., 2019; Champiré et al., 2016; Chitimbo et
al., 2023).

Electrical resistivity/conductivity imaging is a geophysical method sensitive to the water content of
porous materials (Waxman and Smits, 1968). That said the electrical conductivity of porous bodies has two
contributions, one associated with conduction in the bulk pore space and one associated with the electrical double
layer coating the surface of the grains (Vinegar and Waxman, 1984). The dependence on saturation (or water
content) of these two contributions is different (Waxman and Smits, 1968). Therefore, electrical
resistivity/conductivity imaging cannot be used as a stand-alone technique.

Induced polarization is a non-intrusive geophysical technique able to image two complementary
properties of interest, namely the electrical conductivity and the normalized chargeability, of porous media (Kemna
et al., 2012; Titov et al., 2002). The chargeability of porous media characterizes their ability of store reversibly
electrical charges when submitted to an electrical field. Like electrical resistivity/conductivity imaging, this
method has a long history in geophysics (Schlumberger, 1920). This technique is also known under terminologies
such as low-frequency dielectric spectroscopy in colloidal chemistry and impedance spectroscopy in material
science (Revil and Gresse, 2021). Nowadays, time-domain induced polarization tomography is broadly used in the
field of hydrogeophysics as an efficient method to solve a number of environmental and geotechnical problems
(e.g., Borner et al., 1993; Johnson et al., 2010; Schwartz and Furman, 2012; Nordsiek et al., 2015).

In Abdulsamad et al. (2020, 2022), we developed a specific physics-based petrophysical model describing
both the electrical conductivity and normalized chargeability of rammed earth materials. This model was based on
the so-called dynamic Stern layer model developed by Revil (2013a, b) providing a mechanistic description of the
polarization of the double layer at the grain scale as well as electrical conductivity (see also Niu et al., 2016; Hao
et al., 2016). Abdulsamad et al. (2020) connected the two properties of interest to the porosity, saturation and
conductivity of the pore water and Cation Exchange Capacity (CEC). We then tested this petrophysical model on
a drying block of rammed earth material in order to demonstrate the ability of this method to image the change of
the water content over time starting from saturated conditions.

In the present paper, we go one step further in imaging the change of the water content on a whole-scale
time-domain induced polarization to monitor the change of the water content in a capillary rise experiment applied
to a wall made of rammed earth. Therefore the present study complements the two previous studies (Abdulsamad
etal., 2020, 2022) in showing that the method can be applied to a large-scale experiments.

2. Theory

We consider a porous rammed earth material made of sand, clay, and water. The interface between the
minerals and the pore water is the setting of an electrical double layer with an excess of charge in the pore water
balancing the negative charge on the mineral surface. This double layer is composed of a Stern layer of weakly
sorbed counterions and a Gouy-Chapan diffuse layer (e.g., Waxman and Smits, 1968). According to the dynamic

Stern layer model and using harmonic current excitations behaving as eXp(—ia)t), Ohm’s law and the complex
conductivity of such porous material are given by (e.g., Revil, 2013a, b; Revil et al., 2017)

J(w) =0*(w)E(0), (1)
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where J and E denote the current density and electrical field, respectively, @ denotes the angular frequency (rad s°
D, T is atime constant (also called a relaxation time since corresponding to a diffusion process), h(T) denotes
the (normalized) probability density associated with the distribution of the time constants of the material (in turn
related to its distribution of polarization length scales), M, = &, — 0, is the normalized chargeability (expressed

in S m?), and v and o, denotes the DC (Direct Current, «=0) and high-frequency (instantaneous) electrical

conductivities (both expressed in S m™ = A V-'m), respectively.

According to the dynamic Stern layer model, the normalized chargeability is proportional to the Cation
Exchange Capacity (CEC) of the porous material (Revil et al., 2017). The high and low-frequency conductivities
as well as the normalized chargeability can be obtained through a volume averaging method (see derivation in
Revil, 2013a, b). In the so-called linear conductivity model, the following petrophysical relationships can be used
to interpret the conductivity and normalized chargeability tomograms (Abdulsamad et al., 2020, 2022),

SWn S n-1
o, =?JW+( Fg Jpg(B A)CEC. ®3)
n n-1
o, = o, +| > | p,BCEC. @
F Fo¢
S n-1
M =2 ACEC. 5
n ( F Jpg ®)

