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Abstract i

ABSTRACT

The earth construction has been used as a sustainable construction method since ancient time.
Rammed earth (RE) walls are among the most common elements for earth construction. This
technique is identified as a green construction by using locally available materials with low
environmental impacts and superior thermal performance. Earthen constructions were neglected
for a period; however, it is grasping great interest in the last years to fulfill the environmental
constraints. Besides all the advantages of this construction material, the casting process can be very
time and energy consuming due to the nature of dynamic compaction. This study aimed to evaluate
the feasibility of achieving self-consolidating earth concrete (SCEC) with introduction of its
potential challenges and investigating its rheo-thermomechanical performance. As the first
challenge, the presence of fine particles in earth, especially clay, can hinder the flowability of
SCEC. Promoting the setting time is the second challenge due to the low cement content. The last
challenge comes from the diversity of earth with different behaviors which makes it difficult to

propose a comprehensive guideline to design SCEC.

This study was conducted in four different and complementary phases. Phase 1 involved a
comprehensive literature review with introduction of advantages and disadvantages of earthen
constructions. In addition, potential solutions were introduced to achieve SCEC and address the
inefficiency of earth materials. In the Phase 2, the main objective was to understand the efficiency
of different chemical admixtures in presence of various ternary powder systems (i.e., clay, silt, and
cement). The Taguchi method was used to evaluate the workability and compressive strength of
self-consolidating earth paste (SCEP) mixtures and evaluate the significance of the influencing
parameters, including clay type, cement content, water-to-powder ratio (W/P), cement-to-clay ratio
(Ce/Cl), and admixture type. Several statistical models were introduced to predict the workability
and compressive strength of SCEP mixtures. These models were also used to establish a new
guideline to design SCEP considering the characterization parameters of earth (i.e., Atterberg

limits).

A new concrete-equivalent mortar (CEM) approach was introduced in the Phase 3. Accordingly,
the CEM and concrete mixtures were investigated to verify the feasibility of SCEC. The
workability, compressive strength, and drying shrinkage of the investigated mixtures were

assessed. Beside the evaluation of the influencing parameters on each response, this multiscale



Abstract i

investigation allowed to propose good relationships to predict CEM and SCEC performance from
their corresponding paste and CEM mixtures, respectively. Rheology of paste, CEM, and SCEC
mixtures was investigated in Phase 4. The importance of different mixture constituents and
admixture types resulted in different rheological behaviors. Furthermore, new relationships
between the rheological parameters and workability were recommended for paste, CEM and

concrete.

In the last phase (Phase 5), the hygrothermal and microstructural characteristics of the selected
SCEC mixtures were investigated. This novel material offers a new microstructural system, hence
leading to a different hygrothermal performance compared to conventional earthen materials. The
hygrothermal tests included sorption isotherm, water vapor and gas permeability, heat capacity,
and thermal performance (i.e., conductivity, diffusivity, and effusivity). These results along with
the pore size distributions resulted in meaningful correlations between cumulative pore volumes in
different classes with permeability, drying shrinkage, and compressive strength of the investigated
SCEC mixtures.

Keywords: Sustainable construction; Self-consolidating earth concrete (SCEC); Rheo-

thermomechanical; Ternary powder system; Concrete-equivalent mortar (CEM).
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RESUME (en francais)

La construction en terre est utilisée comme méthode de construction durable depuis les temps
anciens. Les murs en terre battue (TB) sont parmi les éléments les plus courants de la construction
en terre. Cette technique est considérée comme une construction verte en utilisant des matériaux
disponibles localement avec un faible impact environnemental et une performance thermique
supérieure. Les constructions en terre ont été négligées pendant un certain temps; cependant, elles
suscitent un grand intérét ces derniéres années pour répondre aux contraintes environnementales.
Malgré les avantages de ce matériau de construction, le processus de coulage est trés consommateur
de temps et d'énergie a cause de 1’application de la compaction dynamique. Cette étude a pour but
d'évaluer la faisabilité de formuler un béton de terre autoplacant (BTAP) tout en étudiant ses
performances rhéo-thermomécaniques et en identifiant les différents défis. Le premier défi est la
présence de particules fines dans la terre, en particulier les particules argileuses, qui peuvent
entraver la fluidité du BTAP. L’augmentation du temps de prise est le deuxieme défi en raison de
la faible teneur en ciment. Le dernier défi vient de la diversité des terres avec des comportements
différents, ce qui rend difficile la proposition d'une ligne directrice compléte pour la conception
des BTAP.

Cette étude a été menée en quatre différentes phases complémentaires. La Phase 1 a consisté en
une revue compléte de la littérature, notamment les avantages et des inconvénients des
constructions en terre. En outre, des solutions potentielles ont été introduites pour réaliser le BTAP
afin de remédier a l'inefficacité des matériaux en terre. A la Phase 2, il s’agit essentiellement de
comprendre I'efficacité de différents adjuvants chimiques en présence des systémes ternaires (c'est-
a-dire I'argile, le limon et le ciment). La méthode de Taguchi a été utilisée pour évaluer I’effet des
paramétres de formulation et leur signification sur la maniabilité et la résistance a la compression
des pates de terre autoplacantes (PTAP). Le type d'argile, la teneur en ciment, le rapport eau/poudre
(E/P), le rapport ciment/argile (Ci/Ar) et le type d'adjuvant sont étudiés. Des modeles statistiques
ont été développés pour prédire la maniabilite et la résistance a la compression des mélanges de
PTAP et une nouvelle approche a été proposée pour concevoir les PTAP en tenant compte des

caractéristiques de la terre (c'est-a-dire les limites d'Atterberg).

Une nouvelle approche de mortier du béton équivalent (MBE) a été introduite a la Phase 3. En
conséquence, le MBE et les formulations de béton ont eté étudiés pour vérifier la faisabilité du
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BTAP. La maniabilité, la résistance a la compression et le retrait de séchage des mélanges étudiés
ont été évalués. En plus de I'évaluation des paramétres de formulation sur les propriétés étudiées,
cette étude multiéchelle a permis de proposer des corrélations pour prédire la performance du MBE
et du BTAP a partir de celle de leur pate et de leur MBE correspondants. La rhéologie des pates,
des MBE et des BTAP a également été étudiée a la Phase 4. Les résultats obtenus montrent que
I’effet important des différents constituants du mélange et du type d'adjuvant a entrainé sur le
comportement rhéologique des formulations étudiées. En outre, de nouvelles corrélations entre les
parametres rheéologiques et I’ouvrabilité¢ des différentes formulations étudiées ont été

recommandées.

A la derniére phase (Phase 5), les caractéristiques hygrothermiques et microstructurales des BTAP
optimisés ont été étudiées. Ce nouveau matériau offre une microstructure conduisant a une
performance hygrothermique différente de celle des matériaux en terre conventionnels. Les essais
hygrothermiques comprenaient I'isotherme de sorption, la perméabilité a la vapeur d'eau et au gaz,
la capacité thermique et la performance thermique (c'est-a-dire la conductivité, la diffusivité et
I'effusivité). Ces résultats hygrothermiques et la distribution des tailles de pores ont permis d'établir
des corrélations significatives entre les volumes de pores cumulés et la permeabilité, le retrait au

séchage et la résistance a la compression des BTAP étudiés.

Mots-clés: Construction durable; Béton de terre autoplacant (BTAP); Rhéo-thermomécanique;

Systéme de poudre ternaire; mortier du béton équivalent (MBE).
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CHAPTER 1. INTRODUCTION
1.1 Synopsis

Since the construction all around the world is on a growing path, it is important to preserve the
ecosystem, which is a responsibility of civil engineers. From the environmental point of view, the
construction industry accounts for 30% of carbon dioxide emissions [1]. This high demand of
construction should be addressed mostly by novel and more sustainable construction materials and

techniques.

Concrete is the most used construction material around, due to its simplicity and versatility.
Cement, which is an essential ingredient for concrete, production leads to the highest CO:
emissions compared to other construction materials [2]. High demand of cement production and
the effect on global warming and natural resource consumption are the main negative
environmental impacts of cement-based concrete. Supplementary cementitious materials (SCMs)
were investigated to improve the overall sustainability of construction and reduction of CO»
emission [3]. On the other hand, earth construction was used from ancient years in different
applications and is still being investigated in various studies [1]. Rammed earth (RE) was one of
the most common and widespread earth construction methods. However, during the first half of
the 20" century, earth construction is significantly reduced because of the rapid emerging of new

materials and construction techniques, including cement-based mortars and concrete [4].

Local availability of earth materials can significantly reduce the transportation costs. Moreover,
other advantages of earthen constructions compared to cement-based concrete include lower
environmental impact and embodied energy, better insulation properties, wider variety of textures
and finishing techniques, and appropriate performance with or without stabilization [5,6]. They can
therefore be incorporated as a partial replacement of cement in concrete mixture proportioning [3].
The use of earth materials aims to limit the consumption of new natural resources and promote the
usage of recycled and available resources. Earth materials are environmental-friendly due to use of
lower cement contents thanks to the incorporation of locally available materials. On the other hand,
energy consumption of RE construction and compaction is negligible compared to required energy
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for cement production [7]. However, earth construction materials are less durable compared to
conventional materials. They are also more labor intensive, time consuming, and water sensitive,
hence resulting in poor structural behavior. Moreover, they are only suitable for in-situ construction
due to their special maintenance requirements and higher wall thicknesses [8]. The process of layer-
by-layer RE construction is shown in Fig. 1.1 [9]. This casting method can be very time consuming
and cause different moisture contents and compaction conditions for each layer, hence resulting in

performance deficiencies.

Fig. 1.1. The process of layer-by-layer RE construction [9].

Regarding the energy aspects, the energy consumption in buildings can be classified in three main
categories, as follow: (1) the energy embedded in the production and transportation of materials,
(2) the energy required for building activities, and (3) the energy consumed to provide users with
the necessary comfort conditions. The locally available natural materials can significantly save the
energy and cost corresponding to production and transportation (1% category) [1]. Moreover, the
natural materials do not need to install special equipment, thus reduce the labor force and building
duration (2" category) [7]. Furthermore, the third category depends on living comfort brought by
high hygrothermal performance of earth materials which can minimize the air-conditioning energy,

hence leading to appropriate living comfort (3™ category) [10].

In the case of thermal performance and indoor air quality, a comprehensive hygrothermal study is
necessary to investigate the coupled heat and mass transfers in porous building materials, such as
earth concrete. Moisture may play an important role on heat transfer. Excess moisture can
negatively influence the building performance, in terms of durability, discomfort, allergies, and
respiratory diseases [11]. It is worthy to mention that the thermal conductivity of liquid water is
thirty times higher than air [12]. Therefore, the increase of thermal conductivity due to water

content must be considered to evaluate the hygrothermal performance of the material. Materials
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with the ability to control the humidity level can similarly act as heating, ventilation, and air-

conditioning (HVAC) systems, resulting in thermal comfort and satisfying indoor air-quality.
1.2 Research objectives

Earthen construction was used since ancient times but was ignored for several years due to
emerging technologies. However, these materials are grasping interest and new studies are recently
being focused on different aspects of earthen constructions, including the seismic, thermal
behavior, and mechanical performance. This study aims to develop self-consolidating earth
concrete (SCEC) incorporating limited content of cement. SCEC can facilitate the casting process
and reduce the time consuming and labor-intensive issues of earthen constructions. Moreover, in
the case of conventional RE, the lower layers can be more compacted compared to the higher ones
due to different compaction conditions in each layer. Moreover, there will be deficiencies and crack
propagation in the interfaces between the layers, leading to failure of the RE elements. Developing
a highly flowable earth concrete (i.e., SCEC) can resolve the disadvantages related to the layer-by-
layer compaction method.

The proposed approach in this study consists of combining earth, cement, water, and dispersing
agent to develop SCEC and explore potential benefit of using earthen materials in construction.
Three important challenges must be taken into consideration to develop a durable SCEC mixture,

including:

1) Deflocculation of materials to achieve a flowable concrete SCEC (the process of making a

clay slurry) due to the presence of fine clay particles;
2) Adequate control of the setting time of SCEC to speed-up the formwork removal,

3) Develop a guideline to select the appropriate earth type among the existing diverse earth
types depending on their extracted local which hinders achieving a conventional mixture

proportioning.
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In this study, the SCEC mixtures were first optimized by considering their corresponding paste
mixtures in terms of workability properties and mechanical performance. This approach allowed
to investigate a wide variety of ternary powder systems, including clay, silt, and cement. The study
was then extended on concrete scale to optimize and control the effect of the key influencing
parameters as identified in the phase carried out on the paste scale. Multiscale rheology
investigation was then conducted to establish meaningful correlations between different mixture
parameters and properties at different scales (paste, CEM and concrete). The hygrothermal
properties of the optimized SECE mixtures were then evaluated with respect to their
microstructures. The advantages of incorporating earthen materials in SCEC to achieve superior

hygrothermal performance compared to conventional concrete is highlighted.
1.3 Scientific contribution and originality

The results of this experimental study represented a step towards the incorporation of earthen
materials in concrete to achieve SCEC as a novel and sustainable construction method to reduce
the cost and negative environmental impacts. These materials can be used as building envelopes
with superior thermal performance and relative humidity regulator. The experimental approach
conducted in this study can be used as a comprehensive guideline for designing SCEC with adapted
performance. Different dispersing agents and earth types were used in this study to investigate the
compatibility between fine constituents and the admixture types. This led to a comparative study
on workability and compressive strength of the corresponding paste mixtures of SCEC to identify
the optimum levels of the influencing factors. It is worthy to mention that Atterberg limits [13] are
the key parameters to be assigned for the earth type. The investigation was extended on a new
concrete-equivalent mortar (CEM) and concrete mixtures as well. This can save time and energy
to predict the workability, compressive strength, and drying shrinkage of SCEC mixtures from
those of the CEM and paste mixtures. Rheological parameters, including yield stress, plastic
viscosity, and thixotropy, are evaluated at different multiscale. Finally, the hygrothermal and
microstructural properties of the optimized SCEC mixtures were characterized. The obtained
properties confirm the advantages of the incorporation of earthen materials in concrete (i.e.,
SCEC). This can lead to new building materials with satisfying hygrothermal performance and

adequate mechanical performance.
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1.4 Outline of the thesis

This thesis is organized into 8 chapters that can be summarized, as follows:

Chapter 1 presents an overview of the project contexts and research problems, followed by the
objectives of the research activities carried out in this study. The major scientific contributions and
originality of this study are presented in this chapter as well.

Chapter 2 provides a comprehensive literature review on the topic. The advantages and
disadvantages of earthen materials are discussed. Introduction of SCEC is discussed with its
potential challenges and the recent studies on each one.

Chapter 3 presents a summary of the methodologies employed in this study, including the testing
methods. This chapter is an introduction of the following chapters in the study concerning the
objectives mentioned in Chapter 1.

Chapter 4 provides a comprehensive study on self-consolidating earth paste (SCEP) mixtures. The
workability and compressive strength of the SCEP mixtures with their novel ternary powder system
(i.e., clay, silt, and cement) are investigated. The Taguchi method is applied to highlight the effect
and significance of the key mixture parameters on the investigated properties. Finally, a new
approach is proposed to design SCEP mixtures with targeted workability and compressive strength

values.

Chapter 5 extends the study on mortar and SCEC scales. A new concrete-equivalent mortar based
on the excess paste thickness theory is proposed to predict workability, compressive strength, and
drying shrinkage of SCEC. This multiscale investigation facilitates the designing procedure of
SCEC with adapted properties. Furthermore, the significance of each influencing parameters
introduced in Chapter 4 is investigated to find meaningful relationships between the different

investigated properties.

Chapter 6 deals with the rheology of paste, CEM, and SCEC mixtures. Initially, the contribution

of each influencing parameter on yield stress and plastic viscosity values is investigated. Secondly,
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prediction of rheological parameters from the workability values are evaluated, followed by

establishing relationships between different scales.

Chapter 7 introduces the experiments carried out to investigate the hygrothermal and
microstructural characterization of three optimized SCEC mixtures and a reference SCC mixture
(with no clay and silt). This chapter evaluates the hygrothermal advantages of incorporating earthen
materials in SCEC. Furthermore, pores distributions of the investigated mixtures are considered as
a key factor to identify their correlations with water vapor and gas permeability, compressive

strength, and drying shrinkage.

Chapter 8 provides a summary of the main findings obtained in the study. Furthermore,

perspectives for future work are presented in this chapter.

It is important to mention that Chapters 4-7correspond to the four research papers published or
submitted for possible publications. Chapter 4 includes a scientific article published in
Construction and Building Materials journal. This article is entitled “A new approach for
proportioning self-consolidating earth paste (SCEP) using the Taguchi method” which was
published in 2022. The findings of this paper helped the optimization and control of designing
SCEP through a comprehensive designing approach. Chapter 5 corresponds to the second scientific
paper (Multiscale investigation of self-consolidating earthen materials using a novel concrete-
equivalent mortar approach) submitted to Construction and Building Materials journal. This paper
aimed on extending the findings of Chapter 4 at the new CEM approach and SCEC scales. This
approach can be helpful for designing SCEC using the corresponding paste and CEM mixtures.
Chapter 6 investigates the rheology of multiscale SCEC mixtures, and the findings were submitted
for possible publication in the Powder Technology journal. The submitted paper is entitled “New
insight on rheology of self-consolidating earth concrete (SCEC)”. This chapter offers an
optimization procedure of the rheology of SCEC mixtures. Chapter 7 includes a comparative
hygrothermal study entitled “Hygrothermal and microstructural characterization of self-
consolidating earth concrete (SCEC)”, submitted to Journal of Building Engineering. This chapter
highlights the hygrothermal performance of SCEC mixtures compared to other building envelopes

to evaluate the effect of incorporating earthen materials in SCEC.
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Abstract

The earthen construction has been used worldwide since ancient time. Recently, this technique is
gaining more interest by researchers despite the rapid emerging of new construction materials, for
addressing the recent environmental constraints. This paper reviews the recent development,
advantages, and perspectives of this method of construction. Environmental, energy, and thermal
performance are the most important advantages of earth construction. However, the main
disadvantages of earthen construction include weak mechanical and seismic performance, as well
as it time-consuming and labor-intensive construction process. Given the advantages of
incorporating earthen materials, self-consolidating earth concrete (SCEC) can be a new alternative
for faster construction. Accordingly, it is necessary to find out efficient solutions to improve the
workability of the earthen mixtures containing fine clay particles. Depending on their type and
content, dispersion of fine clay particles is challenging due to the possible incompatibilities with
chemical admixtures in presence or absence of cement. The other challenge includes the promotion
of setting and strength development, as an important criterion for formwork removal due to no/low
cement content. Finally, providing a comprehensive guideline for proportioning of earth concrete
mixtures is debatable due to diversity of soil types containing different particle size distribution,
type and content of clay. The key characterization parameters of soil are recommended to be

employed as criteria to design earth concrete with desired workability.

Keywords: Cement; Clay; Earth construction; Self-consolidating earth concrete (SCEC);

Sustainable construction.

2.1 Introduction

Cement concrete is the most used construction material after water, due to its simplicity and
versatility. As one the largest manufactured product on earth, cement is responsible for 5% of the
world CO> emissions [1]. High energy demand and its effect on global warming and consumption
of natural resource are the main negative environmental impacts of cement and concrete production
[2]. Given the application in hand, the development and use of more sustainable construction
materials and techniques are essential to reduce their environmental impact. Consequently,

supplementary cementitious materials (SCMs) were involved in this industry for years to improve
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the overall sustainability of construction and reduce CO2 emission [3]. This is essential to preserve
the natural resources and ecosystem while addressing the increasing construction demand. Earth-
based materials are environmental-friendly due to their availability, both locally and quantitatively
[4]. These materials have been used in various applications since ancient time, depending on the

required mechanical performance [2].

Earthen materials can be classified into wattle and daub, cob, masonry adobe bricks, and rammed
earth (RE) [5]. Although these construction materials were of the most common and widespread
earth construction methods, their use has been significantly reduced in the first half of the 20th
century because of the rapid emerging of new materials and construction techniques, including
cement-based mortars and concrete [6]. Local availability of earth materials can significantly
reduce the transportation costs. Other advantages of earthen construction include lower
environmental impact and embodied energy, satisfying thermal performance, wider variety of
textures, and finishing techniques, as well as appropriate performance with or without stabilization
[7,8]. The use of earthen materials aims to limit the consumption of new manufactured resources
and promote the usage of recycled and available local resources. Stabilization process by means of
cement or lime is performed to increase mechanical performance and durability of earthen
materials. Taking cement-stabilized rammed earth (CSRE) as an example, the energy consumption
for construction and compaction is negligible compared to the energy required for cement
production [9]. However, there are disadvantages regarding earthen materials, such as being labor-
intensive and time-consuming (especially in the case of RE), and water sensitive, hence resulting

in poor structural behavior.

Enhancing the productivity of earthen materials is essential to promote its wide use and take
advantage of the low environmental impacts and superior hygrothermal characteristics. This study
aims to highlight the advantages and limitations of earthen constructions. Furthermore, the state of
the art of the potential of incorporating earthen materials in concrete is discussed. Finally, the
challenges to achieve self-consolidating earth concrete (SCEC), as a novel generation of earth
concrete are introduced to investigate the possibility to broaden this construction method.

2.2 Earth construction

Recently, there is an increasing interest in using earthen construction with improved performance

to take advantage of its environmental impacts, energy aspects, and thermal performance. Rammed
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earth (RE), as one of the most common types of earth construction, is also used in different regions
worldwide to provide more architectural diversities. As can be observed in Fig. 2.1, the number of
published documents in the area of RE and earth construction considerably increased during the
last decade [10,11]. It can highlight the importance of green construction where more studies are

focused on extending the application of these materials and discovering new potentials.
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Fig. 2.1. Number of scientific publications since 1977 using keywords “rammed earth” and “earth
construction” in Scopus, available by January 2020 [10,11].

A summary of the advantages and disadvantages of earthen materials (with a more focus on RE)
discussed in this study are presented in Fig. 2.2. In next section, aiming to improve the workability
of earth concrete mixtures, the potential application of the earthen materials is discussed. The
workability-related challenges of the typical earth concrete mixtures are then addressed by

introducing self-consolidating earth concrete (SCEC).
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Fig. 2.2. The sequence of the review in this study: advantages and disadvantages of earthen construction, as
well as introducing SCEC as an alternative solution.

2.2.1 Earth construction

Earth consists of clay, silt, sand, and gravel in an ascending order of size (depending on the
classification scheme) from sub-pum to several mm [4]. It should be noted that particle-size
distribution (PSD) of aggregate (sand and gravel) and fine powders (e.g., silt and clay) should be
carefully selected using the sieve analysis, laser diffraction, and hydrometer analysis. Earthen
materials, such as RE, were used unstabilized (URE), as damp earth [12], cement-stabilized
(CSRE) [13], or stabilized with lime or other means [14]. The stabilization with lime is a traditional
technique, more sustainable in comparison to those stabilized with cement [14]. Indeed, the
strength of URE mostly originates from PSD and interlock of particles, type and content of clay as
binder, and pore water suction. Gerard et al. [15] reported that water suction acts as an internal
confining stress to URE, depending on the relative humidity and voids. The equilibrium between
the pore air pressure ua. and pore water pressure uw can lead to an additional stress, acting as an
apparent cohesion (s = ua — uw) [16]. Cohesion increases with water suction, which is due to the
development of additional capillary cohesion [17]. Also, the compaction procedure and drying
period contribute to the strength development. Drying of the material also leads to higher strength
as an unsaturated medium in which soil particles are surrounded by air and water [18]. However,
in the case of CSRE, cement hydration process is the main source of strength development, which

produces a solid matrix and binds the soil particles [19,20]. In lime-stabilized earth, the formation
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of cementing agents, mainly the products of silica hydrates, are referred to the source of strength
[21].

There is a wide variety of soils which can be used for earth construction. In general, high contents
of sand and gravel in addition to silt and clay, as binders, are required [22]. In the case of RE, due
to dynamic compaction, large particles are turned into smaller ones, thus a wide range of soils can
be suitable [13]. Bahar et al. [7] reported that high percentage of large-size particles are suitable
for RE. In some cases, recycled materials can also be used for earthen construction [23]. It should
be noted that packing of particles should be highlighted to ensure higher density and strength. In
the case of CSRE, the recommended cement content should be in the range of 4%-12%, and clay
content (finer than 2 pm) between 5%-20% by mass of total solid particles [22]. Perera and
Jayasinghe [24] recommended the content of fine constituents, including clay and silt, to be less
than 30%, by mass, to achieve higher strength. Also, the authors reported a drastic decrease in
strength in the case of fine content beyond 40%, by mass of the total solids. Regarding the earth
composition, shrinkage is an important factor to be controlled. Sand particles were found to be
effective to reduce the shrinkage-induced deformations [7]. On the other hand, the clay content is
significantly important in terms of strength development and shrinkage. Bryan [25] recommended
the use of low clay content to improve the compaction purposes, while limiting its content to reduce
the shrinkage and ensure effective stabilization. Clay minerals available in earth significantly alter
the swelling potential, from high potential in montmorillonite/bentonite to almost none in kaolinite

[26]. This potential in earth compositions can dictate the shrinkage over time.

Due to diversity of earth composition in different regions, it is necessary to use other soil
parameters to assess their suitability for earth construction. For RE application, high clay content
leads to an unfavorably high plasticity of the soil. Based on the geotechnical aspects of soil, soil
suitability for construction was reflected by its Atterberg limits [27]. These include the liquid limit
(LL) and plasticity index (PI), which characterize the plasticity of soil. The LL and Pl were
recommended to be lower than 45% and 10%-30%, respectively [22]. Burroughs [28] reported that
a soil with linear shrinkage (LS) and PI greater than 6% and 15%, respectively, has only low
tendency to gain strength. Another parameter for determination of soil behavior is clay activity
(Ac). This was defined as the ratio of Pl-to-the percentage of clay particles finer than 2 um and is

dependent on the type of clay minerals. Different levels of clay activity are presented in Table 2.1.
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It is worthy to mention that high A¢ values are not favorable in earthen constructions [29], which

can be related to the higher plasticity and, consequently, lower strength.
Table 2.1. Classification of different clay activity A¢ values [30].

Clay type Ac (P1/ %clay)
Low activity A;<0.75
Medium Activity 0.75<A.<1.25
Active 1.25<A: <20
High Activity A.>2.0

One of the main defections of earth construction is sensitivity to water, leading to high plasticity resulted
from clay fraction, hence not favorable for the strength development. At early ages, the curing
process is highly important to minimize the shrinkage of cement stabilized soil. Jayasinghe and
Kamaladasa [13] reported that shrinkage of cement-stabilized earth is significant in first four days,
while it becomes slower in later ages. The quantity of fine constituents (i.e., clay and silt) should
be also controlled to reduce shrinkage [31]. In the case of cement-stabilized earth, 28 days of curing
at relative humidity of 95% and room temperature led to acceptable mature compressive strength
values. However, the curing time can be extended between 7 to 60 weeks in the case of lime-

stabilized earthen construction to reach maturity [32,33].

The most common applications of earth-based materials were found as building envelopes (one or
two story). These sustainable materials can be also used as structural elements if the strength level

is enhanced by stabilization yet keeping the low environmental impacts.

2.2.2 Drying process and reinforcement

As mentioned earlier, water sensitivity of earthen materials is considerable and drying can enhance
their strength. Drying on sides of the walls was found to be faster, while it can take several years
for the core of the walls. The speed of such hygroscopic transfer is mainly controlled by
permeability. Drying of material can change the hygroscopic conditions and lead to further
settlements. Francois et al. [34] reported that the plastic hinges, created in the wall, disappear when
the wall is dry and, therefore, the wall behavior becomes more elastic. Hence, the age plays a
positive role to enhance the stability of the earthen structure due to material drying. This can
therefore contribute to enhance the durability of earth construction. Suction increases with age
which leads to higher strength development. Furthermore, the interior side of the wall is less

affected for water sensitivity compared to its exposed sides.
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The use of reinforcement is not recommended for unstabilized earthen construction due to a lack
of strong anchorage [35]. The service life of the reinforced elements depends on the initiation and
propagation of corrosion. However, the high alkalinity of cement paste can protect the steel
reinforcing bars from corrosion [36]. Meek et al. [37] reported that the pH of CSRE is able to
provide appropriate environment for passivation of steel reinforcement. Similar to conventional
concrete, the hydrated cement particles contribute to the alkalinity of the matrix. However, if the
alkalinity decreases, the depassivation of steel is induced by carbonation or chlorides. The moisture

content of earth constructions is thus responsible for the corrosion potential.

2.3 Advantages

Earthen materials can be great alternative for conventional cement concrete to reduce the
environmental impacts of construction industry. This can contribute to reduce CO, emission of
cement production, global warming, and natural resource consumption. The advantages of earthen

materials are discussed in the following sections to assess their potential for other applications.

2.3.1 Hygrothermal performance

The deterioration of the materials and energy waste in building envelopes can be controlled by
improving the hygrothermal behavior of the construction materials [38]. The improvement in the
hygrothermal properties of the exterior envelopes can minimize the energy losses due to the heat
flux. Thus, the indoor climate becomes highly efficient and provides more comfort for living
conditions. Good thermal performance can also affect the energy consumption. The energy
consumption is also minimized by good thermal performance of building envelopes [39].

2.3.1.1 Hygric performance

Moisture can play a significant role on energy efficiency due to its effect on the heat transfer of the
building envelope. Protecting the wall from the moisture resources can decrease the thermal
transmittance and provide less energy spent by the air-conditioning facilities. The buffering
potential of earth materials assessed by moisture buffering value (MBV), defined as mass variation
over moderate moistening cycles, has resulted in values higher than 1 which lies in good and
excellent classification of moisture regulator [40]. As another critical hygric property, water vapor
permeability is essential for characterization of moisture migration in building materials. Earth
brick samples showed high permeability values, ranging from 1.45E-10 to 1.80E-10 kg.s*.m™.Pa"
1 [41]. Similarly, high permeability values were reported for RE [42] and light earth [43,44].
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Another hygric parameter is the sorption isotherm of the building materials which determines the
water content with respect to RH values. A hygroscopic material is capable of absorbing/desorbing
moisture from/to surrounding atmosphere. This can lead to an attenuation of RH variations, hence
improving living conditions. Hygroscopic materials can have a significant effect in regularizing
the relative humidity and variations of the indoor air, the quality of air, and comfort of habitants
[45]. Under high RH conditions, clay particles are capable to adsorb water vapor and release it
when the humidity falls due to its hygroscopic properties. The highest sorption isotherm values
correspond to the montmorillonite clays followed by illite and kaolinite [46]. This regulation
performance of earth helps better indoor air quality compared to the industrial materials containing
dangerous chemical materials, such as heavy metals. High humidity induces condensation and

decay of materials, facilitated due to moisture accumulation, hence leading to fungal growth [42].

Regarding the moisture content as function of the RH, there is a hysteresis effect between the
absorption and desorption isotherms, meaning that the desorption isotherm always gives a higher
equilibrium moisture content than absorption for a given RH. The sorption capacity also changes
with the age of the construction materials due to changes in their porosity. Temperature also has
an influence on sorption isotherms, whereby higher temperature level results in a lower moisture
content for a given RH. Different forms of moisture transport depend on the pore structure of the
material and environmental conditions. Sorption capacity is linked to the porous structure of the
material. A high porous structure, mainly composed of mesopores [47] and a wide specific area
[48], similar as earth, may favor moisture buffer. This microstructural configuration leads to a

material with low density and thermal conductivity.

In addition to the porous structure, other factors can also influence the buffering capacity, such as
clay mineralogy. For example, kaolinite clay minerals show lower surface affinity and surface area
than montmorillonite ones which exhibit higher surface area due to their active interlayer space
[49]. Being exposed to different RH conditions, the moisture capacity of hygroscopic materials can
change. However, the non-hygroscopic materials do not change their moisture content due to
different environmental effects [38,50]. The ratio of hygroscopic water content-to-clay fraction for
different clay minerals is defined as a constant, showing its lowest and highest values for kaolinite

and montmorillonite, respectively [46].
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Sources of moisture can be divided into exterior and interior sources. The exterior sources include
precipitation, soil moisture, and groundwater. On the other hand, the interior sources can be the
water vapor and leakage from the water network [51]. This is due to the building envelope which
wastes more heating and cooling energy in the case of higher water contents in the walls and floors
[38]. The moisture evolution is due to the high RH at the boundary conditions. Thermal
conductivity is a function of temperature and water content and increases with temperature, water
content, and density. Lower density materials thus induce a low thermal conductivity and provide
better insulation.

2.3.1.2 Thermal performance

Thermal conductivity is a physical property of a material that characterizes its capacity to diffuse
heat in the media without macroscopic displacement of matter. Thermal conductivity is affected
by temperature, chemical compositions, porosity, humidity, and microstructure [52]. Since heat
travels faster through water and moisture due to high conductivity of water than that of air (dry
pores and voids in materials), thermal conductivity is a moisture dependent parameter.

Many studies were conducted on thermal characteristic of earth-based materials. Masonry walls
with various insulating systems can provide high thermal mass which is concluded due to the fewer
temperature fluctuations inside the residence, compared to other construction materials [53]. Lovec
et al. [54] reported the low thermal conductivity of RE walls with high heat capacity and favorable
thermal mass effect as the key element of thermal stability. According to the literature, the thermal
conductivity of earthen constructions (RE or unfired earth) ranges from 650 to 1100 mW.m*.K*
[42,55-57]. It was also reported for a 60-cm thick cob wall to possess twice of the required thermal
stability according to UK requirements for residence [58]. Straw and earth block masonry
constructions were also chosen as an appropriate choice in UK based on their thermal performance
[59-61]. Also, corn cobs showed adequate thermal properties [62]. Soebarto [63] reported
comparable indoor temperatures for insulated and uninsulated RE in summer; however, the
temperature in winter was 5°C lower in the latter. Giada et al. [40] reported that thermal
conductivity of earthen materials increases with density, gaining the lowest values for light earth

followed by adobe/cob/wattle and daub, and RE/compressed earth block with the highest values.

Thermal mass represents the ability of the material to keep its initial temperature when subjected

to a temperature change and can reflect how long it takes for the material to reach a new
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equilibrium. Thermal insulation and thermal mass increase with higher wall thickness. However,
this is not the best solution since this can decrease the useable space and make the building
vulnerable to seismic risks due to the higher mass. Materials with higher thermal mass values tend
to transit heat slower. Soudani et al. [64] reported that temperature buffering and time lag (the
difference of interior and exterior highest temperatures) increase with higher thermal mass values.
Thermal diffusivity and effusivity properties are mainly used to quantify the thermal mass of a
construction material as an indication of its ability to transmit temperature variations, and exchange
energy with its surroundings and absorb heat, respectively. Finding a good combination of low
diffusivity and high effusivity is an effective approach to improve the thermal performance of a
material. It is worthy to mention that the earth materials, either dry, wet, or as solid brick, present
both low diffusivity and high effusivity properties [64]. This can confirm the high thermal mass of
earthen materials. Various studies reported that high thermal mass properties can avoid undesirable
cold and hot temperatures during winter and summer seasons, respectively [65-67]. Interior
temperature change is limited in different exterior conditions in the case of RE envelopes [64].

In a porous material, high RH can lead to the evolution of water in pores replacing the air. Due to
significantly higher thermal conductivity of water compared to air, it is thus important to study the
thermal conductivity as a function of RH. Water can act as a bridge linking grains and lead to
higher heat conduction. Therefore, there is a positive correlation between the thermal effusivity
and moisture in soils [68]. Heat capacity of water is also much higher than that of the air. More
attention must be then paid to the water sources in the building construction materials, where higher
heating and cooling energy are wasted from the walls and floors depending on their water contents.
However, the formation of microcracks in the material can decrease its thermal conductivity [69].

2.3.2 Environmental impacts

Building and construction industry is responsible for over 30% of the extracted resources and 48%
of the energy-related CO2 emissions [70]. Re-consumption of construction materials can reduce a
significant proportion of this waste. Earthen materials have shown an emerging possibility to
integrate them into a circular cycle. Most conventional building systems, such as concrete,
aluminum, steel, and glass are industrially-based materials with high embodied energy and
disastrous environmental impacts [71]. However, Cabeza et al. [72] reported the best performance-
based level of embodied energy and CO, emission for timber and earthen materials. Partially

reduction of cement by low environmental impact materials can significantly reduce the negative
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environmental impacts of the construction industry. The life cycle assessment (LCA) can be
successfully used to analyze the environmental performance of the entire life cycle of a product or
a process [73]. In fact, LCA allows a balance for the usage of material and energy and leads to
evaluate the overall environmental impacts [74]. The lower environmental impacts of URE
compared to stabilized RE proved the significant advantage of earth-based materials regarding
ecosystem, human health, and resources [75]. Using local earth, as well as adding a low content of
stabilizer (e.g. cement) can contribute to low values of embodied carbon (kg CO2-.¢/m?) and energy
(MJeg/m?) indicators [76].

Sustainable management of resources needs a new cycle of production which is a circular model
of production, use, and recycling to prevent waste production and new resource consumption [77—
79]. Earth and vernacular construction were proved to be used as alternatives to current building
technologies. These construction techniques were used for centuries due to their locally available
sources, low requirements for transportation from extraction to the construction site, low embodied

energy, easier manufacturing processes, and reduced negative environmental impacts [76,80].

2.3.3 Energy aspects

Among the energy consumptions reported in EU and USA, buildings consume 20%-40% of total
energy, exceeding the other major sectors including industrial and transportation energy
consumption [81]. This corresponds to both embodied and maintenance energies which depend on
the location conditions of the building. Locally available earth materials can thus significantly

decrease these energy consumptions.

As discussed earlier, the construction systems mostly include materials with high embodied energy.
However, RE construction consumes about 1% of the energy needed for conventional concrete
construction and transportation, hence resulting in lower CO2 emission [82]. Embodied energy in
CSRE consists of the energy consumed during transportation, mixing, compaction, and cement
production processes. The reduction in cement content used for stabilization significantly
contributes to reduce this aspect. Venkatarama Reddy and Prasanna Kumar [9] indicated that
compaction energy rises with clay content and dry density. Furthermore, the energy reported for
compaction process is negligible in comparison with cement energy content. Therefore, it is
preferable to determine the parameters affecting the strength instead of increasing cement content

which is accounted for very high embodied energy. Increasing dry density (reduction in porosity)
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and curing period, as well as fly ash and lime content can contribute to achieve higher compressive
strength [83].

Fernandes et al. [84] studied the environmental performance of earthen materials. The authors
carried out LCA of RE based on specific life cycle inventory values [84]. The study revealed that
for lime stabilized RE, even using small percentages of lime, there is a high contribution to the
environmental impacts and embodied energy compared to earthen materials. Moreover, the authors
presented the possibility to recycle these materials in a circular loop [84]. It should be mentioned

that addition of stabilizers can hinder the circular consumption of earthen materials.

2.3.4 Economic advantages

Using earth as a locally available material can reduce the cost of construction and improve local
economies by using available materials and labor force [77]. Earth construction can also contribute
to saving energy and cost related to air-conditioning systems, given its appropriate hygrothermal
performance. Earth construction in parallel with insulators in different thicknesses allows good
thermal performance and reduces the cost of cooling and heating energy [38]. This can thus be
concluded that earth accounts for saving significant cost and energy in pre-construction,

construction, and post-construction periods.

2.4 Disadvantages

Despite the various advantages of earthen construction, several disadvantages can be pointed out
for earthen constructions (especially RE). For instant, the low mechanical and seismic performance
of earthen materials [85] can limit their application. Moreover, the construction of RE (stabilized

or unstabilized) is time-consuming and requires a lot of labor forces.

2.4.1 Mechanical properties

Earthen materials exhibit high and low strength values in dry and saturated states, respectively. De-
cohesion of the earth occurs when it contains high water content. The earth contains a high content
of sand and coarse-sized silt fractions [86], which can increase the de-cohesion process. On the
other hand, hygroscopic condition exhibits a direct effect on mechanical performance of soil [87].
The impact of the hygroscopic conditions on the mechanical behavior of earthen construction is
significant. Various experimental studies reported that partial drying of earth materials
significantly increases their strength and stiffness [20,88]. It should be noted that all soils are not
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suitable to achieve satisfying strength where compressive strength of optimized URE ranges from
0.5to 2.5 MPa [89,90]. Therefore, stabilization with cement or lime was considered to enhance the
strength and reduce the tendency to swelling, shrinkage, and cracking [91,92]. It should be noted
that cement is a good stabilizer when there is more content of sand and gravel, while soils with

more silt and clay should be stabilized with hydrated and natural lime [91].

Dao et al. [93] reported that addition of cement to clayey soil in adobe resulted in formation of
calcite, C-S—H, and ettringite which are resistant to water erosion by increasing the compressive
strength. However, thermal conductivity decreased by addition of 2% and 4% of cement (by mass),
while increased with more cement content. This can highlight the microstructural effect with
addition of cement. Van Damme and Houben [4] reported that cement-stabilized bricks, RE, and
clay concrete do not seem to be efficient since they require 9, 7, and 3 times of the cement content
in high performance concrete to obtain 1 MPa compressive strength, respectively. Therefore,
cement stabilization does not seem to be the most appropriate approach in earthen materials, except
the applications which do not require high strength values. Achieving the optimum strength should
be important by other means, such as packing of the granular skeleton. As reported by Jayasinghe
et al. [23], different constituents ratios were used to achieve the optimum compressive strength

values.

Strength characteristics of earth composites should also be considered due to their sensitivity to
water. Using triaxial tests, Jaquin et al. [20] reported that a decrease in water content induces an
increase in strength and stiffness. Therefore, wet strength is an important factor to be considered
for earth-based materials. Heathcote [94] indicated that the ratio of wet-to-dry strength of earth-
based materials is an index of durability. Accordingly, a ratio of 0.33 to 0.50 can be appropriate

due to the rainfall.

The nature of compaction in RE leads to better performance compared to other earth-based
materials. Miccoli et al. [86] investigated the behavior of stress-strain curves of earth block
masonry, RE, and cob. As reported by the authors, RE showed the lowest ductility, but the highest
stiffness and compressive strength compared to the other investigated materials [86]. Another
problem in earthen construction is the difference of compressive strength and stiffness of rendering
and substrate, which causes high tensions at their interface. Different thermal expansion may also
lead to detachment of rendering [95,96]. Mateus et al. [95] concluded that in the case of RE



Chapter 2. Literature Review 23

buildings, the compressive strength of the coatings is much higher than the substrate material,
hence causing stresses at the interface. This can promote loss of adherence, cracking, and spalling
of the coatings. As alternative, similar compositions as the existing coating can lead to better
mechanical compatibility. Marais et al. [97] recommended that cement and polymer stabilized earth

footings can be used as satisfactory foundations.

2.4.2 Seismic performance

Seismic performance of earth-based structural elements is significantly low, as frequently observed
in some earthquakes around the world [98-100]. The mass of the wall supports dictates their
seismic performance, induced by the vertical dead and live loads. On the other hand, this can lead
to significantly high inertial stresses [101]. Morris and Walker [102] investigated the post-seismic
performance of RE walls whereby only minor cracks were observed. This confirmed that RE
buildings can outperform the predicted performance under seismic conditions. Bui et al. [103]
indicated that two-story RE buildings can have satisfying in-plane earthquake behavior up to
ground motions of 0.23 g, while one-story RE buildings can support motions until 0.32 g without
any significant damages. The RE walls also showed more resistance to seismic loading than adobe
masonry walls by 40% higher values [86]. Indeed, the RE walls act as a homogeneous material, in
contrary to adobe masonry ones.

Ciancio et al. [14] reported that when the clay content of the earth is too low or the grain-size
proportions are not optimal, lime can be added to the system to increase the strength and
cohesiveness. The layered structure of RE influences the crack mechanism, but the mechanical
behavior of RE does not seem to be distinctively anisotropic [104]. Silva et al. [105] reported that
the seismic behavior of traditional RE case studies in Portugal benefits from many features. This
can be due to the construction of buildings with no more than a single story (low rise buildings),
with no complex plan, and having very thick walls. It seems that there are limited studies on more
complex RE construction, especially in high seismic risk regions where more accurate design is

required and various factors affecting the seismic response of the system must be considered.

The seismic behavior of RE buildings is still unknown and needs more investigations. The RE does
not seem favorable under earthquake due to their low compression behavior, very low tensile
strength, and high inertial forces (due to their high thickness). However, based on several post-
seismic studies, RE walls showed acceptable behaviors [89,90,102,106]. A low height-to-thickness
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ratio can improve the out-of-plane performance of RE walls and guarantee that adequate seismic
performance can be achieved by appropriate designs of such buildings.

2.4.3 Time-consuming and labor-intensive

The layer-by-layer compaction method in RE construction is very time consuming and labor
intensive. This can be favorable in regions where work force is not expensive. However, this
construction technique can be challenging in developed countries due to high cost of labor force.
Moreover, crack propagation can be induced between successive layers. Considering these
drawbacks, a highly flowable vertical earth concrete element with adequate thermal and
environmental advantages can be a promising solution to replace traditional RE.

2.5 SCEC: new generation of earth concrete

Development of new construction techniques with earth-based materials, yet keeping their
advantages, should be further investigated to benefit from these natural resources. Self-
consolidating earth concrete (SCEC) can be considered as one of these new generation materials
to produce construction elements by merging the knowledge on both SCC and earthen materials.
Few studies have addressed this new technique in the last few years [107-109]. SCEC brings the
feasibility to cast the material into the formworks rather than the layer-by-layer compaction by
means of mechanical consolidation, increasing the quality of the final product, reducing costs and
construction time, and contributing to competitive advantages of earth. This technology can be
employed on several earth construction methods, such as RE and adobe. Earth consists of fine clay
and silt particles which forms the ternary binder system of SCEC, in addition to cement as the
stabilizer of the whole system [107,110].

It is well known that SCC needs more considerations compared to the conventional concrete to
gain its benefits in terms of elimination of external and internal vibration, higher flowability,
passing ability, and pumpability. Aisson et al. [111] reported that rheology, stability, and
compressive strength of SCC is significantly affected by packing density and quantity of fine
particles. Moreover, plastic viscosity and yield stress of mortar matrix, which is the suspending
phase, increased with fine content, hence leading to higher interparticle friction. This results also
in better stability resistance [112,113], but higher flowability loss. As summarized in Table 2.2,
earthen materials provide satisfying hygrothermal performance with low environmental impacts.

However, their incorporation in SCEC is debatable due to the high impact of cement and chemical
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admixtures and their new microstructures. Moreover, SCEC mixtures should be further
investigated to identify the main influencing parameters on their shrinkage, rheology, and
mechanical performance. Three main challenges to achieve SCEC are introduced and further

discussed in the following sections.

Table 2.2. Comparison between the performance of earthen materials and SCEC.

Characteristics

Earthen materials (RE and adobe)

SCEC

Hygrothermal performance

Environmental impacts

Mechanical performance

Time-consuming and labor-intensive

Layer-by-layer deficiencies

Complex architectural limitations

Shrinkage control

Various studies confirm their satisfying
performance [54,58,62]

Using locally natural materials with low
impacts and embodied energy [76,80]

Dependent on the packing and stabilization
[4.23]

Yes

Yes

Yes

Controlled mostly by clay fraction (due to
their sensitivity to water) [25,31]

Requires more research (due to the
microstructural change)

Requires more research (stabilizers and
admixtures can significantly affect)

Dependent on various parameters which
needs to be considered

No

No

No

Requires more research

Rheology Not critical Requires more research
Challenge I — nucleation of fine particles and
Dispersion of clay particles Not critical physico-chemical interaction between clay

Formwork removal

Drying with passing time [20,88]

and chemical admixtures

Challenge Il — promotion of setting time

Challenge 111 — representative soil

PSD and plasticity [22,28] parameters

Mix proportioning

2.5.1 Challenge | — Dispersion of clay particles

As discussed earlier, clay consists in very fine particles with significantly higher specific surface
area (SSA) compared to cements used in conventional SCC. Due to the presence of different clay
types and contents in earth-based materials, achieving an earth concrete with self-consolidating
properties (i.e., SCEC) is challenging. High SSA, water absorption, nucleation promotion, and the
flocculation of fine particles can hinder reaching to desired flowability of SCC [114]. Indeed,
deflocculation of clay particles required to allow higher flowability and achieve SCEC is tricky
with their questionable compatibility with chemical admixtures in terms of colloidal interactions
and adhesion depending on mineralogy and content of clay. Most of the recent studies on earthen

construction is focused on their environmental impacts, architectural aspects, hygrothermal,
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mechanical, and durability performance, while their physico-chemical interaction with admixtures
IS limited to few studies and still not well-known [115].

Fig. 2.3 presents different clay minerals available in earth acting as binder with high swelling
capacity which should be controlled to avoid any hazardous failure. Among the common types of
clay minerals, including kaolinite, montmorillonite, and illite, kaolinite has a 1:1 layer structure,
one with aluminate groups and another one with silicate groups linked by hydrogen bonding. These
bonding forces result in non-swelling properties of kaolinite [116]. However, kaolinite can easily
disperse and migrate. Contrarily, structure of montmorillonite is 2:1 leading to a high degree of
swelling. On the other hand, illite (with 2:1 structure) consists in a crystal structure balanced by
potassium bonding between the layers. This type of bonding can result in lower and higher swelling
capacity compared to montmorillonite and kaolinite, respectively [117]. Cation-exchange capacity
(CEC) is the other factor referred to the quantity of cations retained on the surface of particles,
available to be exchanged with other cations at a given pH. CEC and SSA of different clay minerals
are summarized in Table 2.3. It can be concluded that content and type of clay, reflected by their
CEC and SSA, can control the performance of earth concrete based on their synergy with the

dispersing agents.

2:1 layers
1:1 lavers
Octahedral layer | = = = = = - = + 4+ + 4+ +
Hydrogen +++++ A O N | Interlayer
bonding - = = = = = = © O O Ohi® cations
Tetrahedral layer | + 4+ 4+ 4+ 4 + + + + +

Fig. 2.3. The schematic structures of different types of clay minerals.
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Table 2.3. Cation-exchange capacity and specific surface area of clay minerals [26]

Mineral Cation exchange capacity at pH 7 (milliequivalents per 100 grams) Specific surface area (m%g)
Kaolinite 3-15 5-40

Halloysite (hydrated) 40-50 1,100*

Illite 10-40 10-100

Chlorite 10-40 10-55
Vermiculite 100-150 760*

Smectite 80-120 40-800
Palygorskite-sepiolite 3-20 40-180
Allophane 30-135 2,200

Imogolite 20-30 1,540

*Depending on the fraction of internal specific surface area.