In these relationships, F (dimensionless) denotes the intrinsic formation factor related to the porosity ¢
(dimensionless) by Archie’s law (Archie, 1942) F = ¢_m (m> 1.0 is called the cementation or porosity exponent,

see Waxman and Smits, 1968). The conductivity o, (in S m) denotes the pore water conductivity, p, is the

grain density (in kg m™, typically pq = 2700 kg m™ for the rammed earth material made of silicates and alumino-
silicates), and CEC denotes the Cation Exchange Capacity of the material (usually reported in meqg/100 g but
expressed in C kg™ in the international system of units, 1 meq /(100 g) = 963.2 C kg'*). The quantity B (in m?s1V-
1) denotes the apparent mobility of the counterions for surface conduction and A (in m?s*V-1) denotes the apparent
mobility of the counterions for the polarization (Vinegar and Waxman, 1984). We also introduce a dimensionless
number R = M, / os where os is the surface conductivity (last term of equation 4). This gives R = 1/ B =0.09
independent of temperature and saturation.

This petrophysical model has been broadly tested on many types of porous media including soils (Revil
etal., 2017), rammed Earth (Abdulsamad et al., 2020), and sandstones (Niu et al., 2016). It will be used to interpret
the time-lapse geophysical data used below to monitor the capillary rise in the wall.

3. Materials and methods

3.1. Experimental setup

A capillary rise experiment was monitored for 21 days (from 07/07/2022 to 28/07/2022). The
experimental setup consists of an Unstabilized Rammed Earth (URE) wall lying on a concrete base (see Figures 1
and 2). The wall is constructed using 20 layers of rammed earth material (~ 7.5 cm thick each). On the bottom,
the wall is covered by (impervious) paraffin up to a height of 10 cm. Between 10 and 12 c¢cm in height (over a
thickness of 2 cm), the rammed earth wall is in contact with a layer of fine sand. Finally, the water level was
maintained at 8 cm thanks to the water reservoir system visible on the right-side of Figure 1a. By controlling this
constant water level into the sand, the height of capillary rise above the water reaches 2 cm at the sand surface,
and it stays constant over time. This means that a suction value of 0,2 kPa is applied at the base of the wall.
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Small relative humidity (RH) sensors (capacitive sensors of type Sensirion SHT75, Switzerland) are
placed at 10 different levels, labeled s; to sio from the bottom to the top of the URE wall (Figures 1 and 3). In
addition, a Time Domain Reflectometry (TDR) method was used to measure the volumetric water content inside
the wall (Top et al., 1958; Souza et al., 2003). The TDR probe used in this study was a TRIME-PICO-32 probe
setup in one side of the wall (Figure 3), at mid-height of the wall, in the middle of a layer height, and down to a
depth of 10 cm from the surface. Furthermore, a camera was used to automatically follow the capillary rise over
time. Finally, a balance (Mettler Toledo) with a precision of 0.1g, was used to measure the amount of water in the
wall by monitoring the change in the weight of the reservoir supplying water to the wall.

3.2. Geoelectrical measurements

At the start of the experiment, the wall is in a dry state (gravimetric water content is measured to be w =
2.4%, thanks to TDRs, cf. Figure 4). As the TDR probes records water content at the middle of a layer height (the
density is supposed to have a mean value there), and as the wall has dried for sufficient time to be pseudo-dried
(in comparison with the wet compacting state), it can be supposed that this value is representative of the global
water content of the whole wall. In order to monitor the water content using time-domain induced polarization, 64
self-adhesive Ag/AgCI electrodes were placed along a vertical profile in the middle of the wall and along the two
sides of the wall (see Figures 4 and 5). Two supports were used to keep the electrodes in good contact with the
wall during the duration of the experiment. The distance between the electrodes is 4.5 cm. An ABEM Terrameter
SAS-4000 is used for resistivity and time domain induced polarization data acquisition. Electrodes are installed
on the wall and the first time domain induced polarization measurements are performed on July 2", 2022. Wenner
array was used for electrical measurements with voltage electrodes in between the current electrodes to insure a
good signal-to-noise ratio.

The experiment started on July 2", 2022 (Figure 1). Water is added to the sand tank at the bottom of the
wall on 07 July 2022. Between July, 7, 2022 to July, 14™ both apparent resistivity and chargeability
measurements were measured but affected by high contact resistances. These data were not used further below.
On July 14™, we add a conductive gel (Transound, https://www.sonodis.fr/p24510036/gel-pour-ecg-et-eeg-
transound) to improve the electrical contacts between the electrodes and the wall. In the array, the current electrode
is used as the potential electrode after a long time (more than 5 minutes) from the current injection. This was done
to reduce possible electrode charge buildups (and therefore electrode polarization) effects. 10 windows with a
constant duration (100 ms) were used for the induced polarization measurements after the shutdown of the primary
current.