Accordingly, compatibility of different chemical admixtures with physical and chemical
compositions of clay in earth is still ambiguous to achieve SCEC. Ouellet-Plamondon et al. [107]
introduced a self-compacting clay-based concrete (SCCC). The authors reported that
polycarboxylate ether-based superplasticizers (PCE), as high-range water-reducer (HRWR) agent,
has significant effect on decreasing yield stress of the mixtures containing low amount of cement,
hence improving its deformability. In addition to PCE which is efficient to disperse the ternary
binder system of SCEC, among different commonly wused deflocculants, sodium
hexametaphosphate (NaPOzs)s exhibited a significant dispersion effect on natural clay materials.
The dispersants used in cement and ceramic industries can change the surface interaction of clay
particles. Their compositions cause the adsorption of phosphate anions, which consequently
increase the overall negative surface charge and alkalinity of earth cations (replacing them with
Na* cations) [118-121]. Sodium silicate (Na>SiO3) was also widely used to disperse raw clay and
kaolin. It was also shown to be efficient as a deflocculant leading to increase the thickness of the
layers, accompanying with an increase in the pH of the solution [122-124].

Landrou et al. [109] studied flowable earth without incorporation of cement. The authors used
sodium hexametaphosphate (NaHMP) and sodium silicate (NaSil) as dispersant deflocculating the
clay particles by creating interparticle repulsive forces [109]. The dispersants showed a positive
effect to enhance the flowability of earth material. However, PCE did not contribute in decreasing
yield stress without presence of cement which can be due to adsorption of PCE chains between the
aluminosilicate layers, hence eliminating their dispersibility [125,126]. Zeta potential confirmed
the repulsive interaction between clay particles with dispersing agents. This confirms that PCE

causes only minor changes due to their dispersing capability through the steric hindrance, while
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the other dispersant induces dispersing through the electrostatic repulsion [127]. By knowing the
efficiency of dispersing agents on clay particles, and PCE on cement particles, more investigations
are necessary to understand the behavior of ternary binder system of SCEC. The comparison of
different dispersants and HRWR agents in terms of their efficiency and synergy to affect
workability and rheology of SCEC needs to be further investigated. Furthermore, LCA can be
applied to assess the impacts of used chemical admixtures with significant environmental impacts.

2.5.2 Challenge Il — Promotion of setting time

Due to the low amount of cement, a packed aggregate skeleton can lead to higher compressive
strength of the mixture. Early and late compressive strength developments of SCEC are key factors
influencing the demolding timeline and ensuring durability, respectively. Several studies were
carried out to use other materials along with earth (e.g., coagulants) to accelerate the formwork
removal. Landrou et al. [109] investigated the efficiency of calcium products (calcium hydroxide
(Ca(OH)), calcium carbonate (CaCOs), and calcium chloride (CaClz)) on earth materials,
dispersed with clay dispersants. Different Ca* release rates can precipitate in C—S—H formation in
presence of dispersing agents by an anti-plasticity effect. According to Landrou et al. [109], the
addition of calcium products (especially Ca(OH)2) in mixtures dispersed with NaHMP and NasSil
increased the storage modulus of the earthen suspensions with time. The SEM images revealed that
the combination of NaSil and Ca(OH): resulted in large plates of calcium hydroxide crystals and
typical needles of C—S—H after 3 and 180 min, respectively. Another solution for fast demolding is
using the gelling agents, such as Alginate [128-130]. Alginate is referred to alginic salts as seaweed
biopolymers. The chains of alginate form a connection by intercalating divalent cations [131],
hence increasing the mechanical performance and resistance of the earth depending on their

interaction with clay particles.

SCCC proposed by Ouellet-Plamondon et al. [107] was proportioned using a calcium
sulfoaluminate cement (CSA) which exhibited early setting time. This was related to the CSA
potential to promote high early-age strength [132]. These mixtures were cast without applying any
external mechanical consolidation, and then demolded within 24 hours. The mixture containing
5% CSA achieved compressive strength of 1 MPa after 6 hours of age, which is adequate for
formwork removal. It can emphasize the significance of water reduction on strength development
by means of using HRWR admixtures. It should be noted that using cement or other coagulants

cannot be in favor of low environmental impact of earth-based materials. Therefore, the
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comparison of the efficiency of available approaches to promote setting time should be further

investigated considering their environmental impacts.

2.5.3 Challenge Il — Representative soil parameters due to diversity of soil types

Earth is a mix of particles with different shapes, sizes, and mineralogical natures [4]. The difference
of mineralogical composition from one extraction site to another can result in variable performance
for earthen materials. Therefore, predicting the behavior of a specific earth is very difficult due to
the complexity of the materials and numerous variables to be considered [133]. Compatibility of
the admixture with clay is tricky due to mineralogy and high SSA of clay particles. Different clay
minerals possess SSA of 50 to 1000 times higher than cement particles. Therefore, designing SCEC
mixtures should take into account the clay contribution in the soil behavior. Based on the diversity
of soils on earth, it is important to select soils with proper properties and clay content and type. It
is also important to select aggregate skeleton with optimum PSD. In addition, soil characteristics

can be used as key designing parameters to achieve the targeted flow performance of SCEC.

PSD, clay activity, and Atterberg limits are the key representative soil parameters to be used in
designing earth concrete. Atterberg limits, including liquid and plasticity limits, can define soil
behavior in presence of water, which is critical in case of the performance of earth concrete. It is
reported that plasticity index (Pl) can be used as a basic soil characteristic because of its
correlations with other soil properties [134]. Soil type, degree of plasticity, and degree of
cohesiveness can be deduced from PI. Plasticity of soil is highly dependent on its clay type and
content, as well as silt constituent. Skempton [135] reported that P1 of a soil increases with the
percentage of clay fraction. Moreover, Laskar and Pal [136] found that P1 decreases for higher sand
content, which can be due to decrease of the interparticle attraction forces. The authors also
reported that there are correlations between Atterberg limits and strength parameters [136]. Voight
[137] reported that residual shear strength of soil is dependent on its mineral composition.
Atterberg limits can be used for classification of different soil types. These properties can however
be altered by different mineralogical factors. Since these powders are acting as binder in SCEC, in
addition to cement, plasticity of soil seems to be a proper representative soil parameter to be

considered to achieve SCEC in presence of various chemical admixtures.
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The influencing parameters on performance of SCEC, as well as recommended considerations for
designing SCEC are summarized in

Table 2.4. The first influencing factor is clay type and content which can result in different soil
characterization parameters to be assessed. As reported by Ciancio et al. [12], LL < 45% and PI <
30% is recommended as a performance requirement for earth buildings, including RE. Higher
Atterberg limits seems to be problematic for workability means. The second parameter includes
the type and content of cement used to promote setting time and control the durability. Cement
contents higher than 200 kg/m® can result in high environmental impacts which hinders the
sustainability of this method. The third parameter is admixture type which allows dispersion of
ternary binder system of SCEC with different synergies. Paste volume is the next key parameter
which should be considered since it affects rheological behavior, workability, shrinkage, and
mechanical performance of SCEC. Assuming the presence of considerable fine content (i.e., clay
and silt) in earth, next to cement and water in paste results in a higher paste volume than
conventional SCC. By the recommended ranges for earthen construction in literature [12], paste
volume exceeds 45%. Optimization of rheological properties of the paste matrix in SCEC,
consisting in water and ternary binder system of earth concrete, is also of high importance to
achieve SCEC with satisfying workability. Water-to-binder ratio (W/B) also affects the rheology,
by controlling the solid fraction, synergy of the admixtures, and strength of SCEC. Using a
compatible dispersing agent with W/B ratios of less than 0.5 can ensure the required workability
of a stable SCEC [107,109]. The packing condition of granular skeleton should be also taken into
account as one of the main influencing factors. An optimum packing density of aggregate can result
in lower required paste volume and, consequently, lower binder content to achieve the targeted
workability [138,139]. Furthermore, lower interparticle voids in a packed aggregate skeleton
decreases the water demand and, therefore, contribute in achieving higher compressive strength
[140,141]. Sand plays a significant role in the constituents of earth and the recommended sand-to-
total aggregate ratio between 0.5 to 0.9 can guarantee the higher sand fraction in earth. By taking
into account these influencing parameters on workability, mechanical properties, and durability of
SCEC, a practical guideline can be suggested based on compatibility of admixtures with ternary
binder system of SCEC considering the soil characteristics.
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Table 2.4. Influencing parameters and recommended considerations to design SCEC.

Influencing parameters

Contribution

Recommended considerations

1. Clay type/content

2. Cement type/content

3. Chemical admixture type/dosage

4. Paste volume (Vp)

5. Water-to-binder ratio (W/B)

To evaluate different soil representative
parameters

To promote setting time and controlling
durability

Comparative study to evaluate compatibility of
dispersing agents with ternary binder system

To assess the effect on rheology, workability,
shrinkage, and mechanical performance

To investigate the effect of water and solid
fraction

To minimize the paste volume and binder

Desirability based on defining higher Atterberg
limits and specific surface area (LL < 45% and
PI < 30%)

Low enough to maintain the low environmental
impact (< 200 kg/m?®)

Considering the synergy on workability,
workability loss and rheological behavior

Higher than typical SCC due to the presence of
ternary binder system (> 45%)

Low enough to gain higher strength (< 0.5)

In the range of available earth types

6. Packing of the granular skeleton

content (0.5 < sand/total aggregate < 0.9)

2.6 Concluding remarks and perspectives

Green construction can be achieved by reducing the consumption of new industrial materials and
increasing the use of recycled and locally available materials to proportion low-environmental and
added-values materials, such as earth-based materials. The extensive overview undertaken in this
study highlighted the recent developments and applications of earthen construction. This study
revealed that earth construction is an environment-friendly material with various advantages in
terms of thermal performance, energy efficiency, economical, and environmental aspects. Besides
all the mentioned advantages of earth construction, disadvantages of this construction method were
comprehensively addressed and discussed. Some of these limitations can be resolved by using new
added-value materials and innovative construction technics, including self-consolidating earth
concrete (SCEC) and exploring clay technology to ensure a better control of clay-admixtures
compatibility. Soil types can be selected based on their PSD and Atterberg limits to achieve
targeted workability and mechanical properties of SCEC. According to this review, further studies
are required to broaden the application of this construction method with enhanced performance and

durability, as follow:
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e The high time and labor-intensive consumption are important factors hindering the wide
use of earthen materials. By incorporating earthen materials in earth concrete, it is necessary
to improve the workability, facilitate casting, and speed-up the construction process to
promote the use of earthen materials as green, eco-friendly, and sustainable construction

material.

e The content and type of clay play important roles in earth, since it can act as a binder in
concrete. Different clay mineral types result in different hygric performance, swelling
potential, and hindrance to achieve desired flowability due to their high specific surface

area. Therefore, these should be controlled and exploited to develop flowable material.

e Cement content should be controlled for both setting purposes and minimizing the negative
environment impacts. Therefore, cement content less than 200 kg/m? was recommended to
be accompanied with optimization of other parameters, such as W/B and packing density
of granular skeleton, to achieve desired compressive strength. It should be noted that W/B
ratio should be limited to an upper level for strength purposes, and lower level to minimize

the demand of dispersing agents due to their very high negative environmental impacts.

e The compatibility of chemical admixture with clay particles can dictate the feasibility of
designing SCEC, while the optimization of other influencing parameters, including cement
content/type, paste volume, W/B, and packing of granular skeleton, can expand the

applications of this construction method to structural elements.

e Designing SCEC should be addressed based on different soil types due to existing diversity
of earth. Soil parameters (especially Atterberg limits) which are affected by clay fraction
showed great potential to represent a criterion for feasibility to achieve SCEC and control
its workability. Since higher Atterberg limits result in higher demand of dispersing agents
and lower strength values, LL and PI values lower than 50% and 25%, respectively, were

recommended for SCEC application.
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e SCEC, as a new generation of earthen concrete exhibits new microstructure and
environmental impacts which need to be assessed. New microstructures can lead to
different hygrothermal and mechanical performance rather than conventional SCC mixtures
and other earthen constructions. High thermal mass of earthen materials can lead to superior
hygrothermal performance of SCEC compared to typical SCC mixtures. Higher porosity
and lower density of SCEC mixtures can guarantee lower thermal conductivity rather than

conventional SCC mixtures.
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CHAPTER 3. METHODOLOGY

3.1 Introduction

Since the thesis follows an article-based structure, each chapter consists of the employed
methodology. In this chapter, the sequence of the methodology, depending on the objectives of

this study, as well as the logic behind the selection of the experimental program are presented.

3.2 Experimental Program

This study was conducted in 4 phases:

1. Phase 1 is focused on self-consolidating earth paste (SCEP) mixtures with various
influencing parameters to find the significance of each factor on workability and
compressive strength responses.

2. Phase 2 involves the testing methods related to a new concrete-equivalent mortar (CEM)
and concrete scales to facilitate the designing procedure by saving time and cost.
Contribution of the key factors are highlighted to design a required SCEC mixture
depending on the required application.

3. Phase 3 investigates the multiscale rheological properties of the SCEC mixtures to broaden
the knowledge of the effect of different earth compositions and admixture types on yield
stress, plastic viscosity, and thixotropy.

4. Phase 4 summarizes the hygrothermal properties of the investigated mixtures. This phase
was conducted in La Rochelle Université to validate the hygrothermal performance of this
novel construction material (i.e., SCEC) with other conventional building envelopes and

concrete.

Fig. 3.1 presents the organization of the employed experimental program undertaken in this study.

The taken steps toward achieving the objectives of each phase are followed in this chapter.
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Fig. 3.1. The organization of the experimental program carried out in this study.

3.2.1 Phase 1: A new approach for proportioning self-consolidating earth paste

(SCEP) using the Taguchi method

3.2.1.1 Taguchi method

Parametric optimization can be very time and energy consuming due to the high number of
variables that affect the responses of SCEC. Taguchi design of experiment (TDOE) is a well-
known method to optimize the number of experiments and determine the most influencing
parameters on targeted responses. TDOE is based on fractional factorial experiments using the
orthogonal arrays [1,2]. TDOE is useful to optimize the influencing parameters to achieve targeted
responses with minimizing the experimental cost. The main investigated parameters in this study
include clay type, cement content, volume of paste (\Vr), water-to-powder ratio (W/P) (by mass),
volumetric cement-to-clay ratio (Ce/Cl), volumetric sand-to-total aggregate ratio (S/A) of
corresponding SCEC mixtures, and admixture type. The experimental results are converted into
signal-to-noise (S/N) ratios reflecting the deviation of the actual experimental results from the
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targeted ones. The investigated factors and their corresponding levels used for TDOE are

summarized in Table 3.1.

Table 3.1. Investigated parameters and their corresponding levels.

Levels

Factors

1 2 3 4 5
Clay type Type | Type Il - -
Cement content (kg/m®) 60 90 120 150 180
Volume of paste (Vp) (%) 45 48 51 54 57
Water to powder ratio (W/P) 0.30 0.35 0.40 0.45 0.50
Cement to clay ratio (Ce/Cl) 0.50 0.75 1.00 1.25 1.50
Sand-to-total aggregate ratio (S/A) 0.5 0.6 0.7 0.8 0.9
Admixture NaHMP NasSil PCE PNS NE-PC

As can be observed in Table 3.1, two different types of soil (i.e., two-level factor) were investigated
to highlight the efficiency of clay mineralogy and broaden the evaluation on more diverse earth
types. On the other hand, the other investigated factors were evaluated at five different levels.
Cement contents corresponding to 60, 90, 120, 150, and 180 kg/m® were investigated, according
to those recommended in literature for cement-stabilized earthen materials [3,4]. Moreover,
volume of paste (Vp) of 45%, 48%, 51%, 54%, and 57% were evaluated. It is worthy to mention
that the paste volume consists in air, water, and powders, including clay, silt, and cement. The
investigated paste mixtures were proportioned with five W/P ratios of 0.30, 0.35, 0.40, 0.45, and
0.50. Furthermore, the volumetric cement-to-clay ratio (Ce/Cl) was selected as a main factor to
control the clay content and evaluate the packing in the binder constituents. Accordingly, five
different Ce/Cl of 0.50, 0.75, 1.00, 1.25, and 1.50 were selected. Five S/A of 0.5, 0.6, 0.7, 0.8, and
0.9 were also evaluated. These levels were selected to cover a wide range of characteristics of the
investigated parameters. The effect of different types of admixtures, including sodium
hexametaphosphate (NaHMP) and sodium silicate (NaSil) were used as dispersant in the
suspensions containing clay. Their presence aims to increasing the overall negative surface charge
and alkalinity of earth cations, accompanying with a rise in pH of the solution [5-13]. On the other
hand, polycarboxylate ether (PCE), sodium polynaphtalene (PNS), and non-esterified
polycarboxylate (NE-PC) were also investigated. The efficiency of these admixtures was
investigated in cement pastes, while their performance in dispersion of ternary powder systems of
SCEP is still questionable. The effect of two- and five-levels factors on the modelled properties

are evaluated using a L50 orthogonal Taguchi array, which requires 50 fractional factorial
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experiments. The fifty investigated mixtures are summarized in Table 3.3. The modelled responses

include the flowability and compressive strength development.

Finally, calculation of signal-to-noise (S/N) ratio represents the loss function which represents the
deviation of the actual experimental results and the targeted ones. The analysis of S/N ratio is
based on three performance characteristics corresponding to Smaller-the-better, Larger-the-better,
and Nominal-the-better defined in Egs. (3.1)-(3.3), respectively [14], as follow:

1w 1
Larger-the better S/N =—10x logm(ﬁz W) 3.1)
i=1 1
I,
Smaller-the better S/N =—10x% l°gw(az Y) (3.2
i=1
1 n
Nominal-the better S/N = —10 x log,, [ﬁz(Yi -Y,)? (3.3
i=1

where S/N is the performance statistics, n is the number of repetitions for each level of a factor, Y;
is the response value of the i experiment, and Yo is the nominal value desired. The values of S/N
ratio are used as a measure of robustness to identify the control factors reducing variability in a
process by minimizing the effect of noise factors [14]. In this study, the larger-the better S/N
characteristics (Eq. 3.1) was employed for compressive strength development at different ages. On
the other hand, the smaller-the-better S/N characteristics (Eg. 3.2) was used to investigate the

admixture demand, marsh cone flow, and mini-slump spread loss.

3.2.1.2 Materials and test methods

The investigated SCEP mixtures were proportioned using a general use Portland cement (GU)
complying with the ASTM C150 specifications. The GU cement has a specific gravity of 3.15 and
specific surface area of 0.3 m?/g. The clay type | consists of kaolinite with specific surface area
and specific gravity of 15 m?/g and 2.73, respectively. The clay type 1l was composed of 50%
kaolinite and 50% attapulgite. The specific surface area and specific gravity of attapulgite are 155
m?/g and 2.75, respectively. The silt powder used is composed of quartz grains of 2 to 75 pm and
specific gravity of 2.69. The chemical compositions of the binders are summarized in Table 3.2.
On the other hand, NaHMP with purity of 96% was used as solution in water with a solid content

of 37.1%. Moreover, NaSil solution composed of water, 10.6% Na-O, and 26.5% SiO. was used
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as inorganic deflocculant. PCE, PNS, and NE-PC with solid contents of 40%, 39.25%, and

36.44%, respectively, were used as high-range water-reducer (HRWR) admixtures.

Table 3.2. Chemical composition of the binders used in this study.

Chemical composition (% wt.) - E.’>inder type - -

GU cement Kaolinite  Attapulgite  Quartz silt
CaO 62.50 0.10 2.92 0.01
SiO, 19.30 46.10 66.20 99.02
Al,03 4.80 38.10 11.71 0.64
Fe;0s 3.00 0.50 4.02 0.22
MgO 2.70 0.10 9.70 0.01
SOs 4.10 0.04 - -
Others 1.40 1.56 1.47 0.10
LOI* 2.20 13.50 3.98

LOI*: Loss of ignition

The paste mixtures were mixed in batches of 1.5 L using a planetary Hobart mixer according to
the ASTM C305 specifications [15]. Mini-slump flow (MSF) [16] and Marsh cone flow time
(MCT) [17] were used to assess flowability of the investigated SCEP mixtures. The investigated
mixtures were designed to achieve the targeted MSF of 280 + 20 mm and ensure a highly flowable
and stable mixture. Furthermore, MSF loss after 15 and 30 min of age was also determined to
evaluate the efficiency of admixtures to maintain the initial workability. MCT corresponds to the
required time to pass 500 mL of paste throughout a nozzle measuring 8-mm diameter. The test
consists in pouring 1000 mL of sample in the cone to determine the flow time of 500 mL passing
the nozzle. Higher flow time reflects lower fluidity of the mixture. In addition to flow properties,
for each mixture, different 50 x 50 x 50 mm? cubes were sampled to determine the compressive
strength at 1, 7, and 28 days of age in accordance with the ASTM C109 specifications [18].

3.2.1.3 Mixture proportioning of the investigated SCEP mixtures
The proportioning of the investigated mixtures summarized in Table 3.4 are established based on
the levels of control factors in the L50 orthogonal array given in Table 3.1.
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Table 3.3. Absolute values of the 7 modelled factors according to L50 orthogonal array

Investigated factors

Investigated factors

Experiment Cement Experiment Cement
No. i:lay conent P WP Celcl S/A  Admixture No. Clay  content POW/P CelCl  SIA Admixture
e gmy ) wPe gm0
1 45 0.30 0.5 0.5 NaHMP 26 60 45 0.30 1.25 0.9 PNS
2 48 0.35 0.75 0.6 NasSil 27 48 0.35 15 0.5 NE-PC
3 60 51 0.40 1 0.7 PCE 28 51 0.40 0.5 0.6 NaHMP
4 54 0.45 1.25 0.8 PNS 29 54 0.45 0.75 0.7 NasSil
5 57 0.50 15 0.9 NE-PC 30 57 0.50 1 0.8 PCE
6 45 0.35 1 0.8 NE-PC 31 90 45 0.35 0.5 0.7 PCE
7 48 0.40 1.25 0.9 NaHMP 32 48 0.40 0.75 0.8 PNS
8 90 51 0.45 15 0.5 NasSil 33 51 0.45 1 0.9 NE-PC
9 54 0.50 0.5 0.6 PCE 34 54 0.50 1.25 0.5 NaHMP
10 57 0.30 0.75 0.7 PNS 35 57 0.30 15 0.6 NasSil
11 45 0.40 15 0.6 PNS 36 120 45 0.40 1 0.5 NasSil
12 48 0.45 0.5 0.7 NE-PC 37 48 0.45 1.25 0.6 PCE
13 | 120 51 0.50 0.75 0.8 NaHMP 38 1 51 0.50 15 0.7 PNS
14 54 0.30 1 0.9 NasSil 39 54 0.30 0.5 0.8 NE-PC
15 57 0.35 1.25 0.5 PCE 40 57 0.35 0.75 0.9 NaHMP
16 45 0.45 0.75 0.9 PCE 41 150 45 0.45 15 0.8 NaHMP
17 48 0.50 1 0.5 PNS 42 48 0.50 0.5 0.9 NasSil
18 150 51 0.30 1.25 0.6 NE-PC 43 51 0.30 0.75 0.5 PCE
19 54 0.35 15 0.7 NaHMP 44 54 0.35 1 0.6 PNS
20 57 0.40 0.5 0.8 NaSil 45 57 0.40 1.25 0.7 NE-PC
21 45 0.50 1.25 0.7 NaSil 46 180 45 0.5 0.75 0.6 NE-PC
22 48 0.30 15 0.8 PCE 47 48 0.3 1 0.7 NaHMP
23 180 51 0.35 0.5 0.9 PNS 48 51 0.35 1.25 0.8 NasSil
24 54 0.40 0.75 0.5 NE-PC 49 54 0.4 15 0.9 PCE
25 57 0.45 1 0.6 NaHMP 50 57 0.45 0.5 0.5 PNS
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Table 3.4. Proportioning of the investigated SCEP mixtures based on L50 orthogonal array.