3.3. Resistivity and chargeability tomograms

We first use the resistivity/conductivity inversion algorithm and code developed by Soueid Ahmed et al.
(2018) and Qi et al. (2018). The injected current in a heterogeneous isotropic medium produces an electrical
potential field that is described by Poisson’s equation as:

=V.(0,VY) = 18(x = x0)8(y — ¥0)8(z — 2) (6)

with considering the normal component of the electrical field vanishes at the ground surface using Neumann
boundary condition equal zero at the Earth’s surface:
2=0 )

and the Dirichlet type of boundary condition (the potential is taken equal to zero at the other boundaries placed far
away from the domain of interest to infinity) and where o, denotes the instantaneous electrical conductivity; v the
electrical potential; I the amplitude of current source points located at the coordinates xo, Yo, and zo; ¢ is the Dirac
function and n is the unit normal vector to the ground surface.

The objective function for resistivity inversion can be represented with the Lagrange multiplier A as
follows:

E(m) = |[W,(d(m) — dop)[|* + A|[W,,m ||? ®)

where m is the model vector corresponding to the logarithm of the conductivity of each cell, d(m) denotes the
predicted data for a model vector m, dops denotes the observed apparent resistivity data, W is a weighting matrix
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for data fitting, Wn, is the roughness matrix and d(*) denotes the forward modeling operator based on the finite
element method used to solve the electrical conductivity problem (Poisson equation with boundary conditions). In
this study, the matrix Wy is generated from the measured standard deviations of observed data and the matrix W
is the first-order gradient matrix. The quantity X is the smoothness constraint, which helps model parameters update
robustly in the iterative inversion process.

The model vector perturbation can be calculated by taking the derivative of the objective function via the
Gauss-Newton method during a iterative process results in:

sm = [JT(WGW )] + AW W, 17 JT(WIW ) (dops — d(my) — AW, W,,m ] ©)

where J is the Jacobian matrix which is calculated by the adjoint method (Soueid Ahmed et al., 2018) and k is the
iteration number.

To define the calculated apparent chargeability, we run the forward problem for conductivity twice, one
time considering the space conductivity . and the other time using oo as the space conductivity. The apparent

chargeability is obtained from potentials ¥ oo and W o-; calculated from the forward model at the measured points.
The apparent chargeability M, is defined as

‘pﬂw_wdg
llldx '
During the inversion, M, is treated as the measured chargeability. The inversion process for the chargeability

principally is the same as for the conductivity. The chargeability sensitivity matrix can be defined from
modification of the conductivity sensitivity matrix that we have already computed during the conductivity
inversion

Mg = (10)

ad; _ —M; Yoy WMy
dlogM; ~ 1-M; " (Uy)? dloga;’

(1

where adi/0logM; denotes the chargeability sensitivity matrix and 0¥wmii/ologe;j is the conductivity sensitivity matrix
associated with 6o= 6.(1-M). i=1,2,...,Nand j=1,2,...,M where N and M are the number of measured data and the
number of model parameters used to discretize the wall, respectively. Usually, we have N << M and therefore the
problem is underdetermined. In this study, the vector parameter m considers the logarithm of the conductivity and
the logarithm of chargeability as unknowns.

4. Results

Figure 2 shows the evolution of the moisture level in the wall (height of the capillary head) over time.
The moisture level was observed to rapidly increase from 0 cm to 25cm in 2 days, then it stabilized during two
weeks at a height between 40 cm to 42 cm. The evolution of moisture rise was directly followed by a camera.
Figure 3 shows the evolution of the relative humidity (RH) in the wall and the ambient conditions. It was observed
that the ambient RH was varying between 40% to 50% and remained relatively constant during the capillary rise.
A high rate of capillary rise was observed on the first day, the RH of the sensors (S1 and S2) that were placed on
the first and third layers increased from a RH value of 60% to 100%. We can also observe that the capillary front
is more and more diffuse as long as the point is high: for S1, it takes less than one day to pass from an ambient RH
to a saturated one, for S2 it takes 3 approximately days, and for S4 it takes 8 days. It is probably the manifestation
of 2 phenomena: water rise velocity variation (according to the pore size), and increasing proportion of pore water
that find an equilibrium between capillary/gravity forces along the height. After a week of capillary rise, the RH
value of sensor S3, placed at a height of 36.5 cm from the base of the wall, increased from 60% to 100%, showing
that the capillary head reached this point. Between two to three weeks when the moisture level seems to stabilize
(see Figure 2), the RH recorded by sensors S4 gradually increased from 60% to 100%, which was installed at 51,5
from the base of the wall and at a depth of 10 cm within the earth. However, it doesn’t seem totally consistent with
the evolution of the capillary head on the earth surface, measured at 42 cm with the camera. This suggests that the
moisture level in the middle of the wall was possibly higher than that on the surface. The rest of the sensors (S5 to
S10) recorded an RH value fluctuating around the ambient conditions since they stay above the capillary zone.
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The TDR placed at the middle high of the wall was used to monitor the local water content. Figure 4
shows the evolution of gravimetric water content during the capillary rise. A water content of around 2.4% was
recorded during the entire experiment. Unfortunately the TDR was too high to be affected by the capillary rise and
no significant change of water content was observed.