Mix Cement Water Clay Type | Silt W/P Mix  Cement Water  Clay Type Il Silt WP
No. (kg/m®)  (kg/m®) (kg/m?®) (kg/m?®) No. (kg/m®)  (kg/m®) (kg/m?®) (kg/m?®)

P1 133.3 450.4 231.1 1136.9 0.30 P26 1333 450.1 924 1274.4 0.30
P2 125.0 488.6 144.4 1126.6 0.35 p27 125.0 488.4 722 1198.3 0.35
P3 117.6 521.9 102.0 1085.1 0.40 P28 117.6 522.2 203.9 983.9 0.40
P4 1111 551.1 77.0 1036.6 0.45 P29 1111 551.3 128.4 985.6 0.45
P5 105.3 577.0 60.8 988.0 0.50 P30 105.3 577.1 91.2 957.8 0.50
P6 200.0 490.7 1733 1028.5 0.35 P31 200.0 491.1 346.7 856.5 0.35
P7 187.5 523.9 130.0 9924 0.40 P32 187.5 524.2 216.7 906.3 0.40
P8 176.5 553.2 102.0 950.8 0.45 P33 176.5 553.3 152.9 900.2 0.45
P9 166.7 579.7 288.9 703.7 0.50 P34 166.7 579.1 115.6 876.0 0.50
P10 157.9 450.9 1825 1162.5 0.30 P35 157.9 450.6 91.2 1253.0 0.30
P11 266.7 526.2 154.1 894.9 0.40 P36 266.7 526.5 231.1 818.4 0.40
P12 250.0 556.3 433.3 553.0 0.45 P37 250.0 555.6 173.3 811.3 0.45
P13 235.3 581.7 2719 656.3 0.50 P38 235.3 581.3 135.9 7914 0.50
P14 2222 4525 192.6 1093.4 0.30 P39 222.2 452.9 385.2 902.3 0.30
P15 2105 490.9 146.0 1046.0 0.35 P40 2105 491.1 2433 949.4 0.35
P16 3333 558.7 385.2 523.0 0.45 P41 3333 558.1 192.6 7143 0.45
P17 3125 584.1 270.8 584.9 0.50 P42 3125 585.0 541.7 315.8 0.50
P18 294.1 4542 203.9 1016.0 0.30 P43 294.1 454.6 339.9 881.2 0.30
P19 277.8 492.7 160.5 969.4 0.35 P44 277.8 492.9 240.7 889.7 0.35
P20 263.2 527.0 456.1 598.2 0.40 P45 263.2 526.2 182.5 869.9 0.40
P21 400.0 586.9 277.3 496.4 0.50 P46 400.0 587.5 462.2 312.7 0.50
p22 375.0 456.2 216.7 929.1 0.30 P47 375.0 456.5 325.0 821.6 0.30
P23 352.9 4958 611.8 452.0 0.35 P48 352.9 494.9 2447 816.3 0.35
P24 3333 528.8 385.2 603.4 0.40 P49 3333 528.2 192.6 794.6 0.40
P25 315.8 557.8 273.7 650.1 0.45 P50 315.8 558.6 547.4 378.3 0.45

3.2.2 Phase 2: Multiscale investigation of self-consolidating earthen materials

using a novel concrete-equivalent mortar approach

3.2.2.1 Concrete-equivalent mortar (CEM)

Flow properties of concrete can be modelled using the concrete-equivalent mortar (CEM)
method. In this approach, the coarse aggregate fraction is replaced by sand of equal surface
area, aiming to keep a constant total surface area of aggregate covered with cement paste [19].
The CEM method was successfully used to investigate the effect of binder-admixture
interaction, packing density of the binder composition, robustness of the fresh properties, and
rheological behavior of the suspending phase on the fresh and hardened properties of SCC [20].
Schwartzentruber and Catherine [19] employed the CEM approach to optimize the dosage of
HRWR admixtures to achieve the targeted workability. Strong correlations were reported
between the fresh properties of CEM and concrete mixtures. Assaad et al. [21] investigated the
relationships between the fresh and hardened properties of concrete and their corresponding
CEM mixtures. Erdem [22] reported satisfactory relationship between the rheological
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properties of SCC and their corresponding CEM. However, considering equal surface area can
neglect the variation of packing density of the granular skeleton. On the other hand, Kabagire
et al. [23] introduced the excess paste theory to improve the agreements between the fresh
properties of SCC and their corresponding CEM mixtures. Indeed, in addition to the portion of
cement paste required to fill the interparticle voids of aggregate, the excess paste volume
(excess paste EP) covers the aggregate surface area. More recently, Lee et. al [24] employed
the EP theory to propose a correlation between yield stress of concrete and its corresponding
CEM. The authors [24] successfully predicted the yield stress of concrete by establishing a
relationship between the PCE dosage and the EP thickness in CEM. Therefore, EP thickness

seems to be a key factor which is dependent on packing density of granular skeleton.

In this study, the workability, dying shrinkage, and mechanical performance of various SCEC
mixtures were evaluated using their corresponding CEM. As mentioned earlier, the
conventional CEM method was established to simulate the workability and mechanical
performance of its corresponding concrete by keeping the total surface area of aggregate
constant [21,23]. However, the variation of packing density of the granular skeleton was
neglected. This can therefore induce change in the thickness of EP, which can impact on the
correlation between the workability of concrete and its corresponding CEM. A schematic of a
unit volume of concrete consisting in compacted aggregate and excess paste volume is shown
in Fig. 3.2. Lower aggregate content than its maximum packing (¢ < @max) may require low
paste volume, namely compacted paste volume (Vcp), to fill the existing interparticle voids

between the compacted aggregate (Vca) and achieve the highest packing density (¢max). The

remaining paste volume, which is referred to the EP volume (Vep = 1- -

), can contribute to

max

reducing the internal frictions between the aggregate, thus enhancing the flowability of the

mixture. The excess paste volume is a function of the volumetric content-to-maximum packing

density of aggregate ratio, namely the relative solid packing fraction ( u ) [25].

max
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Fig. 3.2. (a) Schematic of a unit volume of concrete (V¢ = 1) as a suspension of aggregate in paste and (b)
excess paste volume (Vep) and compacted aggregate (Vca).

The average EP thickness (eep) can then be estimated by the ratio of the Vep-to-the total surface
area of aggregate (eer = Ver / Aaggregate). In order to achieve comparable workability of concrete
and its corresponding CEM, the coarse aggregate was replaced by sand while targeting an equal

eep, as follows:

| _Jsandtgravel Peqisand
_ Pmax:sand+gravel __ ) Pmax:sand
€ep = A T TA (34)
sand-+gravel eq:sand

where @sand+gravel, Peq:sand, Pmax:sand+gravel, @max:sand, Asand+gravel, aNd Aeg:sand are the volumetric
contents, packing density, and surface area of sand and gravel in SCEC mixture, as well as
sand in corresponding CEM mixtures, respectively. It is worthy to mention that in order to
obtain 3D surface area-to-volume ratio (Asp/V) of the aggregate particles coarser and finer than
1.25 mm, the Max3D laser scanner (Fig. 3.3a) and X-ray micro-CT scanner (Fig. 3.3b) were
employed, respectively [26-28]. Different subclasses of particles of the sand and coarse
aggregate, corresponding to different standard sieves, were scanned. The Aszp/V values of the
investigated sand and coarse aggregate were then calculated using the volumetric-weighted
arithmetic mean of Asp/V values of their corresponding subclasses, given their particle-size
distributions (PSD) (Table 3.5).
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(a) (b)

Fig. 3.3. (&) MAXscan 3D laser scanner and (b) X-ray micro-CT scanner.

3.2.2.2 Materials and test methods
A natural river sand (0-5 mm) and crushed limestone coarse aggregate (5-10 mm) were used.
The PSD, Asp/V, density, and water absorption of the aggregate are summarized in Table 3.5.

Table 3.5. Cumulative passing, 3D-surface area-to-volume ratio, density, and water absorption of sand and
coarse aggregate.

Coarse Aggregate, Nominal: 5-10 mm

Sieve size range (mm) Sand, Nominal: 0-5 mm (%) %)
20-28 -
14-20 - -
10-14 - 18.3
5-10 4.45 71.2
255 10.41 54
1.25-2.5 14.32 5.1
0.630-1.25 19.03 -
0.315-0.630 27.45

0.160-0.315 18.44

0.080-0.160 5.78

0-0.080 0.12 -
Agp/V (MHm?) 21583.4 859.8
Density (kg/m°) 2670 2720
Water absorption (%) 1.09 0.42

In this study, five different volumetric S/A of 0.5, 0.6, 0.7, 0.8, and 0.9 were selected to evaluate
the effect of packing density on concrete performance. The packing densities of the

investigated sand (Qmax:sand) and granular (@max:sand+gravel) Skeletons were then determined using

the intensive compaction tester (ICT) device [29], [30]. It consists in applying 50 gyratory

cycles at an angle of 40 mrad and a normal pressure of 20 kPa. These testing parameters were

recommended to prevent crushing of aggregate [26] (Table 3.6).
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Table 3.6. Packing density of the investigated sand (@max:sand) and gravel skeletons (@max:sand+gravet)-

SIA 0 0.5 0.6 0.7 0.8 0.9
Pmax: sand + gravel Qmax: sand = 0.605 0.788 0.797 0.786  0.770 0.753

The binder used to proportion the investigated SCEC mixtures is similar to that used to carry
out the research activities of Phase 1 detailed earlier. Similar influencing factors were

considered, as summarized in Table 3.7.

Table 3.7. Modelled factors and their corresponding levels.

Factors

Levels
Clay type Cement content (kg/m®) Ve (%) W/P Ce/Cl S/IA Admixture type

1 Type | 60 45 0.30 0.50 0.5 NaHMP
2 Type Il 90 48 0.35 0.75 0.6 Nasil
3 - 120 51 0.40 1.00 0.7 PCE
4 150 54 0.45 1.25 0.8 PNS
5 180 57 0.50 1.50 0.9 NE-PC

On the other hand, the CEM mixtures were made in batches of 6 L according to the ASTM
C305 specifications [15] for mortar. The MSF [16] and mini V-Funnel (MVF) [31] tests were
carried out at 0, 30, and 60 min immediately after mixing to evaluate the flowability and
workability loss of the investigated mortar mixtures. In the case of MVF, the funnel was filled,
and the bottom outlet was then opened to allow the mortar to flow out. The required time to
empty the cone was recorded as the MVF time. In the case of mortar mixtures, the compressive
strength was evaluated at different ages of 1, 7, and 28 days of age according to the ASTM
C109 specifications [18]. Drying shrinkage of the CEM mixtures was measured according to
the ASTM C596 specifications [32]. Moreover, the Atterberg limits [33], including the liquid
(LL) and plastic limits (PL), in each soil (clay, silt, and sand < 425 pum) were determined. It is
important to mention that the LL is defined as the moisture content above which the soil
behaves as a liquid, and PL is the moisture content beyond which the soil behaves plastic. The
plasticity index (PI) was also calculated as the difference between LL and PL values (Pl = LL
-PL).

All the SCEC mixtures were prepared in batches of 60 L using a rotating drum mixer. The
mixing sequence consisted in homogenizing the aggregate (sand + coarse aggregate) for 90 s,
then 1/3 of the mixing water was introduced and mixed for 60 s. The powder (silt, clay, and
cement) was then added and mixed for 30 s. The second 1/3 of the mixing water and HRWR
or dispersant admixture were added and mixed for an additional 60 s. The remaining 1/3 of
water was then added and the mixing was resumed for another 90 s. After 120 s of rest, the
mixing was presumed for an additional 180 s. Immediately after mixing, the slump flow (SF)

[31] and V-Funnel [34] tests were carried out to evaluate the flowability of the investigated
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SCEC mixtures. Moreover, the compressive strength of the investigated concrete mixtures was
determined at 1, 7, and 28 days of age using cylindrical specimens of 100-mm diameter and
200-mm height conforming the ASTM C39 standard [35]. Drying shrinkage of the investigated
SCEC and their corresponding CEM mixtures were also evaluated at 7, 14, 21, 28, and 90 days
of age according to the ASTM C157 specifications [36].

3.2.2.3 Paste, CEM, and concrete mixture proportions

It should be mentioned that each phase is complementary to the previous previous one.
Therefore, after conducting the first phase, the admixture demand to achieve the targeted MSF
and f'c.14 Of the 50 investigated SCEP mixtures (Phase 1) are summarized in Table 3.8 [37]. A
minimum f’c.1g 0f 1 MPa was selected to ensure the feasibility of demolding after 24 hours of
casting [38]. As can be observed in Fig. 3.4, the 50 paste mixtures were evaluated based on
their MSF and f'c-14 to ensure good compatibility between admixture and ternary binder system
and adequate strength for formwork removal. The paste mixtures satisfying these criteria were
then selected for further workability, compressive strength, and drying shrinkage investigation
on their CEM scale. CEM mixtures with optimum admixture dosage, 1-day compressive
strength, and 28-day drying shrinkage were selected for investigation in concrete scale. Finally,
key parameters were selected to predict CEM and concrete performance based on paste and

CEM mixtures, respectively.

The mixtures with f'c.1q greater than 1 MPa were chosen to carry out the mortar tests. Although
P14, P20, P21, P35, P36, P47, and P48 mixtures satisfied the required compressive strength
values, but they were not chosen due to their significantly high admixture demand. In total,
eighteen CEM mixtures were therefore selected for further investigation. The mixture
proportioning of the investigated CEM mixtures and their corresponding excess paste

thicknesses (eep) are summarized in Table 3.9.

According to the f'c.1a results of the investigated CEMs presented in Table 3.9, three concrete
mixtures C16, C22, and C37 proportioned with PCE type were selected (Table 3.10). The
selection criteria were based on their corresponding CEM mixtures achieving the targeted MSF
of 280 + 20 mm and the f'c.14 values higher than 1 MPa. Moreover, a cement-based reference
mixture Cref (i.€., without any clay) and its corresponding CEM (Mef) and paste (Pref) mixtures
were proportioned with PCE, W/P of 0.40, Vp of 0.45, and S/A of 0.5, as presented in Table
3.10.
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Fig. 3.4. Schematic sequence of the study carried out on paste, CEM, and concrete mixtures.
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Table 3.8. Proportioning, admixture demand, and f'c.14 Of the investigated SCEP mixtures [37].
Mix Cement Water Clay type | Silt W/P Admixture demand fe1d Mix Cement Water Clay type 1l Silt WP Admixture demand fe1a
No. (kg/m?3) (kg/m?®) (kg/m?®) (kg/m?®) (% binder) (MPa) No. (kg/m?®) (kg/m?®) (kg/m?®) (kg/m?®) (% binder) (MPa)
P1 1333 450.4 231.1 11369  0.30 0.510 0.75(0.01) P26 133.3 450.1 92.4 12744  0.30 0.400 1.04 (0.02)
P2 125.0 488.6 144.4 1126.6  0.35 2.700 0.67(0.01) P27 125.0 488.4 72.2 11983  0.35 0.240 0.50 (0.03)
P3 117.6 521.9 102.0 1085.1  0.40 0.065 0.32(0.01) P28 117.6 522.2 203.9 983.9 0.40 2.100 0.42 (0.04)
P4 1111 551.1 77.0 1036.6 0.5 0.050 0.37(0.01) P29 111.1 551.3 128.4 985.6 0.45 6.500 0.46 (0.02)
P5 105.3 577.0 60.8 988.0 0.50 0.000 0.31(0.02) P30 105.3 577.1 91.2 957.8 0.50 0.090 0.29 (0.04)
P6 200.0 490.7 173.3 10285  0.35 0.071 117(0.01) P31 200.0 491.1 346.7 856.5 0.35 1.400 0.59 (0.02)
P7 187.5 523.9 130.0 992.4 0.40 0.350 0.41(0.02) P32 1875 524.2 216.7 906.3 0.40 0.750 1.09 (0.04)
P8 176.5 553.2 102.0 950.8 0.45 0.600 0.48(0.01) P33 176.5 553.3 152.9 900.2 0.45 0.280 0.53 (0.03)
P9 166.7 579.7 288.9 703.7 0.50 0.110 0.51(0.01) P34 166.7 579.1 115.6 876.0 0.50 0.700 0.54 (0.07)
P10 157.9 450.9 182.5 11625  0.30 0.170 1.56 (0.04) P35 157.9 450.6 91.2 12530  0.30 7.500 1.07 (0.04)
P11 266.7 526.2 154.1 894.9 0.40 0.120 3.11(0.04) P36 266.7 526.5 231.1 818.4 0.40 12.000 1.30 (0.04)
P12 250.0 556.3 433.3 553.0 0.45 0.081 1.46 (0.02) P37 250.0 555.6 1733 811.3 0.45 0.390 1.86 (0.09)
P13 235.3 581.7 271.9 656.3 0.50 0.490 0.40 (0.01) P38 235.3 581.3 135.9 791.4 0.50 0.100 0.54 (0.04)
P14 222.2 452.5 192.6 10934  0.30 4,000 2.11(0.01) P39 222.2 452.9 385.2 902.3 0.30 NA* -
P15 210.5 490.9 146.0 1046.0  0.35 0.075 2.60(0.12) P40 210.5 491.1 243.3 949.4 0.35 2.600 0.63 (0.04)
P16 3333 558.7 385.2 5230 045 0.175 2.94(0.24) P41 3333 558.1 192.6 7143 045 1.800 0.36 (0.03)
P17 3125 584.1 270.8 584.9 0.50 0.100 191(0.01) P42 3125 585.0 541.7 315.8 0.50 NA* -
P18 294.1 454.2 203.9 1016.0  0.30 0.068 5.69 (0.09) P43 294.1 454.6 339.9 881.2 0.30 2.400 0.85 (0.06)
P19 2778 492.7 160.5 969.4 0.35 0.520 0.80 (0.04) P44 277.8 4929 240.7 889.7 0.35 1.050 2.19 (0.05)
P20 263.2 527.0 456.1 598.2 0.40 4.800 1.75(0.03) P45 263.2 526.2 1825 869.9 0.40 0.420 1.33 (0.04)
P21 400.0 586.9 277.3 496.4 0.50 3.600 1.71(0.07) P46 400.0 587.5 462.2 312.7 0.50 6.400 0.34 (0.02)
P22 375.0 456.2 216.7 929.1 0.30 0.130 6.92(0.21) P47 375.0 456.5 325.0 821.6 0.30 4.900 3.13(0.06)
P23 352.9 495.8 611.8 452.0 0.35 0.430 520 (0.09) P48 352.9 494.9 244.7 816.3 0.35 15.000 2.14 (0.09)
P24 333.3 528.8 385.2 603.4 0.40 0.079 2.86 (0.04) P49 333.3 528.2 192.6 794.6 0.40 0.380 2.04 (0.04)
P25 315.8 557.8 273.7 650.1 0.45 0.550 3.24(0.02) P50 315.8 558.6 547.4 378.3 0.45 8.300 0.43 (0.04)

* NA: Targeted MSF value not achieved; (): standard deviation
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Table 3.9. Proportioning and egp of the investigated CEM mixtures.

Mix No. Cement (kg/m%)  Water (kg/m®)  Clay type I (kg/m®)  Clay type Il (kg/m®)  Silt (kg/m®)  W/P  Sand (kg/m®) e (um)  fe1a (MPa)
M6 100.0 2453 86.7 - 514.2 0.35 1197.2 40.2 -

M10 101.6 290.1 117.4 - 748.0 0.30 815.6 88.4 1.3(0.04)
M11 149.3 294.6 86.2 - 500.9 0.40 1038.0 56.0 2.3 (0.08)
M12 139.6 310.7 242.0 - 308.8 0.45 1041.6 55.6 1.3(0.04)
M15 147.0 342.8 101.9 - 730.4 0.35 669.6 121.4 1.7 (0.05)
M16 157.7 264.3 182.2 - 247.4 0.45 1268.7 34.4 2.8 (0.10)
M17 192.8 360.4 167.1 - 360.9 0.50 885.6 76.5 1.6 (0.04)
M18 181.5 280.4 125.9 - 627.2 0.30 885.1 76.5 4.6 (0.10)
M22 198.7 241.7 114.8 - 492.2 0.30 1117.7 47.6 5.6 (0.12)
M23 188.1 264.3 326.1 - 240.9 0.35 1109.1 48.4 3.6 (0.08)
M24 224.1 355.5 259.0 - 405.7 0.40 738.4 104.2 2.3(0.14)
M25 212.0 374.5 183.7 - 436.4 0.45 741.4 103.5 0.5 (0.02)
M26 63.1 212.9 - 43.7 602.9 0.30 1268.7 344 -

M32 99.3 277.7 - 114.8 480.2 0.40 1117.7 47.6 -

M37 147.2 327.2 - 102.1 477.8 0.45 960.3 65.6 1.5(0.02)
M44 179.1 317.8 - 155.2 573.6 0.35 812.1 89.1 -

M45 169.3 338.6 - 117.4 559.7 0.40 815.6 88.4 0.5 (0.02)
M49 187.6 297.3 - 108.4 447.2 0.40 1030.1 56.9 2.5(0.04)

(): standard deviation
Table 3.10. Mixture proportions of the investigated SCEC mixtures, as well as reference CEM and paste ones.

Mix No. Cement (kg/m3®)  Water (kg/m®)  Clay type | (kg/m®)  Clay type Il (kg/m®)  Silt (kg/m®)  W/P  Sand (kg/m®)  Gravel (kg/m®)  egp (um)
C16 150.0 251.4 173.3 - 235.3 0.45 1197.0 136.0 344
C22 180.0 219.0 104.0 - 4459 0.30 1000.2 255.7 47.6
C37 120.0 266.7 - 83.2 389.4 0.45 750.1 511.4 65.6
Cref 627.2 250.9 - - 0 0.40 665.0 680.0 65.1
Mies 818.7 3275 - - 0 0.40 964.5 0 65.1
Pres 1393.8 557.5 - - 0 0.40 0 0 -
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3.2.3 Phase 3: New insight on rheology of self-consolidating earth concrete (SCEC)

3.2.3.1 Materials and testing methods
Similar materials used in Phases 1-2 were used to conduct the experiments of Phase 3. The PSDs

of the aggregate are presented in Fig. 3.5.
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Fig. 3.5. Particle-size distributions of the sand and gravel.
Rheometric tests were conducted on the investigated paste mixtures using the Anton Paar MCR
302 rheometer with parallel-plates geometry, as shown in Fig. 3.6. It should be noted that coaxial
geometry could not be employed due to the presence of silt particles up to 75 um. The viscoplastic
properties of the paste mixtures were measured using a shearing protocol that consists in applying
a pre-shearing of 150 s for 120 s, followed by stepwise descending regime to a shear rate of 1 s

during 105 s, as shown in Fig. 3.7a.

Moreover, a hysteresis-loop shearing protocol was applied to evaluate the thixotropy of the paste
mixtures, as shown in Fig. 3.7b. This consists in applying a pre-shearing of 50 s* for 30 s, followed
by a 30-s resting period (0 st). After the resting period, the shear rate values increased step-wise
from 0.1 s to 150 s during 90 s, followed by a step-wise shear-rate reduction to its initial value
0.1 s for another 90-s period [39-41]. The enclosed area between the increasing (Up) and
decreasing (Down) shear stress-shear rate curves was then calculated and used to assess the
breakdown and thixotropy of the investigated paste mixtures [42]. On the other hand, the ConTec

5 and 6 rheometers were used to evaluate the rheological properties of the investigated concrete
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mixtures and their corresponding CEMs, respectively. The Bingham and Herschel-Bulkley models
were applied to estimate the rheological parameters of the investigated mixtures, as follow:

Bingham model: T = 1o + ppXy (3.5)

Herschel-Bulkley model: T = 1o + kxy" (3.6)

where 1, To0, Hp, ¥, K, and n are shear stress, yield stress, plastic viscosity, shear rate, consistency,
and pseudoplastic indices, respectively. It must be also noted that the viscoplastic and thixotropic

measurements were carried out at 0, 30, and 60 min after mixing.

(b)

3mmI

Fig. 3.6. (a) AntonPaar rheometer with parallel-plate geometry and (b) schematics of the parallel-plates
system geometry.
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Fig. 3.7. Shear protocol employed to assess (a) viscoplastic properties and (b) thixotropy of the investigated

3.2.3.2 Mixtures proportioning

paste mixtures.

First, eighteen paste mixtures were selected out of the 50 investigated mixtures [37] to proportion

the CEM mixtures, based on their 1-day compressive strength (> 1 MPa) and admixture demand
to achieve a targeted MSF of 280 £ 20 mm. Similarly, the MSF values of the 18 selected CEM

mixtures were assessed to secure the targeted MSF of 280 + 20 mm. Finally, according to the CEM

results, three SCEC mixtures were selected. It is worthy to mention that only the SCEC mixtures

proportioned with PCE were chosen to avoid complexity of admixture-type effect on the

rheological results. Moreover, a reference concrete mixture (Crer) and its corresponding CEM (Myef)

were also investigated. These mixtures were proportioned with PCE and without any clay content.
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The mixture proportioning of the investigated paste (P), CEM (M), and SCEC (C) mixtures are

summarized in Table 3.11.