Each tomogram (at a given day) was based on 472 measurements for the electrical conductivity and
chargeability for a single survey (i.e., at a given date). Because the primary injection time is short (1s), only the
clay fraction of the rammed earth has the time to be fully polarized. The partial chargeability of the first window
is used as induced polarization data in the 3D inversion algorithm described in the previous section. Figure 5 shows
the electrodes and 3D finite element meshing used in the inversion process. Note that the mesh is refined around
the electrodes to increase the accuracy of the forward computations for the electrical potential distribution. The
relevant meshing is obtained by trial and error until the potential distribution is mesh independent. A total of 23,846
tetrahedral elements were used to numerically model the electrical properties of the wall.

Figures 6 to 8 show the results in terms of tomography. Figure 7 show that the secondary voltage data
recorded after shutting down the primary current are good since they display exponential decays like expected for
a discharging behavior in an RC circuit. Once the tomogram of the electrical conductivity and normalized
chargeability are obtained (Figure 8), tomograms of the water content is obtained using equations (4) and (5)
written as (assuming m = n)

o,=0"0,+0""p,BCEC, 12)
m-1
M, =6 pg/ICEC. (13)

In equations (12) and (13), and for each of the 23,846 tetrahedral elements, we can determined the CEC and the
water content from the conductivity and the normalized chargeability using m = 2, o, =595 uS cm* (~0.06 S m-

! measured in the sand), pq = 2700 kg m3, B(Na*, 25°C) = 3.1+0.3x10° m?s*V1, and A(Na*, 25°C) = 3.0+0.7x10"
10 mZS—lv—l_

Figures 6 and 8 displays the water content distribution over time in the portion of the wall comprised
between the electrodes. The position of the infiltration front observed from the tomograms is in agreement with
those determined by visual inspection using the camera.

We performed, using equations (12) and (13), a tomography of the CEC using the inverted conductivity
and normalized chargeability data performed on the first day of the experience (i.e., on July 2", 2022). The mean
value of the CEC for the CEC-tomogram is 2.3 meq/100 g (the CEC results are comprised between 1 and 7
meqg/100 g). The inverted values are quite consistent with the values determined on the core samples using the
cobalt hexamine method (3 meq/100 g).

Another way to check the validity of the result is to look at the importance of surface conductivity with
respect to the bulk conductivity. From the results of the tomography, we check that the ratio M, = 0.05 6 <R o5
(Figure 10) where R has been previously defined. This point out that surface conductivity is close to be dominant
in the conductivity response. This is confirmed by experimental data of the conductivity of the rammed earth
performed with core samples at different salinities. The results are shown in Figure 11. At the conductivity of the

tap water o, = 0.06 S m™, the conductivity of the rammed earth is dominated by the surface conductivity. It

follows that the second Archie’s law could be used as a simple conductivity equation to image saturation as done
in many publications.
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5. Conclusions