Table 3.11. Investigated parameters and their corresponding levels to proportion the investigated SCEC mixtures

[37].
Mix No. Admixture Cement Water Clay (kg/m’) Silt W/P Vp Sand Gravel SIA eep
type (kg/m’)  (kg/m’)  Typel  Typell  (kg/m’) (%) (kg/m’)  (kg/m?) (um)
P6 NE-PC 200.0 490.7 1733 - 1028.5 0.35 - - - - -
P10 PNS 157.9 450.9 182.5 - 1162.5 0.30 - - - - -
P11 PNS 266.7 526.2 154.1 - 894.9 0.40 - - - - -
P12 NE-PC 250.0 556.3 433.3 - 553.0 0.45 - - - - -
P15 PCE 2105 490.9 146.0 - 1046.0 0.35 - - - - -
P16 PCE 333.3 558.7 385.2 - 523.0 0.45 - - - - -
P17 PNS 312.5 584.1 270.8 - 584.9 0.50 - - - - -
P18 NE-PC 294.1 454.2 203.9 - 1016.0 0.30 - - - - -
2 P22 PCE 375.0 456.2 216.7 - 929.1 0.30 - - - - -
& P23 PNS 352.9 495.8 611.8 - 452.0 0.35 - - - - -
p24 NE-PC 3333 528.8 385.2 - 603.4 0.40 - - - - -
P25 NaHMP 315.8 557.8 273.7 - 650.1 0.45 - - - - -
P26 PNS 133.3 450.1 - 92.4 1274.4 0.30 - - - - -
P32 PNS 187.5 524.2 - 216.7 906.3 0.40 - - - - -
P37 PCE 250.0 555.6 - 1733 811.3 0.45 - - - - -
P44 PNS 277.8 492.9 - 240.7 889.7 0.35 - - - - -
P45 NE-PC 263.2 526.2 - 1825 869.9 0.40 - - - - -
P49 PCE 3333 528.2 - 192.6 794.6 0.40 - - - - -
M6 NE-PC 100.0 2453 86.7 - 514.2 0.35 45 1197.2 - 1 40.2
M10 PNS 101.6 290.1 117.4 - 748.0 0.30 57 815.6 - 1 88.4
M11 PNS 149.3 294.6 86.2 - 500.9 0.40 45 1038.0 - 1 56.0
M12 NE-PC 139.6 310.7 242.0 - 308.8 0.45 48 1041.6 - 1 55.6
M15 PCE 147.0 342.8 101.9 - 730.4 0.35 57 669.6 - 1 1214
M16 PCE 157.7 264.3 182.2 - 247.4 0.45 45 1268.7 - 1 34.4
M17 PNS 192.8 360.4 167.1 - 360.9 0.50 48 885.6 - 1 76.5
M18 NE-PC 1815 280.4 125.9 - 627.2 0.30 51 885.1 - 1 76.5
s M22 PCE 198.7 241.7 114.8 - 492.2 0.30 48 1117.7 - 1 47.6
ol M23 PNS 188.1 264.3 326.1 - 240.9 0.35 51 1109.1 - 1 48.4
M24 NE-PC 224.1 355.5 259.0 - 405.7 0.40 54 738.4 - 1 104.2
M25 NaHMP 212.0 3745 183.7 - 436.4 0.45 57 741.4 - 1 103.5
M26 PNS 63.1 212.9 - 43.7 602.9 0.30 45 1268.7 - 1 34.4
M32 PNS 99.3 277.7 - 114.8 480.2 0.40 48 1117.7 - 1 47.6
M37 PCE 147.2 327.2 - 102.1 477.8 0.45 48 960.3 - 1 65.6
M44 PNS 179.1 317.8 - 155.2 573.6 0.35 54 812.1 - 1 89.1
M45 NE-PC 169.3 338.6 - 117.4 559.7 0.40 57 815.6 - 1 88.4
M49 PCE 187.6 297.3 - 108.4 447.2 0.40 54 1030.1 - 1 56.9
Myt PCE 818.7 3275 - - - 0.40 45 964.5 - 1 65.1
C16 PCE 150.0 251.4 173.3 - 235.3 0.45 45 1197.0 136.0 0.9 34.4
Q c22 PCE 180.0 219.0 104.0 - 445.9 0.30 48 1000.2 255.7 0.8 47.6
8 C37 PCE 120.0 266.7 - 83.2 389.4 0.45 48 750.1 511.4 0.6 65.6
Cret PCE 627.2 250.9 - - - 0.40 45 665.0 680.0 0.5 65.1
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3.2.4 Phase 4: Hygrothermal and microstructural characterization of self-

consolidating earth concrete (SCEC)

3.2.4.1 Materials and mixtures proportioning

The proportioning of the investigated concrete mixtures carried out to investigate the hygrothermal
properties are summarized in Table 3.12. The three SCEC mixtures were carefully selected (based
on 1-day compressive strength [35] of more than 1 MPa and achieving the slump flow [31] of 700
mm with no visual segregation). The SECE mixtures were proportioned with various clay
types/contents and Atterberg limits [33], as presented in Table 3.13. Due to plasticity of earth-
based materials containing clay, Atterberg limits of the corresponding earths (i.e., clay, silt, and
sand < 425 pum) were evaluated in terms of liquid limit (LL), plastic limit (PL) and plasticity index
(PI). 1t should be noted that Atterberg limits are presented only for SCEC mixtures since there is
no clay and silt in the reference mixture. 28-day drying shrinkage [36] values of the investigated

mixtures are also presented in Table 3.13, concluded from Phase Two.

Table 3.12. Proportioning of the investigated mixtures.

Mix Cement Water Clay Type | Clay Type I Silt Sand Gravel
No. kg’  (kg/m?) (kg/m?) (kg/m?) kamy WP gm)  (kgm?)
Cret 627.2 250.9 - - 0 0.40 665.0 680.0
C120-I1 120.0 266.7 - 83.2 389.4 0.45 750.1 511.4
C150-I 150.0 251.4 1733 - 2353 0.45 1197.0 136.0
C180-I 180.0 219.0 104.0 - 4459 0.30 1000.2 255.7
Table 3.13. Atterberg limits of the three investigated earth mixtures.
Atterberg limits Compressive strength (MPa)

Mix 28-day drying

No. LL (%) PL (%) PI (%) 1-day 28-day shrinkage (%)

Cret - - - 22.7 52.4 0.037

C120-11 328 218 11.0 1.2 33 0.104

C150-I 18.9 14.9 4.0 1.9 6.2 0.093

C180-I 18.9 15.8 3.1 33 12.0 0.078

3.2.4.2 Test methods

Concrete mixtures were prepared using a rotating drum mixer. Hygrothermal and microstructural
characterization of the samples were investigated after 28 days of curing at 23°C and 100% relative
humidity, as follow:



Chapter 3. Methodology 63

3.2.4.2.1 Sorption isotherm

The sorption isotherm test, carried out in isothermal conditions, characterizes the relationship
between water content and relative humidity of the surrounding environment in various moisture
conditions ranging from 0 to 95%. The following procedure was treated for the measurements: The
samples were oven dried at 40°C for 24 h followed by being degassed under air vacuum to ensure
drying procedure. The samples were then weighed to calculate the dry mass and analyzed with SPS
ProUmid device using manometric method, as presented in Fig. 3.8 [43]. The cubic samples,
measuring 15 mm x 15 mm x 15 mm dimensions, were treated in adsorption-desorption isotherms.
The changes in volume of water vapor adsorbed or desorbed were measured for each sample at a
fixed temperature. The calculations were based on the adsorbed water by procurement of vapor
pressure and perfect gas formula [44]. The volumetric method was treated for water vapor sorption
isotherms. In order to achieve more precise measurements, Belsorp aqua-3® device is equipped
with three analysis ports to allow high output measurements. This method can attenuate possible
inaccuracies used in the gravimetric methods by overcoming the sensitivity of the weighing

devices.

3 oum

Fig. 3.8. Scheme of thsrua ei.




Chapter 3. Methodology 64

3.2.4.2.2 Water vapor permeability

As one of the critical hygric properties, water vapor permeability test is essential for
characterization of building materials by providing information regarding migration of moisture in
the samples. This migration is referred to vapor diffusion. The measurements were performed at
23°C using the cup method according to EN ISO 12572 standard [45]. The samples include
cylinders of 78-mm diameter and 20-mm height. The test procedure aimed to apply a pressure
gradient between two sides of the sample. The gradient for dry cup consisted of 3% relative
humidity inside the cup, and 50% outside. By using a Gravitest® device as a climatic chamber,
each cup was automatically weighed with a high precision of 0.00001 g.

3.2.4.2.3 Gas permeability

Gas permeability of the mixtures was measured by means of Cembureau permeameter, as presented
in Fig. 3.9, on cylindrical samples measuring 11-mm diameter and 50-mm thickness [46]. The
samples were preconditioned at 45°C temperature under vacuum until mass stabilization. These

samples were then surrounded by a resin to ensure a unidirectional flow during the test.

Fig. 3.9. Scheme of the Cembureau permeamete.
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Specific permeability coefficient Ka was calculated using the modified Darcy’s equation, as

follows:
2[1P0(QIJ Vv
Ka=———- where Q=—
A T, (3.7)

where p (Pa.s), Po (Pa), P1 (Pa), Q (m¥s), L (m), A (m?), V (m®), and tayg (S) are the dynamic
viscosity of the gas, entrance and exit absolute pressure values, volumetric flow, sample thickness,
surface area of the sample section, volume of the bubble flowmeter, and average passing time,
respectively. It should be noted that the measured permeability coefficient is apparent permeability.
Each test was performed under three different high pressures of 150, 200, and 250 kPa to assess

the intrinsic permeability (Kin). Using Klinkenberg method [47], Kint was calculated as the

Py+P;

interception of the Ka curve with respect to 1/Pm (where P = >

) as:

p
KA:Kint(P_+1) 3.8)

where B (Pa) is the Klinkenberg coefficient which varies with the intrinsic permeability [48].

3.2.4.2.4 Heat capacity

Calvet® calorimeter was used to measure the specific heat capacity, as presented in Fig. 3.10. The
samples included cylinders of 7 mm in diameter and 5 cm in height. The reference cell and tested
sample, in sealed cylinders, were enclosed in the calorimeter block to perform the test. In this
device, samples were surrounded by 3D Calvet sensors so that all the emitted heat can be measured.
A cryostat was also connected to regulate the internal temperature of the calorimeter. The test was
performed in a temperature range of -10 to 40°C with a heating rate of 0.1°C/min. It is worth
mentioning that since the heat loss of the 3D sensors is less than 10%, rather than those of the 2D

sensors (50% to 70%), the 3D Calvet sensors are more accurate than the 2D ones.
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Fig. 3.10. Scheme of the Calvet calorimeter.

3.2.4.2.5 Thermal conductivity

This inherent thermal property was measured in stationary conditions using the standard method
of guarded hot plate conforming with EN 12664 [49] and EN 12667 [50]. The samples measured
15 x 15 cm? with a height of approximately 5 cm. The tests were carried out using the A-Meter®
EP500e device, as shown in Fig. 3.11. This set-up enables the heat transfer through a surface plate
limited between two parallel cold and hot isotherm planes to impose a fixed temperature gradient.
It is worth mentioning that transversal heat dissipation should be prevented since the longitudinal
heat flow through the sample thickness should be considered. Putting guard rings surrounding the
side of the samples can be favorable for this purpose. Thermal conductivity was thus calculated
through the electrical power provided by the device.
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Insulation Samp]_e Insulation

Fig. 3.11. Scheme of the Lambda-meter EP500e.

3.2.4.2.6 Thermogravimetric analysis (TGA)

The samples were vacuumed dried at 45°C to remove the water bound in the samples.
Consequently, TGA procedure was performed on 100 mg of sample heated at a 10°C/min rate up
to 1000°C.

3.2.4.2.7 Water porosity measurements

Three cubic samples of 5 x 5 x 5 cm® were used to determine the porosity of the concrete mixtures
according to AFPC-AFREM [51]. Initially, the samples were water-saturated in order to obtain the

saturated mass. The porosity was then calculated, as follows:

Mair' dry
g, =— Y %100 (%)
P Mair'Mwater ’ (39)

where Mair, Mary, and Mwater are the weight of saturated sample after removing from the water, dry
sample weight (dried at 80 °C until mass stabilization), and hydrostatic weight of the sample
saturated in water, respectively. Furthermore, surface pores and smoothness of the mixtures were
also analyzed using a Keyence® VHX-7000 digital microscope.
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3.2.4.2.8 Porosity measurements (3Flex)

The porous properties of the investigated mixtures, including surface area, pore volume, and pore
size distribution, were measured using a 3Flex—high resolution surface characterization analyzer
apparatus from Micromeritics®. Relative pressure (P/Po) can be as low as 1.3 x 10° up to 1.0. The
device allows advanced dosing method N. adsorption which can be measured by defining both
pressure and volume increments. Hysteresis loop is associated with capillary condensation taking
place in the mesopores which limits uptake at high relative pressure. It should be noted that prior
to N2 adsorption/desorption measurements, the samples (100-200 mg) were degassed in vacuum
condition. The mass of each sample was measured with high precision microbalance with a
resolution of 1 pg. This testing reflects useful information for multilevel porosity, including the

micropores (< 2 nm), mesopores (2-50 nm), and macropores (> 50 nm).

3.2.4.2.9 Mercury intrusion porosimetry (MIP)

The pore size distribution was determined using mercury intrusion. The samples were initially dried
at a temperature of 45°C before the test until mass stabilization. Micromeritics Porosimeter
(Autopore 111 9420) with pressure range up to 400 MPa was used which can ensure the mercury to

penetrate the pores ranging between 0.003 to 360 pm diameter, according to Laplace’s law.

3.2.4.2.10 Microstructure observations

Surface microstructure observation was carried out using the CMOS-based digital microscope
VHX 7000 (Keyence) with a magnification of x6000 in the optical wavelength range.
Magnifications of E20x20, E20x80, E100x150 and E500x500 were used to capture the
observations. Furthermore, the morphological characteristics of the mixtures were analyzed using
a scanning electron microscope (SEM) equipped with an Oxford Energy Dispersive Spectroscopy
(EDS).
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Abstract

Rammed earth (RE) construction is an ancient sustainable construction method, which offers
various economic and environmental advantages such as the availability of local materials.
However, RE construction is a very time-consuming and labor-intensive process due to the
consolidation required to achieve the targeted performance. The use of self-consolidating earth
concrete (SCEC) can facilitate casting and speed the construction process. However, developing
SCEC is challenging due to the presence of clay in earth, which can significantly hinder
flowability. Optimizing the paste matrix of SCEC, namely self-consolidating earth paste (SCEP),
is essential for achieving targeted workability performance of SCEC. In this study, the Taguchi
method was employed to evaluate the effect of various mixture parameters, including clay and
admixture type, cement content, and water-to-powder (W/P) and cement-to-clay (Ce/Cl) ratios to
proportion SCEP mixtures. These parameters form different binder compositions with various
Atterberg limits and water contents to investigate the compatibility and efficiency of different
admixture types on the workability and compressive strength of their corresponding SCEP
mixtures. Adequate clay dispersion was achieved using sodium hexametaphosphate (NaHMP)
whereas polycarboxylate ether (PCE) was only efficient on cement particles. Sodium silicate
(NaSil) did not contribute to dispersion of single-powder systems, while sodium polynaphtalene
(PNS) and non-esterified polycarboxylate (NE-PC) showed compatibility with both clay and
cement particles. Signal-to-noise ratio (S/N) analyses revealed that lower cement content and
higher W/P and Ce/Cl resulted in lower admixture demand for targeted workability and marsh
cone test (MCT) values. Regarding 1-day compressive strength, to facilitate the demolding
process, PNS, PCE and NasSil showed the highest efficiency. As concluded from the analysis of
variance (ANOVA), clay and admixture type had the highest contribution on workability, while
cement content and W/P were significant on compressive strength. Several theoretical models were
also established to predict the workability of SCEP mixtures from Atterberg limits of the
corresponding soil. Finally, a new SCEP proportioning approach was proposed based on the

established models and compressive strength contours to be used for different earth types.

Keywords: Self-consolidating earth paste; Clay; Ternary-binder system; Taguchi analysis;

Atterberg limits.
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4.1 Introduction

Building and construction industry accounts for over 30% of the extracted resources and 48% of
energy-related CO, emissions [1]. As one of the most used materials in construction, cement is
responsible for 5% of global CO emissions [2]. One of the main approaches to reduce its carbon
footprint is the use of sustainable construction materials as an alternative for cement clinkers [3].
Supplementary cementitious materials (SCMs) can decrease the demand of cement production
and, consequently, reduce its negative environmental impacts. Earth construction, such as wattle
and daub, cob, masonry adobe bricks, and rammed earth (RE) can contribute to getting the
construction industry on track to reach global climate targets. RE, as one of the common earthen
constructions, was neglected for a long time due to the evolution of cement-based materials [4].
Because of the low environmental impacts of earth-based materials, RE construction has recently
gained interest in different applications. RE makes it possible to achieve a wider variety of textures
compared to other conventional construction materials with better energy efficiency, and superior
thermal performance, and indoor air quality [5,6]. Earth-based materials are also available
resources which can contribute to decreasing the consumption of natural resources and industrial
materials. Therefore, earthen materials can be used as SCM in concrete mixtures [7]. Despite the
above-mentioned advantages of RE, the compaction process is time and energy consuming.
Moreover, layer-by-layer casting can lead to moisture and compaction variation along the wall,

which causes material performance deficiencies.

Self-consolidating earth concrete (SCEC) can eliminate the mechanical compaction and speed up
the casting process. Earth is a composition of clay, silt, sand, and gravel in the order of their size
from sub-um to several mm [8]. Clay and silt are generally used as binder in earth concrete [9]. In
stabilized earth concrete, cement, clay, and silt act as a ternary-binder system. On the other hand,
earth consists of a wide variety of soils, which can be used as earth-based materials with variable
clay fractions [10]. Clay minerals consist of fine particles with high specific surface area (SSA),
depending on their minerals [11], hence leading to challenges in achieving proper deflocculation
and high flowability of SCEC. Desired flowability can be hindered due to the high specific surface
area, water absorption, nucleation promotion, and flocculation of fine particles [12]. A high
concentration of fine particles increases the viscosity and yield stress of SCC and, consequently,

stability due to higher interparticle friction. This can, however, lower its flowability. A flowable
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paste can be only achieved when a compatible admixture-clay particle system is used. Oullet-
Plamondon and Habert [9] reported the efficiency of polycarboxylate ether (PCE) as a high-range
water reducer (HRWR) agent to enhance the flowability of self-compacting clay-based concrete
in the presence of cement. However, in the absence of cement, PCE does not contribute to
dispersing clay particles and decreasing the yield stress of earth-based materials [13]. Sodium
hexametaphosphate and sodium silicate, used as deflocculants, exhibited significant dispersion
effect on natural clay materials by increasing their overall negative surface charge and alkalinity
[14-22]. There have been several attempts in the literature to evaluate the compatibility of
chemical admixtures in SCEC mixtures. However, there is no comprehensive study to investigate
the efficiency of clay dispersants and HRWR admixtures in the presence of different compositions
of ternary binder systems, mineral types, and water contents. Their efficiency to achieve the
desired flowability, in the presence of clay particles, remains ambiguous.

Due to the low cement content, the second challenge is the setting promotion to assess the
feasibility of formwork removal. Similarly to self-consolidating concrete (SCC), rheology,
stability, and compressive strength can be enhanced by using proper packing density and optimum
content of fine particles [23-26]. Coagulants have been used to promote setting. Landrou et al.
[13] investigated the efficiency of calcium products on earthen materials, dispersed with clay
dispersants. The authors reported that different Ca2+ release rates precipitated in C—S—H formation
in the presence of dispersing agents by an anti-plasticity effect. Gelling agents, such as alginic
salts, have also been recommended for fast demolding [27-29]. Alginate chains form a connection
by intercalating divalent cations [30]. Furthermore, Ouellet-Plamondon et al. [9] recommended
using a calcium sulfoaluminate cement (CSA) to promote early setting time. This was related to
the CSA potential to promote high early-age strength [31]. However, further studies are required

to identify the appropriate cement and water content ranges for different types of earth.

In the case of earth concrete, it is common to use locally available earth. The existence of different
soil types makes it difficult to establish a general mixture proportioning method (the third
challenge of designing SCEC). Earth is a mixture of particles with different shapes, sizes and
mineralogical natures [8]. The mineralogical composition in earthen materials varies from one
extraction site to another. Therefore, predicting the behavior of earth is challenging due to the
diversity of the materials and numerous variables that need to be considered [32]. Identifying the
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key characteristics of soils affecting the properties of earth concrete is essential to facilitate the
material selection and design procedure. In the case of soils, Atterberg limits are key parameters
to characterize and predict their behavior given their constituents [33-36]. Atterberg limits [37],
including the liquid (LL) and plastic limits (PL), are defined as the moisture contents beyond which
the soil behaves as a liquid and plastically, respectively. The plasticity index (P1) is defined as the
difference between LL and PL. These properties are important to define the behavior of soils in
the presence of water, which is critical in the case of SCEC. Clay plays a significant role on the
plasticity behavior of soils. In addition to its water content, the clay type and content have a
dominant effect on Atterberg limits of a soil [33]. These soil characteristics can be used as key
parameters to predict the workability of SCEC mixtures, proportioned with different admixture
types. Practical guidelines can then be proposed for recommended soil characteristics to achieve
targeted workability properties.

Using the conventional design of experiment methods, the number of experiments exponentially
increases with a higher number of variables to be studied. This can lead to the consumption of a
greater quantity of materials, longer time, and higher cost to perform such experimental sets. The
Taguchi method has been commonly used as an alternative to optimize the number of experiments
to evaluate the impact of a large number of variables [38,39]. In addition to the number and cost
of the experiments, the influencing factors can be optimized to achieve the targeted values of the
specific response using the Taguchi method [40].

In this study, the Taguchi design of experiment (TDOE) was employed to investigate the efficiency
of various influencing factors, including cement content, clay type, water-to-powder ratio, cement-
to-clay ratio, and admixture type, on the workability and compressive strength of self-
consolidating earth pastes (SCEP) that can be used to proportion SCEC mixtures with targeted
properties. Incorporating different types of admixtures with fifty different soil types with a wide
range of Atterberg limits can broaden the application of SCEC on different rurally available earth
types. Signal-to-noise ratio (S/N) and ANOVA analyses were also implemented to evaluate the
contribution of each factor on modelled responses. The type of admixtures, as well as their specific
synergy with different soil compositions and ternary binder systems of SCEP were considered as
some of the main influencing parameters. The admixtures used in this study are the common

HRWR admixtures for cement-based SCC and dispersants used as deflocculants for clay particles.
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Synergy of these admixtures in the presence of ternary binder systems of SCEP was evaluated.
Workability of the investigated SCEP mixtures was correlated to binder and soil characterization
parameters. The results of this study can be useful to establish guidelines to facilitate proportioning
SCEP mixtures based on key characteristics of powders and admixture types.

4.2 Experimental program
4.2.1 Taguchi method

This paper aims to study the effect of various factors on the workability, workability loss, and
compressive strength of SCEP mixtures. Given the high number of variables that affect the
workability and strength of SCEC, parametric optimization is time and energy consuming. The
number of experiments will be numerous in a full factorial design, which is practically impossible
to carry out. The Taguchi design of experiment (TDOE) has been widely used for experimental
design of concrete materials studies [41,42]. TDOE is a well-known method to optimize the
number of experiments and identify the most influencing parameters on modelled properties.
TDOE is mainly based on fractional factorial experiments using orthogonal arrays [43,44]. Using
the TDOE approach, the individual effects and interactions of a given number of factors can be
studied with a significantly lower number of experiments. Using the TDOE, Gencel et al. [45]
studied the effect of fly ash and foam contents, fiber ratio, and length on compressive strength and
durability of hemp fiber reinforced foam concrete with fly ash. In another study, Dave and
Bhogayata [46] used the TDOE approach to optimize the workability and strength criterion of
geopolymer concrete with the introduction of four 3-level governing factors. In addition to
minimizing the experimental cost, TDOE is useful for optimizing mixture parameters and

achieving targeted properties.

The main parameters investigated in this study include the clay type, cement content, volume of
paste Vp, water-to-powder ratio W/P (by mass), volumetric cement-to-clay ratio (Ce/Cl),
volumetric sand-to-total aggregate ratio (S/A) of corresponding SCEC mixtures, and admixture
type. The experimental results are converted into signal-to-noise (S/N) ratios reflecting the
deviation of the actual experimental results from the targeted ones. The investigated factors and

their corresponding levels used for TDOE are summarized in Table 4.1.
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Table 4.1. Investigated factors and their corresponding levels.

Levels

Factors

1 2 3 4 5
Clay type Type | Type Il - -
Cement content (kg/m®) 60 90 120 150 180
Paste volume (Vp) (%) 45 48 51 54 57
Water to powder ratio (W/P) 0.30 0.35 0.40 0.45 0.50
Cement to clay ratio (Ce/Cl) 0.50 0.75 1.00 1.25 1.50
Sand-to-total aggregate ratio (S/A) 0.5 0.6 0.7 0.8 0.9
Admixture NaHMP NasSil PCE PNS NE-PC

As can be observed in Table 4.1, two different types of soil (i.e., two-level factor) were investigated
to highlight the efficiency of clay mineralogy and ensure the coverage of a wide range of Atterberg
limits for modelled soils. On the other hand, the other investigated factors were evaluated at five
different levels. Cement contents, as the key parameter of setting promotion, corresponding to 60,
90, 120, 150, and 180 kg/m? were investigated. These ranges are based on those recommended in
the literature for cement-stabilized earth concrete [10,47]. Moreover, paste volumes (Vp) of 45%,
48%, 51%, 54%, and 57% were evaluated. It is worthy to mention that the paste consists in air,
water, and powders, including clay, silt, and cement. The paste mixtures investigated were
proportioned with five W/P ratios of 0.30, 0.35, 0.40, 0.45, and 0.50. Furthermore, the volumetric
cement-to-clay ratio (Ce/Cl) was selected as a main factor to control the clay content and evaluate
the packing and fineness of powder constituents. Accordingly, five different Ce/Cl ratios of 0.50,
0.75, 1.00, 1.25, and 1.50 were selected. Sand-to-total aggregate ratios (S/A) of 0.5, 0.6, 0.7, 0.8,
and 0.9 were also evaluated. These levels were selected to cover a wide range of characteristics of
the parameters investigated Finally, the chemical admixture types were considered in five levels
to investigate their synergy on the ternary binder system (i.e., clay, silt, and cement). The first two
admixtures were sodium hexametaphosphate (NaPOs)s (noted as NaHMP in this paper) and
sodium silicate Na>SiOsz (referred as NaSil), used as dispersing agents in the suspensions
containing clay. They are used to increase the overall negative surface charge and alkalinity of
earth cations, hence increasing pH of the solution [14-22]. Polycarboxylate ether (PCE), sodium
polynaphtalene (PNS), and non-esterified polycarboxylate (NE-PC) admixtures were also
investigated. The efficiency of these admixtures was investigated in cement pastes, although their
performance in dispersion of ternary powder systems of SCEP is still ambiguous, as well as how
they compare with clay dispersing agents. The effects of two- and five-levels factors on the

modelled properties were evaluated using a L50 orthogonal Taguchi array, which required 50
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fractional factorial experiments. The 50 mixtures investigated are summarized in Table 4.3. The

modelled responses include the flowability and compressive strength development.

The performance characteristics can be evaluated by identifying the most significant factors and
their levels. The optimization criteria consist of calculating the signal-to-noise ratio (S/N), which
represents the loss function reflecting the deviation of the actual experimental results and the
targeted ones. The analysis of the S/N ratio is based on three performance characteristics
corresponding to larger-the better, smaller-the better, and nominal-the better defined in Egs. (4.1)-

(4.3), respectively [40], as follow:

Larger-the better S/N = —10 x loglo(% it %) (4.1)
Smaller-the better S/N = —10 x logw(%Z{‘:lYiz) (4.2)
Nominal-the better ~ S/N = —10 x logy, E LY — YO)Z] (4.3)

where S/N is the performance statistics, n is the number of repetitions for each level of a factor, Y
is the response value of the i experiment, and Yo is the nominal value desired. The values of the
S/N ratio are used as a measure of robustness to identify the control factors reducing variability in
a process by minimizing the effect of noise factors [40]. In this study, the larger-the better S/N
equation (Eqg. (4.1)) was employed for compressive strength development at different ages. On the
other hand, the smaller-the better S/N equation (Eg. (4.2)) was used to investigate the admixture

demand, marsh cone flow, and mini-slump spread loss.

4.2.2 Materials and test procedures

The SCEP mixtures investigated were proportioned using a general use cement (GU) complying
with ASTM C150 specifications. The GU cement has a specific gravity of 3.15 and specific surface
area of 0.3 m?/g. Clay Type | consists of kaolinite with a specific surface area and specific gravity
of 15 m?/g and 2.73, respectively. Clay Type Il is composed of 50% kaolinite and 50% attapulgite.
The specific surface area and specific gravity of attapulgite are 155 m?/g and 2.75, respectively.
The silt powder used is composed of quartz grains of 2 to 75 um and specific gravity of 2.69. The
chemical compositions of the binders are summarized in Table 4.2. On the other hand, NaHMP
with purity of 96% was used as solution in water with a solid content of 37.1%. Moreover, NaSil

solution composed of water, 10.6% Na2O, and 26.5% SiO. was used as inorganic deflocculant.
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PCE, PNS, and NE-PC with solid contents of 40%, 39.25%, and 36.44%, respectively, were used

as high-range water-reducer (HRWR) admixtures.

Table 4.2. Chemical composition of the binders used in this study.

Chemical composition (% wt.) - E.’>inder type - -
GU cement Kaolinite  Attapulgite  Quartz silt
CaOo 62.50 0.10 2.92 0.01
SiO, 19.30 46.10 66.20 99.02
Al,03 4.80 38.10 11.71 0.64
Fe;0s 3.00 0.50 4.02 0.22
MgO 2.70 0.10 9.70 0.01
S04 4.10 0.04 -
Others 1.40 1.56 1.47 0.10
LOI* 2.20 13.50 3.98

LOI*: Loss of ignition

The aim of this study was to investigate the workability, workability loss, and compressive strength
of the investigated SCEP mixtures proportioned with their novel ternary binder systems. The paste
mixtures corresponding to 50 different earth types were investigated with a wide range of
Atterberg limits to ensure a broad investigation of existing soils. Atterberg limits of the
corresponding earth mixtures, consisting in clay, silt and sand finer than 425 pm, were measured
as soil characterization parameters according to ASTM D4318 [37]. These include the liquid (LL)
and plastic limits (PL). The numerical difference of LL and PL was also calculated as the plasticity
index (PI). The paste mixtures were mixed in batches of 1.5 L using a planetary Hobart mixer
according to ASTM C305 specifications [48]. Workability of the investigated SCEP mixtures was
investigated using the mini-slump flow (MSF) [49] and marsh cone flow time (MCT) [50]. MCT
corresponds to the required time to pass 500 mL of paste through a circular nozzle measuring 8-
mm in diameter. The test consists of pouring 1000 mL of sample in the cone to determine the flow
time of 500 mL passing through the nozzle. Higher flow time reflects low fluidity of the mixture.
The mixtures investigated were designed to achieve the targeted mini-slump spread of 280 + 20
mm to ensure a highly flowable and stable SCEP mixture. Furthermore, MSF loss values at 15-
and 30-min intervals after the first contact between water and binder were also determined to
evaluate the efficiency of admixtures over time. In addition to flow properties, for each mixture,
different 50 x 50 x 50 mm? cubes were sampled to determine the compressive strength at 1, 7, and

28 days of curing in accordance with the ASTM C109 specifications [51].



Chapter 4. A new approach for proportioning self-consolidating earth paste (SCEP) using the 83
Taguchi method

4.2.3 SCEP mixture proportions
The mixture proportions summarized in Table 4.4 were established based on the levels of control
factors in the L50 orthogonal array given in Table 4.1. As can be observed, for each level of a

particular factor, all levels of each of the other factors are tested at least once.



Chapter 4. A new approach for proportioning self-consolidating earth paste (SCEP) using the

Taguchi method

84

Table 4.3. Absolute values of the 7 modelled factors according to L50 Orthogonal array

Factors investigated

Factors investigated

Experiment Cement Experiment Cement
No. i:lay content P WP CelCl  SIA Admixture No. Clay  content POW/P CelCl  SIA Admixture
e gmy ) wpe gm0
1 45 0.30 0.5 0.5 NaHMP 26 45 0.30 1.25 0.9 PNS
2 48 0.35 0.75 0.6 NasSil 27 48 0.35 15 0.5 NE-PC
3 60 51 0.40 1 0.7 PCE 28 60 51 0.40 0.5 0.6 NaHMP
4 54 0.45 1.25 0.8 PNS 29 54 0.45 0.75 0.7 NasSil
5 57 0.50 15 0.9 NE-PC 30 57 0.50 1 0.8 PCE
6 45 0.35 1 0.8 NE-PC 31 45 0.35 0.5 0.7 PCE
7 48 0.40 1.25 0.9 NaHMP 32 48 0.40 0.75 0.8 PNS
8 90 51 0.45 15 0.5 NasSil 33 90 51 0.45 1 0.9 NE-PC
9 54 0.50 0.5 0.6 PCE 34 54 0.50 1.25 0.5 NaHMP
10 57 0.30 0.75 0.7 PNS 35 57 0.30 15 0.6 NasSil
11 45 0.40 15 0.6 PNS 36 45 0.40 1 0.5 NasSil
12 48 0.45 0.5 0.7 NE-PC 37 48 0.45 1.25 0.6 PCE
13 | 120 51 0.50 0.75 0.8 NaHMP 38 1 120 51 0.50 15 0.7 PNS
14 54 0.30 1 0.9 NasSil 39 54 0.30 0.5 0.8 NE-PC
15 57 0.35 1.25 0.5 PCE 40 57 0.35 0.75 0.9 NaHMP
16 45 0.45 0.75 0.9 PCE 41 45 0.45 15 0.8 NaHMP
17 48 0.50 1 0.5 PNS 42 48 0.50 0.5 0.9 NasSil
18 150 51 0.30 1.25 0.6 NE-PC 43 150 51 0.30 0.75 0.5 PCE
19 54 0.35 15 0.7 NaHMP 44 54 0.35 1 0.6 PNS
20 57 0.40 0.5 0.8 NaSil 45 57 0.40 1.25 0.7 NE-PC
21 45 0.50 1.25 0.7 NaSil 46 45 0.5 0.75 0.6 NE-PC
22 48 0.30 15 0.8 PCE 47 48 0.3 1 0.7 NaHMP
23 180 51 0.35 0.5 0.9 PNS 48 180 51 0.35 1.25 0.8 NasSil
24 54 0.40 0.75 0.5 NE-PC 49 54 0.4 15 0.9 PCE
25 57 0.45 1 0.6 NaHMP 50 57 0.45 0.5 0.5 PNS
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Table 4.4. Mixture proportions of the investigated SCEP based on L50 Orthogonal array.

Mix Cement Water Clay Type | Silt W/P Mix  Cement Water  Clay Type Il Silt WP
No. (kg/m®)  (kg/m3) (kg/md) (kg/md) No.  (kg/m®)  (kg/m®) (kg/m®) (kg/md)

P1 133.3 450.4 231.1 1136.9 0.30 P26 1333 450.1 924 1274.4 0.30
P2 125.0 488.6 144.4 1126.6 0.35 p27 125.0 488.4 72.2 1198.3 0.35
P3 117.6 521.9 102.0 1085.1 0.40 P28 117.6 522.2 203.9 983.9 0.40
P4 1111 551.1 77.0 1036.6 0.45 P29 1111 551.3 128.4 985.6 0.45
P5 105.3 577.0 60.8 988.0 0.50 P30 105.3 577.1 91.2 957.8 0.50
P6 200.0 490.7 1733 1028.5 0.35 P31 200.0 491.1 346.7 856.5 0.35
P7 187.5 523.9 130.0 9924 0.40 P32 187.5 524.2 216.7 906.3 0.40
P8 176.5 553.2 102.0 950.8 0.45 P33 176.5 553.3 152.9 900.2 0.45
P9 166.7 579.7 288.9 703.7 0.50 P34 166.7 579.1 115.6 876.0 0.50
P10 157.9 450.9 182.5 1162.5 0.30 P35 157.9 450.6 91.2 1253.0 0.30
P11 266.7 526.2 154.1 894.9 0.40 P36 266.7 526.5 231.1 818.4 0.40
P12 250.0 556.3 433.3 553.0 0.45 P37 250.0 555.6 173.3 811.3 0.45
P13 235.3 581.7 2719 656.3 0.50 P38 235.3 581.3 135.9 7914 0.50
P14 2222 4525 192.6 1093.4 0.30 P39 222.2 452.9 385.2 902.3 0.30
P15 2105 490.9 146.0 1046.0 0.35 P40 2105 491.1 2433 949.4 0.35
P16 3333 558.7 385.2 523.0 0.45 P41 3333 558.1 192.6 7143 0.45
P17 3125 584.1 270.8 584.9 0.50 P42 3125 585.0 541.7 315.8 0.50
P18 294.1 454.2 203.9 1016.0 0.30 P43 294.1 454.6 339.9 881.2 0.30
P19 277.8 492.7 160.5 969.4 0.35 P44 277.8 492.9 240.7 889.7 0.35
P20 263.2 527.0 456.1 598.2 0.40 P45 263.2 526.2 182.5 869.9 0.40
P21 400.0 586.9 277.3 496.4 0.50 P46 400.0 587.5 462.2 312.7 0.50
p22 375.0 456.2 216.7 929.1 0.30 P47 375.0 456.5 325.0 821.6 0.30
P23 352.9 4958 611.8 452.0 0.35 P48 352.9 494.9 2447 816.3 0.35
P24 3333 528.8 385.2 603.4 0.40 P49 3333 528.2 192.6 794.6 0.40
P25 315.8 557.8 273.7 650.1 0.45 P50 315.8 558.6 547.4 378.3 0.45

4.3 Results and discussions

This study focused on the workability and compressive strength of SCEP mixtures to investigate

the main challenges regarding clay dispersion and setting of the material. Fig. 4.1 represents the

sequence of discussions established in this study. As shown in Fig. 4.1, first, the effect of binder

composition and W/P ratio on workability, workability loss, and compressive strength of the paste

mixtures incorporating different types of admixtures were evaluated. The signal-to-noise ratio

(S/N) analysis was then conducted for all the investigated SCEP mixtures to identify the optimum

levels of each factor to achieve the targeted properties. The contribution of each factor was then

determined using the analysis of variance (ANOVA). Once the key factors showing the highest

contribution were identified, several empirical models were proposed to predict the workability of

the investigated SCEP mixtures as a function of the influencing factors. Finally, guidelines were

recommended for proportioning SCEP mixtures considering different types of earth.
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Fig. 4.1. Guideline for designing SCEP.

4.3.1 Effect of admixture and clay type on workability and compressive strength of
SCEP mixtures

The workability and compressive strength values of the SCEP mixtures made with clay types | and
I1, as well as different admixtures, including NaHMP, NaSil, PCE, PNS, and NE-PC, are presented
in Figs. 4.2-4.11, respectively. It is worth mentioning that the MSF and MCT evolutions were
presented with the introduction of admixtures to achieve the targeted MSF value. The dosage of
admixtures was determined as the ratio of the solid content of admixtures to the powder content
(i.e., total content of cement, clay, and silt). Moreover, MSF loss was evaluated at 0, 15 (MSF
10sS15 min), and 30 min (MSF losszo min) after achieving the targeted MSF. The compressive strength
values correspond to the samples cast after achieving the targeted MSF. The dry density of the
SCEP mixtures was in the range of 1750-1950 kg/m?®, which is lower than their corresponding

cement paste due to the lower specific gravity of clay and silt than cement.

As can be observed in Fig. 4.2a and 4.3a for the mixtures containing NaHMP, a coupled effect of
W/P and Ce/Cl ratios was observed on the admixture demand. For example, although P13 was
proportioned with higher W/P compared to the P7 mixture (W/P of 0.5 vs. 0.4), P13 required
higher NaHMP dosage than P7 (0.49% vs. 0.35%) to achieve the targeted MSF. This can be due
to higher clay content in P13 compared to that of P7 (272 vs. 130 kg/m?®). The results of the
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mixtures proportioned with Clay Type | revealed that the lowest and highest NaHMP demands
were obtained for P7 and P19 mixtures with Ce/Cl of 1.25 and 1.5, and W/P of 0.40 and 0.35,
respectively. In the case of the mixtures made with Clay Type Il, P34 (Ce/Cl = 1.25 and W/P =
0.5) and P47 (Ce/Cl = 1.00 and W/P = 0.3) required the lowest and highest NaHMP dosages,
respectively, to achieve the targeted MSF. As can be observed, Clay Type Il required significantly
higher NaHMP dosages compared to Clay Type | to achieve a given flowability. This can be due
to the higher specific surface area (SSA) of Clay Type Il which is in accordance with the literature
[52,53].

As can be observed in Fig. 4.2b and 4.3b, the paste mixtures made with Clay Type Il showed more
viscosity reflected by significantly higher MCT values compared to those proportioned with Clay
Type | [52]. It should be noted that marsh cone results could not be measured at specific lower
dosages, due to blockage in the funnel. Accordingly, the P7 and P25 mixtures made with Clay
Type |, and P34 and P47 with Clay Type Il exhibited the lowest and highest MCT results,
respectively. Significant MSF losses were obtained for both Clay Type I and 11 systems containing
NaHMP, as shown in Fig. 4.2c and 4.3c. This increased with clay content. This proves that NaHMP
can enhance the shape stability of the matrix, which can be favorable for concrete 3D printing
applications. Indeed, in a layer-by-layer printing process, a high rate of structural build-up is of

particular interest for improving shape stability of printed objects.



Chapter 4. A new approach for proportioning self-consolidating earth paste (SCEP) using the
Taguchi method

88

MSF (mm)

MSF loss (mm)
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Fig. 4.2. Variations of (a) MSF, (b) MCT, (c) MSF loss, and (d) compressive strength of the SCEP mixtures
containing NaHMP admixture and Clay Type I.

In the case of compressive strength, the mixtures containing Clay Type | and NaHMP,

corresponding to P1, P7, and P13, exhibited comparable compressive strengths at 1 (f'c-1d), 7 (flc-

7d), and 28 (f'c284) days after casting, Fig. 4.2d and 4.3d. Moreover, P19 made with a cement

content of 150 kg/m?, exhibited lower f'c.1d but higher f'c-7q and f'c.284 Values compared to the P25

mixture containing 180 kg/m® cement content. It is worthy to mention that P19 was proportioned

with lower W/P compared to P25. Regarding Clay Type Il mixtures, a coupled effect of cement

content and W/P ratio is observed. All mixtures made with NaHMP cannot satisfy the f'c.1q Values

higher than 1 MPa, except P25 and P47 mixtures. This means that a high cement content is required

in the presence of NaHMP to increase the early-age compressive strength required for formwork

removal.
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Fig. 4.3. Variations of (a) MSF, (b) MCT, (c) MSF loss, and (d) compressive strength of the SCEP mixtures
containing NaHMP admixture and Clay Type II.

As shown in Fig. 4.4 and 4.5, SCEP mixtures proportioned with two different types of clay and
NaSil admixture, P8 and P20 made with Ce/Cl of 1.5 and 0.5, and W/P of 0.45 and 0.4, required
the lowest and highest NaSil demands, respectively, to achieve the targeted MSF value. Moreover,
P29 and P42 mixtures made with Clay Type Il, Ce/Cl of 0.75 and 0.5, and W/P of 0.45 and 0.5,
respectively, exhibited the lowest and highest demand to achieve the targeted MSF value.
Furthermore, even by introducing high NaSil dosage, P42 could not reach the targeted MSF value
and, therefore, it was not achieved. On the other hand, the highest and lowest MCT results were
obtained for P8 and P20 mixtures containing Clay Type I, and P29 and P36 mixtures made with
Clay Type II, respectively. It is worth mentioning that P42 mixture was completely blocked
through the marsh cone funnel. Furthermore, all the mixtures exhibited significant MSF losses
which can be attributed to the admixture type and clay content. It can be concluded that inorganic
deflocculants (i.e., NaHMP and NasSil) can lead to significant shape stability in the ternary binder
system of SCEP.
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Fig. 4.4. Varations of (a) MSF, (b) MCT, (c) MSF loss, and (d) compressive strength of the SCEP mixtures
containing NaSil admixture and Clay Type I.

Regarding the compressive strength, P14, P20, and P21 mixtures containing Clay Type I, as well
as P35, P36, and P48 made with Clay Type II achieved f'c.14 Values higher than 1 MPa. This can
ensure the minimum compressive strength required for demolding [9] and is highly dependent on
the cement content and W/P. Accordingly, P14 and P20 mixtures containing Clay Type I, as well
as P48 mixture proportioned with Clay Type Il showed the highest compressive strength. The
coupled effect of cement content and W/P ratio on compressive strength results, at different ages,

is observed.
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Fig. 4.5. Varations of (a) MSF, (b) MCT, (c) MSF loss, and (d) compressive strength of the SCEP mixtures
containing NaSil admixture and Clay Type II.

The workability and mechanical performance of the SCEP mixtures made with PCE, PNS, and
NE-PC admixtures are shown in Figs. 4.6-4.11, respectively. As can be observed in Fig. 4.6a and
4.7a, although P16 was made with higher W/P than P22, it required a relatively higher PCE dosage
to achieve the targeted MSF, which can be due to its higher clay content. This reveals that type
and content of clay can dictate the admixture demand to increase flowability more than water
content. As can be observed in Fig. 4.6b and 4.7b, in the case of the SCEP mixtures proportioned
with Clay Types I and Il, P3 and P30 mixtures showed the lowest PCE demand, while P16 and
P43 exhibited the highest MCT. Clay contents of P3, P30, P16, and P43 mixtures were 102, 91,
385, and 340 kg/m?®, respectively. It can be concluded that the viscosity of SCEP mixtures is highly
dependent on the type and content of clay. According to the MCT results, higher clay content and
SSA leads to higher viscosity of SCEP. Moreover, the MSF loss values obtained using PCE were
not as significant as those of the mixtures containing NaHMP and NaSil types. However, higher
MSF loss values were obtained for Clay Type Il compared to those of type-I systems. The P16 and
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P49 mixtures exhibited the highest MSF loss values for the mixtures made with Clay Type | and
I1, respectively. MSF loss values of SCEP mixtures with PCE are not as significant as NaHMP
and NaSil. This may be due to the synergy of PCE with the powder constituents. As shown in Fig.
4.6¢ and 4.7c, in the case of PCE mixtures, the compressive strength values are highly dependent
on the cement content. However, the P43 mixture showed lower f'c.14 Values compared to P37 and
P49 ones. This can be attributed to its higher PCE demand, which can delay the strength
development at an early age (1 day). Therefore, the use of high admixture dosage, despite the effect

of cement content and W/P ratio, can decrease the early-age compressive strength results.

Cement content (kg/m*) W/P Ce/Cl
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Fig. 4.6. Variations of (a) MSF, (b) MCT, (c) MSF loss, and (d) compressive strength of the SCEP mixtures

containing PCE admixture and Clay Type I.
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Cement content (kg/m*) W/P Ce/Cl
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Fig. 4.7. Variations of (a) MSF, (b) MCT, (c) MSF loss, and (d) compressive strength of the SCEP mixtures

containing PCE admixture and Clay Type II.

As shown in Fig. 4.8a and 4.9a, the P4 and P23 mixtures made with Clay Type I, and P38 and P50
containing Clay Type Il required the lowest and highest MCT values and PNS dosages to achieve
the targeted MSF value, respectively. Moreover, the P4 and P23 mixtures contain Clay Type I, and
P38 and P50 mixtures made with Clay Type Il demonstrated the lowest and highest MSF losses,
respectively. This can be due to the clay content of Clay Type | (clay contents of P4 and P23 are
77 and 612 kg/m®). Regarding Clay Type Il, the clay contents were 136 and 547 kg/m? for P38
and P50, respectively. The P26 mixture had a lower clay content compared to P38 (92 kg/m®);
however, the water content was much lower than P38 (450 kg/m? vs. 581 kg/m?®). This proves the
significance of the coupled effect of clay fraction and water content on MSF loss. Regarding the
compressive strength results, the P23 and P44 mixtures showed the highest values for Clay Type
| and Il systems, respectively. The cement content and W/P showed a coupled effect on the
compressive strength development. Seven out of 10 SCEP mixtures satisfy the 1-day compressive
strength of more than 1 MPa, which is required for demolding.
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Fig. 4.8. Variations of (a) MSF, (b) MCT, (c) MSF loss, and (d) compressive strength of the SCEP mixtures
containing PNS admixture and Clay Type .
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Cement content (kg/m*) Ww/P Ce/Cl
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Fig. 4.9. Variations of (a) MSF, (b) MCT, (c) MSF loss, and (d) compressive strength of the SCEP mixtures
containing PNS admixture and Clay Type II.

As can be observed in Fig. 4.10a and 4.11a, the lowest and highest NE-PC demands were obtained
for P5 and P12 mixtures made with Clay Type | and P27 and P46 mixtures containing Clay Type
Il systems, respectively. It should be noted that the P39 mixture could not reach the targeted MSF
value by introducing higher NE-PC dosages. As presented in Fig. 4.10b and 4.11b, the lowest and
highest MCT values were obtained for P5 and P24 (Clay Type 1), as well as P27 and P46 (Clay
Type I1) mixtures, respectively. The high clay content of P46 (462 kg/m®) dictates the significantly
high dosage for the targeted MSF and its corresponding MCT value. Moreover, this significantly
high content leads to high MSF loss. As can be observed in Fig. 4.10c and 4.11c, the minimum
and maximum MSF loss values were obtained for P5 and P24 mixtures containing Clay Type I, as
well as P33 and P46 for Clay Type Il suspensions, respectively. The compressive strength of NE-
PC-contained SCEP mixtures is illustrated in Fig. 4.10d and 4.11d. The P18 and P45 mixtures
exhibited the highest compressive strength values, while P46 showed lower compressive strength
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values compared to P45, due to a higher W/P ratio (0.5 vs. 0.4) while the cement content was

higher. Similarly, P24 resulted in lower compressive strength compared to P18.

MSF (mm)

MSF loss (mm)

Fig. 4.10. Variations of (a) MSF, (b) MCT, (c) MSF loss, and (d) compressive strength of the SCEP mixtures

Cement content (kg/m*) W/P Ce/Cl
P5 60 0.50 1.50
P6 90 0.35 1.00
P12 120 0.45 0.50
P18 150 0.30 1.25
P24 180 0.40 0.75
350 - 120 -
(a) —e—P5 b —e—P5
300 4 _"/X ra -+ PI§ 100 - (b) - DI8
L ] K4 / /' —x—P6 —x—P6
s P2 80 --a--P12
250 '/ Y i z o1
R --a--P12 - i P2
oL g o
200 o B =
275 40
150 “ 0 ®
100 W } ! ! } 0 ! ! ! !
0.00 0.03 0.06 0.09 0.12 0.15 0.00 0.03 0.06 0.09 0.12 0.15
Dosage (% binder) Dosage (% binder)
14
2@ [ mP5 OP6 @P12 SPIS mP24| .
: \
=" = \\\
5 N N
2 8 \ i §
2 N N
% 7 % %
S \ %
—e—P5  --a--P12 £ 41 % ?% é%
260 & \ N //} \
—x—=PG6 == PI§ g, \ /\ //’.\
250 - - : - | C , L AN ZIN ZIN
0 5 10 15 20 25 30
Time (min) 1-day 7-day 28-day

containing NE-PC admixture and Clay Type I.
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Cement content (kg/m?) W/P Ce/Cl
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Fig. 4.11. Variations of (a) MSF, (b) MCT, (c) MSF loss, and (d) compressive strength of the SCEP mixtures
containing NE-PC admixture and Clay Type II.
The reported workability and compressive strength results revealed the influence of different
parameters and their coupled effects on the workability and compressive strength of SCEP
mixtures. Therefore, analyzing signal-to-noise (S/N) ratio and variance (ANOVA) is necessary to

evaluate the significance of control factors on the modelled properties.