We have performed a capillary rise experiment on an earthen wall made of 20 compacted layers of
rammed earth. The experiment is monitored using a network of 64 non-polarizing electrodes used to perform a
time-lapse induced polarization tomography of the electrical conductivity and the normalized chargeability over a
cross-section of the wall. The petrophysical model developed and tested in the first two papers of this series is
used to image the change in the water content. The position of the capillary fringe is favorably compared to the
position of the water level monitored with a camera. This study demonstrates the ability of the induced polarization
method to monitor the variation of water content caused by the capillary rise in rammed earth-made structures in
a quantitative way. This application of resistive methods, miniaturized from the geophysical scale to the building
one, has thus a strong potential for building earth sector. Indeed it could bring a strong help for expert opinions in
case of damage claims, or for insurance controlling in case of new construction, which are both key processes of
building life.
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Figure 1. Capillary rise experiment. a. Sketch of the experimental setup. The wall is made of 20 layers of
compacted rammed earth material. b. Zoom of the setup showing different levels for the water infiltration at the
basis of the wall. TDR denotes a Time-Domain Reflectometry probe used to get an independent estimate of the
water content. Saturation is imposed at the basis of the rammed earth wall.
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Figure 2. Evolution of moisture level in July 2022. The moisture changes are recorded using a fixed camera that
takes photos during time. The change in the grey scale of the pictures is used to monitor the evolution of the water
level in the wall over time. The picture shows that the layers of rammed earth material.
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Figure 3. Evolution of Relative Humidity (RH) in the wall along with the ambient condition. The right panel
displays the layout of the RH-sensors and the position of the layers is also indicated.
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Figure 4. Evolution of local water content (in weight, w, weight fraction in %) at the middle of the wall. The
experiment was done in July 2022, a period that was both dry and hot. We note therefore a slow drying of the wall

above the capillary fringe.
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Figure 5. Sketch of the geometry of the electrode network. a. Rammed wall (width 0.75 m, high 1.5 m and
thickness 0.2 m). Lying at the bottom of the wall, there is a plastic tank filled with sands. Sand is saturated during
experiment. 64 self-adhesive Ag/AgCl electrodes are placed on one line at the middle of wall. The wall is shown
here in its dry state, before adding water to the sand on July 2", 2022. Two supports were used to keep the
electrodes in contact to the wall during all days of experiment. b. The black dots denote the locations of the
electrodes. The distance between the electrodes is 4.5 cm. An ABEM Terrameter SAS-4000 is used to perform
both the resistivity and time domain induced polarization data measurements. The tomograms are presented in the
YZ section along the plane drawn by the position of the electrodes. c. Finite elements mesh used for the simulation
domain. The mesh is refined around the position of the electrodes to increase the accuracy of the computations in
the forward modeling. A total of 23,846 tetrahedral elements are used for the numerical simulations.
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Figure 6. Tomogram of the water content associated with the capillary rise. a. Water level and capillary effect on
rammed wall after 18 days’ water feed from its bottom part using saturated sand tank. Water level is also mentioned
by black arrow. The position of the infiltration front can be visually inspected and measured. b. Water content (by
volume and weight) obtains from 3D inversion of the time domain induced polarization data (conductivity and
normalized chargeability). Note that the sensitivity of the tomogram is good only in the plane characterized by the
position of the electrodes.
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Figure 7. Partial chargeability decay curves during capillarity evolution. Partial chargeability curves are measured
near the bottom of rammed wall that is affected by the change of the water content (Wenner array AMNB with
equal distance between the electrodes, A and B are the current electrodes and M and N are the voltage electrodes).
Except for July 2", 2022, for the other dates, this portion of the wall is humid. The dates correspond to the days
in July 2022.
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Figure 8. 3D tomograms along the cross-section in the plane of the electrodes in the rammed earth wall. The water
level is measured and the curve (black line) is deducted from this measurements and direct observation. The results
of the inversion are shown for the YZ section in the electrodes plan. a. Electrical conductivity tomography. b.
Normalized chargeability tomography obtains from resistivity and chargeability data. c. Water content wc & (vol.
fraction) and w (weight fraction) tomograms obtain from petrophysical model using conductivity and normalized

chargeability data (see Section 2).
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Figure 9. Tomography of the Cation Exchange Capacity performed on July 2", 2022, the first day of the
experience. It is assumed that CEC is constant independent on saturation. The mean value of the CEC is around
2.3 meq/100g.
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Figure 10. Normalized chargeability versus electrical conductivity. The position of the swarm of data points
demonstrates that the surface conductivity represents 5 to 20% of the overall conductivity. Surface conductivity
dominates when M, = R o with R = 0.09.

230



10
- ~
. Data
—  Model fit
L1
— G =0, +0;
E 1} F
A r2=0.9991
et A S
as
p—
=
- 01 |
©
NaCl solutions 21°C
0.01 ' ' L
0.01 0.1 1 10 100

Oy (S/m)

Figure 11. Electrical conductivity (1 Hertz) versus pore water conductivity cw. The measurements are obtained at
saturation. The fit with a linear conductivity model (equation 2) yields the value of the formation factor F = 9.10
(at a porosity of 0.26) and the surface conductivity os = 0.031 S m™%. We see that at low salinities, the conductivity
of the material is quickly dominated by its surface conductivity, which is in turn controlled by its cation exchange
capacity.
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