4.3.2 Compatibility of admixtures with single-powder systems

The five selected admixtures were used with each type of powder (i.e., cement, clay, and silt) in
single-powder suspension proportioned with a W/P of 0.40 to evaluate their compatibility.
Accordingly, PT1, PT2, PT3, and PT4 paste mixtures were prepared with cement, Clay Type I,
Clay Type Il, or silt, respectively. The MSF values of these mixtures are summarized in Fig. 4.12.
As can be observed, the admixtures did not show any effect on MSF values of the mixture
containing silt, thus reflecting poor dispersion. Moreover, NaHMP exhibited insignificant effect
on dispersing cement and silt particles, while PCE did not show any efficiency in dispersing clay
particles. This is consistent with previous findings [9,13]. NaHMP admixture showed the highest
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effect on flowability of paste mixtures made with clay particles (Type | and II). This is in
agreement to the results reported by Andreola et al. [15] on the efficiency of sodium
hexametaphosphate on the dissolution of kaolinite. On the other hand, PNS and NE-PC exhibited
acceptable compatibility with clay and cement particles. In the case of NaSil admixture, similarly
to ternary powder systems, relatively higher dosages were necessary to induce changes in the
fluidity of the investigated paste mixtures, regardless of powder types. This high demand is
contrary to the findings by Landrou et al. [13] on significant reduction in the yield stress of earth,
consisting of clay minerals of predominantly smectite and quartz by the addition of small dosages
of NaSil.
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Fig. 4.12. Mini-slump flow of the single-powder pastes proportioned with (a) NaHMP, (b) NaSil, (c) PCE, (d)
PNS, and (e) NE-PC admixtures.
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4.3.3 Atterberg limits and experimental results

Atterberg limits including LL, PL, and PI were evaluated for each of the 50 mixtures, excluding
cement. They can be used for classification of soils based on their binder type and fraction. For
each of the mixtures investigated, the admixture demand, expressed as a percentage of mass of
binder required to achieve the targeted MSF value, was recorded. Moreover, the flowability loss
after 15 min, referred to MSF lossis min (in %), was also evaluated. Furthermore, the interpolated
MCT value of the SCEP mixtures for the targeted MSF were evaluated. The experimental results,
including admixture demand, MCT, MSF lossis min, cOMpressive strength, and LL and P1 Atterberg
limits, are summarized in Table 4.5. MSF loss values are summarized only in 15-mins intervals

due to the insignificant loss variation trend afterward.

As can be observed, the P5 and P50 mixtures showed the lowest (12.5%) and highest LL (77.4%)
values as well as the lowest Clay Type | content (60.8 kg/m?) and highest Clay Type Il content
(547.4 kg/m®), respectively. It proves that the variation of LL is dependent on the clay fraction and
type. Similarly, P5 and P50 resulted in the lowest (0.5%) and highest Pl (40.7%) values,
respectively. That satisfies the key part of this study to investigate a wide range of soil types based

on their characteristic parameters.
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Table 4.5. Experimental results of the investigated SCEP mixtures.

Mix Aj;?r:z;‘ge MCT  MSFlossismn ~ feas  Fors  fewa  LL Pl | Mix Aj:;;‘%re MCT  MSFlosssmn  Fors  fera  Foms  LL Pl

No. gy ) %) (MPa)  (MPa)  (MPR) () (6) | No. ot ) %) (MPa)  (MPa) (MPa) (%) (%)
P1 051 72 47.99 08 18 21 203 37 | P26 0.40 16 5.07 1.0 16 19 215 32
P2 270 75 49,63 0.7 1.0 16 153 12 | p27 0.24 26 3.85 05 12 16 225 34
P3 0.065 22 358 03 0.7 11 143 10 | p2s 2.10 222 55.25 04 11 13 327 102
P4 0.05 32 318 04 08 09 132 07 | P2 6.50 160 62.69 05 0.8 10 283 64
P5 0 23 0.69 03 05 06 125 05 | P30 0.09 13 2.97 03 0.4 04 281 54
P6 0.07 27 2.10 12 44 58 157 12 | P31l 1.40 237 3.20 06 23 34 375 147
p7 0.35 53 42.70 04 23 23 146 09 | P32 0.75 45 461 11 2.0 24 308 72
P8 0.60 59 4593 05 14 19 148 11 | P33 0.28 32 5.07 05 13 17 282 59
P9 041 15 4.24 05 0.9 09 198 39 | P34 0.70 112 60.40 05 07 11 296 75
P10 017 29 14.04 16 29 35 186 17 | P35 7,50 130 62.83 11 17 34 268 51
P11 012 1 783 31 5.2 62 181 15 | P36 12.00 321 61.98 13 3.0 50 345 120
P12 0.08 25 273 15 48 55 201 55 | P37 0.39 56 4.90 1.9 32 42 328 110
P13 0.49 78 4851 04 21 29 191 33 | p3s 0.10 2 6.23 05 15 20 293 89
P14 4.00 121 63.24 21 24 41 174 15 | P39 - blocked - - ; ; 406 173
PI5 0075 17 3.94 26 3.9 48 175 13 | P40 2,60 201 66.22 0.6 27 27 327 104
P16 0175 21 750 2.9 76 87 189 40 | P4l 1.80 189 62.12 04 38 50 309 101
P17 0.10 1 10.25 1.9 39 51 195 38 | Pa2 . blocked - . ; ; 589 337
P18 0.07 26 245 5.7 9.6 119 199 36 | Pa3 2.40 186 12.27 0.9 38 47 431 171
P19 0.52 49 62.03 08 5.6 74 185 16 | paa 1.05 61 6.69 22 53 63 365 133
P20 480 130 63.37 18 31 41 213 68 | pas 0.42 34 2.46 13 33 48 346 118
P21 3.60 118 63.10 17 2.2 27 194 44 | P46 6.40 13 10.92 03 15 29 575 302
P22 013 36 4.95 6.9 191 244 189 31 | Pa7 4.90 250 62,55 31 45 59 385 156
P23 0.43 n 17.97 5.2 101 133 215 67 | Pas 15.00 316 61.83 21 32 73 331 111
P24 0.08 28 3.85 29 8.1 109 216 71 | Pag 0.38 51 27.94 20 55 68 315 110
P25 055 81 65.99 32 43 48 205 49 | P50 8.30 119 1011 04 22 32 774 407
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4.3.4 Analysis of the signal-to-noise (S/N) ratio

The coupled effects of different mixture parameters on the workability, workability loss, and
compressive strength of the investigated mixtures were evaluated. Further analysis was thus
required to clarify the significance of each parameter on the targeted responses. Regarding the
workability of the paste mixtures, lower admixture demand and loss values of MCT and MSF are
favorable. In the case of compressive strength responses, higher value is desirable. Therefore, the
smaller-the better S/N ratio (Eq. 4.2) was employed for workability evaluation, while the larger-
the better S/N ratio (Eq. 4.1) was used for compressive strength response. As can be observed in
Figs. 4.13-4.16, S/N values were calculated to identify the effect of each controlling factor on the
workability and compressive strength development of the SCEP mixtures investigated. This can
help to identify the optimum level of controlling factors to achieve the targeted properties. It should
be noted that higher mean values of the S/N ratio represent the best level for each factor based on

the required performance (whether smaller-the better or larger-the better).

As can be observed in Fig. 4.13, optimum levels of the modelled factors to minimize the admixture
demand are, in order of importance, NE-PC admixture, cement content of 60 kg/m*, W/P of 0.50,
Ce/Cl of 1.5, and Clay Type I. This can clearly reflect the importance of the compatibility of
admixture type (NE-PC), which showed the highest contribution to minimizing the admixture
demand, in the case of the ternary-powder system in SCEP mixtures. Moreover, as expected,
higher W/P (0.50) and Ce/Cl ratios contributed to lower admixture demand to achieve the targeted
MSF.
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Fig. 4.13. Mean of the smaller-the better S/N ratios for admixture demand to achieve the targeted MSF values

Similarly, the S/N ratios for each level of the controlling factors to secure a minimum MCT are
presented in Fig. 4.14. In the case of admixture type, NE-PC and PNS showed almost the same
effect to minimize MCT values, higher than PCE and much higher than NaHMP and NaSil. This
can be due to their different synergies with the ternary-powder systems investigated. Furthermore,
lower cement content (60 kg/mq), in addition to higher W/P and Ce/Cl ratios resulted in lower
MCT values. Accordingly, SCEP mixtures with Clay Type Il were found to possess higher MCT
values. This proves that finer content of powder exhibited higher MCT values, which causes higher

plastic viscosity. This is in accordance with the findings of previous studies [52,53].

As can be observed in Fig. 4.15, minimizing the MSF loss is highly dependent on the admixture
type. NaHMP and NaSil were the least effective at minimizing the MSF loss. However, NE-PC,
PCE, and PNS contributed the most to minimizing MSF loss, in a descending order of importance.
Lower MSF loss was observed for SCEP mixtures with higher W/P ratios. Regarding mixture
constituents, Clay Type Il with finer particles and higher clay content, controlled by the cement
content and Ce/Cl ratio, resulted in greater MSF loss. This proves the significance of powders on

MSF loss values of SCEP mixtures.
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Fig. 4.14. Mean of S/N ratios for MCT results with the smaller-the better performance.
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Fig. 4.15. Mean of S/N ratios for MSF loss relative to the targeted MSF with the smaller-the better

performance.

In the case of 1-, 7- and 28-day compressive strength values (Fig. 4.10), Clay Type I exhibited
higher contribution on strength development. This can be due to high admixture demand of Clay
Type Il, which consequently may require additional water to achieve a given workability. As
expected, it can be observed that increasing cement content and decreasing W/P can maximize the
compressive strength values. However, the effect of Ce/Cl on compressive strength was not found
to be significant. On the other hand, the effect of admixture type on compressive strength values

was found to vary depending on the age of testing. Accordingly, in the case of f'c.7q and f'c28d,
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NaHMP and NaSil showed the least contribution in achieving the maximum values, while PCE,
PNS, and NE-PC resulted in almost identical contributions. However, as can be observed in Fig.
4.10a, PNS, PCE, and NaSil demonstrated higher contributions to enhance the f'c.1¢ cCOmpressive
strength results in order of significance. It should be noted that NaSil led to higher f'c.14, €ven

though a very high dosage was required to achieve the targeted MSF value, thus resulting in adding

more water to the mixture.
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(a) 1-day compressive strength

Clay Type Cement WP Cement/Clay SP or dispersant
5.0
w
2
" 23
T
w004
i
=]
s .
: -2.59
=
-5.0
—T.S- T T T T T T T T T T T T T T T T T T
~ o 2R & 5P el 5O D b oS R BSLR S
L‘QQ¢§Q§§§§$§j$§§é¢§
& =
(b) 7-day compressive strength
Clay Type Cement wr Cement/Clay SP or dispersant
144
124
w
=
= 107
=
-
E 81 fl\’/
w
Sl 4
= 6
g
S 4
=
7
0
~ A A NS
R “”Q%:;') Q@Qw_x QG? Qb') Qf'\'igx?':?:‘ﬁ“éf‘?:g *’{,ufw‘?
= =
(c) 28-day compressive strength
18 Clay Type Cement A\ Cement/Clay SP or dispersant
16
g 14-
=
g 12
& 107 \ ./‘w—l/. F/ﬂ—.
L
=
g
&
=

~ Y ERIFIS R PRS S LS HS
o N N .

£
Fig. 4.16. Taguchi analysis (the larger-the better) based on the mean of S/N ratios of control factors for (a) f'e.

1d, (b) f'c7q, and (c¢) fe-284 Values.

Py Sy oy
&
;fé"é}%v‘g



Chapter 4. A new approach for proportioning self-consolidating earth paste (SCEP) using the 106
Taguchi method

4.3.5 Analysis of variation (ANOVA)

The two-way analysis of variance (ANOVA) was carried out to evaluate the significance of
controlling factors on the modelled responses, including MSF, MCT, MSF loss, and compressive
strength at different ages, by considering a 95% confidence level. The results of the ANOVA

analysis for workability results of the investigated SCEP mixtures are summarized in Table 4.6.

Table 4.6. Results of ANOVA analysis for admixture demand, MCT, and MSF loss values.

Responses Source DF SeqSS Contribution AdjSS AdjMS F-Value P-Value

Clay type 1 1.2209 22.51% 1.36967 1.36967  86.18 0.000

Cementcontent 4 0.4971 9.17% 0.52556  0.13139 8.27 0.000
Admixture demand to W/P 4 0.2412 4.45% 0.09425 0.02356 1.48 0.232
4
4

achieve the targeted Ce/Cl 0.3939 7.26% 0.45869 0.11467 7.22 0.000
MSF value SP or dispersant 2.5939 47.82% 2.59386 0.64847  40.80 0.000
Error 30 0.4768 8.79% 0.47677 0.01589
Total 47  5.4237 100.00%
Clay type 1 7.604 18.12% 8.332 8.3319 36.09 0.000
Cement content 4 2.026 4.83% 2.071 0.5177 2.24 0.088
W/P 4 2.642 6.30% 1.383 0.3459 1.50 0.228
MCT Ce/Cl 4 2.127 5.07% 2.452 0.6130 2.65 0.052
SP or dispersant 4 20.632 49.17% 20.632 5.1581 22.34 0.000
Error 30 6.927 16.51% 6.927 0.2309
Total 47 41,958 100.00%
Clay type 1 1.242 0.37% 1.476 1.4761 3.73 0.063
Cement content 4 8.896 2.62% 8.721 2.1803 551 0.002
WiIP 4 3.703 1.09% 0.183 0.0457 0.12 0.976
MSF loss Cel/Cl 4 1.976 0.58% 1.968 0.4920 1.24 0.313
SPordispersant 4  311.363 91.84% 311.363 77.8407 196.88 0.000
Error 30 11.861 3.50% 11.861  0.3954
Total 47  339.041 100.00%

As can be observed in Table 4.6, admixture and clay types showed the highest contributions to
admixture demand. This reflects the importance of the compatibility of admixtures with the binder
system of the SECP mixtures investigated. As presented in section 4.3.1, it is obvious that the
admixture type effect is highly significant on admixture demand. This is due to the higher demands
of inorganic deflocculants compared to common superplasticizers used in concrete. This higher
demand can be attributed to the chemical effect of dispersants on clay particles in a ternary powder
system. The common superplasticizers used in concrete industry, especially in SCC, are
significantly more efficient in the ternary powder system of SCEP. Furthermore, low and high
contributions of W/P ratio and clay type, respectively, can illustrate the importance of powder
constituent on admixture demand. Very fine particles of Clay Type 1, slightly dependent on W/P

ratio, demand a higher dosage of admixture. Lower admixture demand will consequently reduce



Chapter 4. A new approach for proportioning self-consolidating earth paste (SCEP) using the 107
Taguchi method

the cost of SCEP mixtures. The presence of very fine particles significantly increases admixture

demand, which leads to higher production cost.

The admixture and clay type showed the most significant contribution on MCT. This suggests that
the viscosity of SCEP mixtures, reflected by MCT values, is mostly affected by powder
composition and its synergy with the admixtures. The presence of finer particles of clay leads to
higher MCT and, consequently, higher viscosity. Accordingly, inorganic deflocculants lead to
higher MCT values which may result from their chemical effect on clay particles in the ternary
powder system of SCEP. Again, the impact of W/P ratio was found negligible compared to the

type of admixture and clay used.

Finally, according to the results presented in Table 4.6, MSF loss values were mostly controlled
by the admixture type (F-value of 91.8%). This is due to the significant MSF loss of mixtures
dispersed by NaHMP and NasSil. It can be concluded that the flowability of SCEP mixtures
significantly decreases over time by inorganic deflocculants used in the clay industry. These
admixtures lead to dispersion of clay particles by electrostatic repulsion mechanism, which is not
effective over time and results in high MSF loss values. Therefore, the types of admixtures and
clay were found to be the most influencing factors on the workability of SCEP mixtures. It proves
the importance of the compatibility of chemical admixture with clay particles on the workability

of SCEP mixtures, more than other parameters.

ANOVA was applied to investigate the coupled effect of different controlling factors on
compressive strength results of the SCEP mixtures investigated. The ANOVA analyses of f'c-14,
f'c.7d, and f'c2eq values are summarized in Table 4.7. According to the established ANOVA
analyses, the most significant factors affecting the compressive strength of SCEP are due to the
coupled effect of cement content and W/P. This is also consistent with was discussed in section
4.3.1 as well. Accordingly, after only 1-day, the contribution of cement content and W/P were
reflected by F-values of 38.1% and 20.2%, respectively. The coupled effect of cement content and
W/P ratio on compressive strength was observed after 1, 7, and 28 days. It is worthy to mention
that these contributions increased over time to 59.2% and 19.7% after 7 days, and 63% and 21.2%
after 28 days, respectively. Furthermore, clay and admixture types, as well as clay content did not

significantly affect the compressive strength development. It can be concluded that the selection
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of cement content and W/P, controls the mechanical performance of SCEP mixtures. Therefore,
as mentioned for the higher contribution of finer clay particles on admixture demand compared to
the W/P ratio, selecting low W/P ratios can lead to achieve a SCEP matrix with appropriate

compressive strength, without significantly increasing the admixture demand.

Table 4.7. Results of ANOVA analysis for 1-day, 7-day and 28-day compressive strength values.

Response Source DF SeqSS Contribution AdjSS AdjMS F-Value P-Value

Clay type 1 2.706 7.68% 2,518 2.5184 8.14 0.008
Cementcontent 4  13.436 38.14% 13.115  3.2788 10.60 0.000
W/P 4 7.107 20.17% 7.040 1.7600 5.69 0.002
fe1 Ce/Cl 4 1.069 3.04% 1.062 0.2655 0.86 0.500
SP or dispersant 4 1.633 4.63% 1.633 0.4082 1.32 0.285

Error 30 9.277 26.33% 9.277 0.3092

Total 47  35.229 100.00%

Clay type 1 1.8172 5.67% 1.7023  1.70231 14.53 0.001
Cement content 4 18.9912 59.22% 17.8010 4.45025 37.97 0.000
W/P 4 6.3099 19.68% 6.8278  1.70694 14.57 0.000

4
4

fe7d Ce/Cl 0.2007 0.63% 0.2051  0.05128 0.44 0.780
SP or dispersant 1.2325 3.84% 1.2325 0.30813 2.63 0.054
Error 30 35157 10.96% 35157  0.11719
Total 47  32.0673 100.00%
Clay type 1.0605 3.23% 0.9316  0.93157 8.02 0.008

1
Cementcontent 4  20.6606 62.98% 19.7032 492580  42.39 0.000
wiP 4 6.9533 21.20% 72246  1.80615  15.54 0.000
4
4

fo-28d Ce/Cl 0.1559 0.48% 0.1568  0.03919 0.34 0.851
SP or dispersant 0.4869 1.48% 0.4869  0.12173 1.05 0.399
Error 30 3.4863 10.63% 3.4863  0.11621
Total 47  32.8035 100.00%

4.3.6 Effect of specific surface area of binder, liquid limit, and plasticity index of

earth on admixture demand
As discussed in the previous section, MSF loss and MCT values of SCEP mixtures are highly
dependent on their powder system. In this section, the coupled effect of different characteristics of
the powder portion on admixture demand, to achieve the targeted MSF value, was evaluated. The
characteristics include SSA and the Atterberg limits of earth, which are found in wide ranges of
aggregates and binders with different characteristics. The soil type can be represented using the
Atterberg limits, including liquid limit (LL) and plasticity index (PI), reflecting the sensitivity of
the soil to water. The LL and Pl parameters can characterize the binding portion of earth.
Accordingly, these parameters were evaluated for the binder portion of the SCEP mixtures

investigated, excluding cement. Various correlations were thus established between the soil
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characteristics (LL and PI) and workability of the SCEP mixtures investigated. As shown in Fig.
4.17, the admixture demands to achieve MSF value were correlated to three additional factors,
including log(SSA/(WI/P)), LL/(W/P), and PI1/(W/P) for each of the admixtures investigated.
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As can be observed in Fig. 4.17a, NaSil and PCE types showed the highest and lowest demand,
respectively. Moreover, low dosages of NE-PC admixture are required for log(SSA/(W/P)) values
less than 4; however, its demand increases significantly in higher values (> 4). On the other hand,
PNS demand was found comparable with PCE admixture. It is worthy to mention that the PCE
used costs almost 3 times more than the incorporated PNS. Therefore, PNS showed promising
efficiency in SCEP mixtures from an economical point of view. The same trends were also
observed with LL and PI of the earth binders, as presented in Fig. 4.17b and 4.17c. High R? values
confirm that LL and PI are the key characterizing parameters of earth to dictate the admixture

demand of SCEP mixtures.

In order to evaluate the coupled effect of powder characteristics and W/P ratio on admixture

demand of the investigated SCEP mixtures, the following correlation was established:

Admixture demand (% binder) = a x SSAP x LLY x PI° / (W/P)? + (4.9
where o, B, v, 0, €, and C are the adjustment factors to be determined for each admixture type,
reflecting the contribution of SSA, LL, PI, and W/P on admixture demand. These adjustment
factors were obtained for each admixture using a developed Microsoft Excel solver, as summarized
in Table 4.8.

Table 4.8. Adjustment factors of the established admixture demand correlations (Eq. 4.4) for different types of
admixtures.

Admixture o B Y ) € ¢
NaHMP 2.3E-04 0.939 1.83E-09 1.01E-09 0.921 7.61E-10
Nasil 2.54E-03 0.84 2.18E-05 0 1.086 0.066
PCE 3.6E-06 0.269 0.056 3.758 0 0.092
PNS 1.6E-05 0.491 0.76 1.185 0.838 0.122
NE-PC 79E-09 491E-09 5.04E-09 6.015 8.48E-10 0.118

The SSA showed the highest contribution in increasing NaHMP and NaSil demands compared to
LL and PI (higher adjustment factor §). Moreover, NaHMP and NaSil demands decrease with W/P
ratio values, which is reflected by the high adjustment factors € of 0.921 and 1.086, respectively.
However, in the case of PCE, Pl exhibited the most dominant effect on the admixture demand
compared to SSA and LL. Moreover, a power index ¢ of 0 was obtained for the W/P ratio which
refers to no sensitivity of PCE demands to W/P variations (in the range used in this study).

Similarly, Pl showed the highest contribution to increase the PNS demand. However, SSA, LL,
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and W/P exhibited stronger effects on PNS demand compared to those obtained for PCE. In the
case of NE-PC admixture, Pl was found as the only significant parameter, while the effect of SSA,

LL, and W/P was negligible (very low adjustment factors).

As illustrated in Fig. 4.18, the experimental admixture demands for the targeted MSF values are
compared to those obtained using the empirical correlations (Eq. 4.4) for all types of the
investigated admixtures (Table 4.8). As can be observed in Fig. 4.18, the established correlations
(Eq. 4.4 and Table 4.8) are in very good agreement with the experimental results with high R?
(more than 0.987) and low root-mean-squared error (RMSE) values (lower than 0.21%).
Therefore, the proposed empirical correlations can be used to predict the admixture demands as

functions of the main controlling factors, including SSA, LL, PI, and W/P ratio.
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4.3.7 Effect of specific surface area of binder, and liquid limit and plasticity index
of earth on MCT

The effect of powder characteristics on MCT results, corresponding to the targeted MSF, are
evaluated in this section. Le Roy and Roussel [54] classified the flow of cement pastes through the
marsh cone in three different categories as “normal flow”, “difficult flow”, and “no flow”.
Similarly, according to the results shown in Table 4.9, the flow of the investigated SCEP mixtures
through the marsh cone was classified in four different categories, including “good flow”,

“moderate flow”, “difficult flow”, and “no flow”.

Table 4.9. Flowability classification of the SCEP mixtures investigated based on the MCT values.

MCT (s)  Flowability range

0-30 Good flow
30-50 Moderate flow
50-100 Difficult flow
> 100 No flow

The MCT results of the SCEP mixtures investigated were then correlated to their corresponding
powder characteristics, including SSA, LL, and PI values, as shown in Fig. 4.19. As can be
observed, increasing SSA, LL, and PI resulted in higher MCT, regardless of different admixture
types. Moreover, NaSil and NaHMP admixtures resulted in significantly higher MCT values,
especially for high SSA powders, compared to other admixtures. According to the classifications
presented in Table 4.9, the mixtures containing NaSil and NaHMP lie within the range of difficult
and no flow. For a given SSA, LL, and Pl of powder, SCEP mixtures containing NaSil and NE-
PC resulted in the highest and lowest MCT results, respectively. On the other hand, SCEP mixtures
dispersed with conventional superplasticizers used in SCC are within good and moderate flow,
except for the very high SSA values which led to difficult and no flow ranges. Furthermore,
stronger correlations (higher R? values) were obtained for NaSil, NaHMP, and NE-PC admixtures
compared to those obtained for PCE and PNS types. It is worthy to mention that very high LL and
P1 values are not favorable for designing SCEP mixtures. The recommended LL and PI should be

lower than 40 and 25, respectively.
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To evaluate the coupled effect of different powder characteristics on MCT values, the following

correlation Eq. (4.5) was then established:

MCT (s) = a x SSAP x LLY x PI> +{ (4.5)
where the adjustment factors a, B, v, 6, and { were obtained for different types of admixtures and
summarized in Table 4.10. According to the established correlations and adjustment factors, in the
case of NaHMP, NasSil, PCE, and PNS admixtures, SSA of powders exhibited the highest
contribution on MCT. Moreover, no effects of LL and low contribution of PI on MCT of the
mixtures containing NaHMP and PNS were observed. Furthermore, SSA was found as the only
factor controlling the MCT of SCEP mixtures dispersed with NaSil and PCE types. On the other
hand, LL of powders showed higher contribution on MCT of SCEP mixtures dispersed with NE-
PC compared to SSA.

Table 4.10. Adjustment factors of MCT correlations (Eq. 4.5) for different types of admixtures.

Admixture o B v [ ¢
NaHMP 0.709 0.635 0 0.012 0
NasSil 0.539 0.71 0 0 1.65E-04
PCE 5.6E-09 2.613 2E-10 24E-12 17.966
PNS 2.39E-04 1.313 0 0.046 17.927
NE-PC 0.029 0.285 1.011 0 21.45

The experimental MCT values of the SCEP mixtures investigated are compared to those obtained
using the established correlations, summarized in Eq. 4.5 and Table 4.10 and presented in Fig.
4.20. As can be observed, the established empirical correlations showed good precision in
evaluating the coupled effect of powder characteristics on MCT results, reflected by high R?,
estimation indices close to unity, and low RMSE values. The established correlations can then be

used to optimize the powder characteristics and enhance the flowability of SCEP mixtures.

4.3.8 Dismantling the formwork

As explained earlier, a compressive strength higher than 1 MPa can guarantee successful
demolding of the formworks [9]. According to the ANOVA analysis summarized in Table 4.7,
cement content and W/P ratio exhibited the highest contribution to enhance the 1-d compressive
strength of SCEP. The contour plot of 1-day compressive strength versus cement content and W/P
ratios presented in Fig. 4.21a can be employed to evaluate the coupled effect of cement content

and W/P on 1-d compressive strength and determine a formwork removal criterion. As can be
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observed, cement content of 60 kg/m? cannot satisfy the minimum f'c-14 0f 1 MPa to dismantle the
formwork. In the case of cement content of 90 kg/m?®, SCEP mixtures made with a low W/P ratio
of 0.30 could achieve a f'c.19 Of 1 to 3 MPa. However, this content is not satisfactory for higher
W/P ratios. By increasing cement content up to 120 kg/m?, SCEP mixtures satisfied the demolding
requirement, except in the case of a high W/P ratio of 0.5. The SCEP mixtures made with cement
contents higher than 120 kg/m? could achieve the targeted minimum 1-d compressive strength of
1 MPa, regardless of W/P ratio. Relatively high ranges of f'c.1q 0f 3 to 5 MPa were achieved for
the SCEP mixtures containing 150 kg/m® cement and a W/P of 0.30, and 180 kg/m? cement and a
W/P of 0.30 and 0.35. The 7- and 28-day compressive strength contours as a function of W/P and
cement content (Fig. 4.21b and 4.21c) can be used as a mechanical performance criterion to
optimize SCEP mixture proportioning. Accordingly, appropriate W/P and cement content can be

selected to achieve a required mechanical performance.
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4.3.9 Designing proper SCEP mixtures

According to the reported results obtained for wide ranges of powder characteristics, W/P ratios,
cement and clay contents, and admixture types, a new approach for proportioning SCEP mixtures
is proposed. The proposed approach is based on the empirical models (Egs. 4.4 and 4.5) established
in this study, as illustrated in Fig. 4.22. As can be observed, the particle-size distribution (PSD),
LL, and PI of the available soil are the inputs of the proposed proportioning model (step #1). As
reported earlier, it is highly recommended to select soils with LL and PI values lower than 40 and
25, respectively. Moreover, the cement content and W/P ratio can be selected using the
compressive strength contour plots shown in Fig. 4.21 for f'c.1q and f'c.08q4 Values given the required
compressive strength for formwork removal (.14 > 1 MPa) and targeted f'c-28q4 (Steps #2-1 and #2-
2). Then, the clay content can be calculated using the specific gravity values of cement and clay in
a unit volume of SCEP mixture. The admixture type is usually selected based on the application,
local availability, and cost (step #3). Once the soil is selected, the SSA is thus determined (step
#4). The empirical model in Eq. 4.4 along with the adjustment factors presented in Table 4.8 are
then used to determine the required admixture dosage (step #5). Workability of the trail SCEP
mixture can then be verified by determining the MCT values using the established correlation in
Eqg. 4.5 and corresponding factors presented in Table 4.10 (step #6-1). The predicted MCT value
is then compared with the proposed classification in Table 4.9 (step #6-2). The selected cement
content, W/P, and clay type can then be modified according to the flowability verification carried

out at step #6.
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Fig. 4.22. Schematics of the proposed proportioning approach for SCEP mixtures.

4.4 Conclusions

Recently, there has been an increasing interest in sustainable construction materials to reduce the
environmental impact of the construction industry. Development and use of SCEC, as a novel
environment-friendly material, can facilitate casting and speed up the construction process. In this
study, workability characteristics and compressive strength performance of SCEP mixtures were
investigated. The effect of different admixture and clay types, cement content, fineness of powder
constituents, and W/P on the targeted responses was investigated using the Taguchi DOE. Using
the Atterberg limits and specific surface area of the earth, a proportioning approach to design SCEP
mixtures was proposed to facilitate the design protocol given diverse earth types. According to the

experimental results presented in this study, the following concluding remarks can be pointed out:

e Workability of SCEP mixtures was mainly controlled by the fineness of powders and W/P,
while cement content and W/P showed the highest contribution on compressive strength
values. Clay Type Il consisting of 50% kaolinite and 50% attapulgite and low W/P (0.30)
resulted in the highest admixture demand to achieve targeted workability characteristics.
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e Using signal-to-noise analysis, the highest admixture demand and workability loss were
attributed to NaSil and NaHMP, respectively. However, the use of NE-PC demand was the
lowest among all admixture types with the minimum MSF loss. Regarding marsh cone test
(MCT) results, NE-PC and PNS resulted in the lowest values. Based on S/N ratios, Clay
Type | (100% kaolinite), lower cement content, and higher W/P and Ce/Cl resulted in lower
MCT values, corresponding to lower plastic viscosity of SCEP mixtures.

e Adequate clay dispersion can be achieved using NaHMP, while the use of PCE was only
efficient in the presence of cement. Moreover, NE-PC and PNS showed good compatibility
with both clay and cement particles. The effect of NaSil on flowability of single-powder

systems was negligible.

e The PNS, PCE, and NaSil admixture types showed the highest contribution on early
compressive strength development. However, the contribution of PNS, PCE and NE-PC

on 7- and 28-day compressive strength values was comparable.

e Increasing the specific surface area of binder compositions, and liquid limit and plasticity
index of earth led to higher admixture demand and marsh cone values. These parameters
were also well correlated with the workability of SCEP mixtures to propose more accurate
theoretical models. LL and PI values lower than 40 and 25, respectively, were

recommended to achieve SCEP mixtures.

e A new proportioning approach to design SCEP mixtures with targeted workability and

compressive strength was proposed.
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Abstract

Earth-based materials have been used since ancient times due to their low environmental impact
and superior thermal performance. The rammed earth (RE) method, as a common earthen
construction, consists in casting the material layer-by-layer, which is time-consuming, labor-
intensive, and energy consuming. Designing self-consolidating earth concrete (SCEC) can speed
up the construction process and overcome the disadvantages of conventional RE and enhance its
performance. Achieving high fluidity and adequate compressive strength for early demolding is
challenging because of the presence of clay and low cement content, respectively. Moreover,
diversity of existing soil types does not allow to propose a universal mixture proportioning
approach. In this study, workability, drying shrinkage, and compressive strength of SCEC mixtures
were evaluated using a new concrete-equivalent mortar (CEM) approach. The approach is mainly
based on optimizing the excess paste (EP) thickness. The mixture parameters included the water-
to-powder ratio (W/P), volumetric sand-to-total aggregate (S/A) ratio, and the excess paste
thickness. Good correlations between the investigated CEMs and their corresponding concrete
mixtures were established. According to the carried-out ANOVA analysis, the main influencing
parameters on workability, drying shrinkage, and compressive strength of SCEC include the
specific surface area and Atterberg limits of the ternary binder system, W/P, paste volume, and EP

thickness.

Keywords: Self-consolidating earth concrete (SCEC), Workability, Concrete-equivalent mortar
(CEM), Rammed earth (RE), Clay.

5.1 Introduction

Cement, as the key component of concrete, leads to high amount of CO emission compared to
other construction materials [1]. Lowering the use of cement by incorporating other sustainable
materials can lead to greener construction [2]. Rammed earth (RE), one of the common earthen
construction methods proportioned with no or low amount of cement, is an ancient construction
method commonly used in wall applications. The most important advantages of RE are its low
environmental impact due to lower consumption of industrial materials, better thermal

performance, and superior indoor air quality compared to conventional concrete [3,4]. However,
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unlike cement-based mortar and concrete, RE construction has not been comprehensively
investigated in literature for a long time despite of the great interest in earthen materials in recent

years [5].

Regardless of all aforementioned advantages, the process of RE construction is time-consuming
and labor intensive with layer-by-layer deficiencies [6]. Self-consolidating earth concrete (SCEC)
can be an alternative to facilitate and speed-up the construction process yet keeping the advantages
of earthen materials. However, designing SCEC is challenging because of the earth composition
and presence of clay. The earth consists in sand and gravel as aggregates, as well as clay and silt
as binders [7]. Clay particles are finer than 2 um with high specific surface area (SSA), hence
leading to high plastic viscosity and yield stress of clay-based suspensions [8,9]. Therefore, the
first challenge to develop SCEC is to improve its flowability due to the presence of clay particles,
sometimes in high quantity in soil composition [10]. The compatibility and interaction of
superplasticizer admixtures with ternary clay, cement, and silt binder system is fundamental to
achieve SCEC [11]. Polycarboxylate-ether based (PCE) superplasticizers used in conventional
SCC can significantly decrease the yield stress of earth-based suspensions, but only in presence of
cement [7,12]. Moreover, clay particles can be dispersed in presence of inorganic dispersants,
including sodium hexametaphosphate and sodium silicate, hence leading to a significant reduction
in the yield stress of earth [12]. However, a comparative study on the significance of high-range
water reducer (HRWR) admixtures and clay dispersants on performance of ternary binder system

of SCEC can broaden the application of this new construction material.

The second challenge to develop highly flowable earth concrete mixtures, such as SCEC, is the
delayed setting of the matrix due to low amount of cement, hence leading to low early-age
compressive strength. This latter can be used as quality control index for demolding process [7].
In addition, the packing density and quantity of fine particles are key factors influencing the
rheological properties, stability, and compressive strength of SCEC [13-16]. A proper
optimization of all these factors can contribute in designing SCEC and proper setting and
rheological properties. An adequate selection of the soil type is also essential given the various
available types with variable properties. Because of these challenges, it is difficult to recommend
a universal mixture proportioning method regardless of the diverse soil types. Therefore,

evaluating the feasibility of using various soil types and taking into account their key
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characteristics and classifications is of particular interest to enhance designing SCEC. The
Atterberg limits are the key parameters, mostly affected by clay fraction, often used to describe

the properties of soils given their constituents in the presence of water [17-20].

Flow properties of concrete can be modelled using the concrete-equivalent mortar (CEM) method.
In this approach, the coarse aggregate fraction is replaced by sand of equal surface area, aiming to
keep a constant total surface area of aggregate covered with cement paste [21]. The CEM method
was successfully used to investigate the effect of binder-admixture interaction, packing density of
the binder composition, robustness of the fresh properties, and rheological behavior of the
suspending phase on the fresh and hardened properties of SCC [22]. Schwartzentruber and
Catherine [21] employed the CEM approach to optimize the dosage of HRWR admixtures to
achieve the targeted workability. Strong correlations were reported between the fresh properties
of CEM and concrete mixtures. Assaad et al. [23] investigated the relationships between the fresh
and hardened properties of concrete and their corresponding CEM mixtures. Erdem [24] reported
satisfactory relationship between the rheological properties of SCC and their corresponding CEM.
However, considering equal surface area can neglect the variation of packing density of the
granular skeleton. On the other hand, Kabagire et al. [25] introduced the excess paste theory to
improve the agreements between the fresh properties of SCC and their corresponding CEM
mixtures. Indeed, in addition to the portion of cement paste required to fill the interparticle voids
of aggregate, the excess paste volume (excess paste EP) covers the aggregate surface area. More
recently, Lee et. al [26] employed the EP theory to propose a correlation between yield stress of
concrete and its corresponding CEM. The authors successfully predicted the yield stress of
concrete by establishing a relationship between the PCE dosage and the EP thickness in CEM.
Therefore, EP thickness seems to be a key factor which is dependent on packing density of granular
skeleton.

In this study, a new CEM approach considering a constant EP thickness was proposed to
investigate the effect of different types of superplasticizers, mixture constituents, and soil
characteristics on workability of SCEC and its variation with time. Moreover, the compressive
strength and drying shrinkage of the investigated mixtures were evaluated at different ages. Five
different dispersion agents, including two used in clay industry and three common HRWR

admixtures for concrete industry, as well as two clay types were evaluated. Based on the obtained



Chapter 5. Multiscale investigation of self-consolidating earthen materials using a novel 131
concrete-equivalent mortar approach

results, a performance-based classification of SCEC was proposed to achieve adequate
workability, mechanical, and shrinkage properties. Finally, the proposed CEM approach was

validated using the workability, compressive strength, and shrinkage results of SCEC mixtures.

5.2 New CEM approach

In this study, the workability, dying shrinkage, and mechanical performance of various SCEC
mixtures were evaluated using their corresponding CEM. As mentioned earlier, the conventional
CEM method was established to simulate the workability and mechanical performance of its
corresponding concrete by keeping the total surface area of aggregate constant [23,25]. However,
the variation of packing density of the granular skeleton was neglected. This can therefore induce
change in the thickness of EP, which can impact on the correlation between the workability of
concrete and its corresponding CEM. A schematic of a unit volume of concrete consisting in
compacted aggregate and excess paste volume is shown in Fig. 5.1. Lower aggregate content than
its maximum packing (¢ < @max) May require low paste volume, namely compacted paste volume
(Vep), to fill the existing interparticle voids between the compacted aggregate (Vca) and achieve

the highest packing density (¢max). The remaining paste volume, which is referred to the EP volume

(Ver = 1- —2), can contribute to reducing the internal frictions between the aggregate, thus
max

[}
enhancing the flowability of the mixture. The excess paste volume is a function of the volumetric

content-to-maximum packing density of aggregate ratio, namely the relative solid packing fraction

) [27]
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(b)
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Fig. 5.1. (a) Schematic of a unit volume of concrete (V¢ = 1) as a suspension of aggregate in paste and (b)
excess paste volume (Vep) and compacted aggregate (Vca).

The average EP thickness (eep) can then be estimated by the ratio of the VVEP-to-the total surface
area of aggregate (eep = Vep / Aaggregate). In Order to achieve comparable workability of concrete
and its corresponding CEM, the coarse aggregate was replaced by sand while targeting an equal

eep, as follows:

) Psand+gravel Peq:sand
_  Pmax:sand+gravel __ i Pmax:sand 51
eep=——— = ——— ey
Asand+gravel Acg:sand

where @sand+gravel, Qeqisand, (@max:sand+gravel, @maxsand, Asand+gravel, and Aegsand are the volumetric
contents, packing density, and surface area of sand and gravel in SCEC mixture, as well as sand
in corresponding CEM mixtures, respectively. It is worthy to mention that in order to obtain 3D
surface area-to-volume ratio (Asp/V) of the aggregate particles coarser and finer than 1.25 mm,
the Max3D laser scanner (Fig. 5.2a) and X-ray micro-CT scanner (Fig. 5.2b) were employed,
respectively [16,28,29]. Different subclasses of particles of the sand and coarse aggregate,
corresponding to different standard sieves, were scanned. The Aszp/V values of the investigated
sand and coarse aggregate were then calculated using the volumetric-weighted arithmetic mean of
Asp/V values of their corresponding subclasses, given their particle-size distributions (PSD)
(Table 5.1).
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(a) (b)

Fig. 5.2. (a) MAXscan 3D laser scanner and (b) X-ray micro-CT scanner.

5.3 Experimental program

5.3.1 Materials and test procedures

A natural river sand (0-5 mm) and crushed limestone coarse aggregate (5-10 mm) were used. The

PSD, Asp/V, density, and water absorption of the aggregate are summarized in Table 5.1.

Table 5.1. Cumulative passing, 3D-surface area-to-volume ratio, density, and water absorption of sand and coarse
aggregate.

Coarse Aggregate, Nominal: 5-10 mm

Sieve size range (mm) Sand, Nominal: 0-5 mm (%) (%)
20-28 -
14-20 - -
10-14 - 18.3
5-10 4.45 71.2
2.5-5 10.41 5.4
1.25-25 14.32 5.1
0.630-1.25 19.03

0.315-0.630 27.45

0.160-0.315 18.44

0.080-0.160 5.78

0-0.080 0.12 -
Agp/V (M?m?) 21583.4 859.8
Density (kg/m?) 2670 2720
Water absorption (%) 1.09 0.42

In this study, five different volumetric sand-to-total aggregate ratios (S/A) of 0.5, 0.6, 0.7, 0.8, and
0.9 were selected to evaluate the effect of packing density on concrete performance. The packing
densities of the investigated sand (@maxsand) and granular (@max:sand+gravel) SKeletons were then

determined using the intensive compaction tester (ICT) device [30], [31]. It consists in applying
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50 gyratory cycles at an angle of 40 mrad and a normal pressure of 20 kPa. These testing

parameters were recommended to prevent crushing of aggregate [16] (Table 5.2).

Table 5.2. Packing density of the investigated sand (@maxsand) and gravel skeletons (@max:sand+gravel)-

SIA 05 06 07 038 0.9 1 (Grm: sand)
Pracemdsgael 0788 0797 0786 0770  0.753 0.739

The binder of the investigated SCEC mixtures were proportioned using a quartz-silt powder of 2—
75 pum size and specific gravity of 2.69, a GU Portland cement with specific gravity of 3.15, and
two types of clay, including 100% kaolinite (Clay Type I) and 50% kaolinite and 50% attapulgite
(Clay Type I1). The investigated kaolinite and attapulgite have specific surface areas of 15 and 155
m?/g and specific gravities of 2.73 and 2.75, respectively. Moreover, two inorganic deflocculants
were used, including sodium hexametaphosphate (NaHMP) and sodium silicate (NaSil) solution.
The NaHMP (96% pure) powders were dispersed in water with a solid concentration of 37.1%, by
mass. On the other hand, the NaSil is composed of 10.6% Na20, 26.5% SiO2, % by mass, and
water. Three common HRWR admixtures, including polycarboxylate-ether (PCE), sodium
polynaphtalene (PNS), and non-esterified polycarboxylate (NE-PC) types, were evaluated with
solid contents of 40%, 39.25%, and 36.44%, by mass, respectively.

A L50 orthogonal Taguchi array was used to investigate the influence of seven mixture parameters,
including one 2-levels and six 5-levels factors. As can be observed in Table 5.3, the types of clay
(types I and 11) are modelled to assess the efficiency of mineralogy and constituent of fine particles
existing in the earth. According to available literature on cement-stabilized earth concrete, five
different levels of 60, 90, 120, 150, and 180 kg/m? were selected for cement content [10,32]. In
addition, 5 different levels of paste volume (V) corresponding to 45%, 48%, 51%, 54%, and 57%
were investigated. It is worthy to mention that Ve corresponds to total volume of air, water, and
powders, including clay, silt, and cement. The water-to-powder (W/P) ratios was evaluated at five
levels of 0.30, 0.35, 0.40, 0.45, and 0.50. Furthermore, the volumetric cement-to-clay ratio (Ce/Cl)
was evaluated at five levels of 0.50, 0.75, 1.00, 1.25, and 1.50 to assess different binder packing.
Furthermore, as mentioned earlier, five different S/A ratios of 0.5, 0.6, 0.7, 0.8, and 0.9 and five
different admixture types, including NaHMP, NaSil, PCE, PNS, and NE-PC, were investigated as

well.
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Table 5.3. Modelled factors and their corresponding levels.

Factors
Clay type Cement content (kg/m®)  Vp (%)  WIP Ce/Cl S/A  Admixture type

Levels

1 Type | 60 45 0.30 0.50 0.5 NaHMP
2 Type Il 90 48 0.35 0.75 0.6 NaSil
3 - 120 51 0.40 1.00 0.7 PCE
4 150 54 0.45 1.25 0.8 PNS
5 180 57 0.50 1.50 0.9 NE-PC

Initially, the paste mixtures, namely self-consolidating earth pastes (SCEP), were prepared in
batches of 1.5 L using a planetary Hobart mixer according to the ASTM C305 specifications [33]
for paste. The admixture dosages were optimized to achieve a targeted mini-slump flow (MSF)
[34] of 280 + 20 mm. This value was selected to ensure highly flowable and stable (i.e., no
bleeding) SCEP mixtures. The admixture demands and MSF values were used as comparative
measurements. Furthermore, nine cubic specimens (50 x 50 x 50 mm3) were sampled and used to
determine the compressive strength at 1 day of age in accordance with ASTM C109 specifications
[35].

On the other hand, the CEM mixtures were made in batches of 6 L according to the ASTM C305
specifications [33] for mortar. The MSF [34] and mini V-Funnel (MVF) [36] tests were carried
out at 0, 30, and 60 min immediately after mixing to evaluate the flowability and workability loss
of the investigated mortar mixtures. In the case of MVF, the funnel was filled, and the bottom
outlet was then opened to allow the mortar to flow out. The required time to empty the cone was
recorded as the MVF time. In the case of mortar mixtures, the compressive strength was evaluated
at different ages of 1, 7, and 28 days of age according to the ASTM C109 specifications [35].
Drying shrinkage of the CEM mixtures was measured according to the ASTM C596 specifications
[37]. Moreover, the Atterberg limits [38], including the liquid (LL) and plastic limits (PL), of clay,
silt, and sand (< 425 pum) in each soil were determined. It is important to mention that the LL is
defined as the moisture content above which the soil behaves as a liquid, and PL is the moisture
content beyond which the soil behaves plastic. The plasticity index (PI) was also calculated as the
difference between LL and PL values (Pl = LL - PL).

All the SCEC mixtures were prepared in batches of 60 L using a rotating drum mixer. The mixing
sequence consisted in homogenizing the aggregate (sand + coarse aggregate) for 90 s, then 1/3 of
the mixing water was introduced and mixed for 60 s. The powder (silt, clay, and cement) was then

added and mixed for 30 s. The second 1/3 of the mixing water and HRWR or dispersant admixture
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were added and mixed for an additional 60 s. The remaining 1/3 of water was then added and the
mixing was resumed for another 90 s. After 120 s of rest, the mixing was presumed for an
additional 180 s. Immediately after mixing, the slump flow (SF) [36] and V-Funnel [39] tests were
carried out to evaluate the flowability of the investigated SCEC mixtures. Moreover, the
compressive strength of the investigated concrete mixtures was determined at 1, 7, and 28 days of
age using cylindrical specimens of 100-mm diameter and 200-mm height conforming to the ASTM
C39 standard [40]. Drying shrinkage of the investigated SCEC and their corresponding CEM
mixtures were also evaluated at 7, 14, 21, 28, and 90 days of age according to the ASTM C157
specifications [41].

5.3.2 Paste, CEM, and concrete mixture proportions

The mixtures necessary to carry out the L50 orthogonal array are summarized in Table 5.4. The
admixture demand to achieve the targeted MSF and f'c-14 Of the 50 investigated SCEP mixtures are
also summarized in Table 5.5 [11]. A minimum fc1q 0f 1 MPa was selected to ensure the
feasibility of demolding after 24 hours of casting [7]. As can be observed in Fig. 5.3, the 50 paste
mixtures were evaluated based on their MSF and 1-day compressive strength to ensure good
compatibility between admixture and ternary binder system and adequate strength for formwork
removal. The paste mixtures satisfying these criteria were then selected for further workability,
compressive strength, and drying shrinkage investigation on their CEM scale. CEM mixtures with
optimum admixture dosage, 1-day compressive strength, and 28-day drying shrinkage were
selected for investigation in concrete scale. Finally, key parameters were selected to predict CEM

and concrete performance based on paste and CEM mixtures, respectively.

The mixtures with f'c.1q greater than 1 MPa were chosen to carry out the mortar tests. Although
P14, P20, P21, P35, P36, P47, and P48 mixtures satisfied the required compressive strength values,
but they were not chosen due to their significantly high admixture demand. In total, eighteen CEM
mixtures were therefore selected for further investigation. The mixture proportioning of the
investigated CEM mixtures and their corresponding excess paste thicknesses (eep) are summarized
in Table 5.6.

According to the 1-day compressive strength results of the investigated CEMs presented in Table

5.6, three concrete C16, C22 and C37 mixtures proportioned with PCE type were selected (
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Table 5.7). The selection criteria were based on their corresponding CEM mixtures achieving the
targeted MSF of 280 + 20 mm and the f'c.1q Values higher than 1 MPa. Moreover, a cement-based
reference mixture Crer (i.e. without any clay) and its corresponding CEM (Mrer) and paste (Pref)
mixtures were proportioned with PCE, W/P of 0.40, VP of 0.45, and S/A of 0.5, as presented in

Table 5.7.
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Parameters in .50 orthogonal Taguchi\
array for mix proportions:
Clay and admixture type, cement
content, Vp, W/P, Ce/Cl, S/A Y,
| 1. Mini-slump flow J
1 _ ) | 2. Compressive strength
Paste mixtures
Selection criteria: ’
P> I MPa ’_@ Y (1. Mini-slump flow
> CEM mixtures —1_,| 2. Mini V-funnel
- o 3. Compressive strength
4. Drying shrinkage
Selection criteria: 3 )
»  Optimum admixture type Concrete mixtures
+ 4> 1MPa N d
* Drying shrinkge,g; < 0.15% v [1. STump flow
Finding key parameters to propose | 2. V-funnel
empirical models to predict: | 3. Compressive strength
Paste 2> CEM 4. Drying shrinkage

CEM = Concrete

Fig. 5.3. Schematic sequence of the study carried out on paste, CEM, and concrete mixtures.
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Table 5.4. Mixture proportions of the L50 Orthogonal array considering the seven investigated factors [11].

Investigated factors

Investigated factors

Experiment Experiment
No. Clay type Cem(ekr;t/;(;;tent (},2’) W/P  Ce/Cl SIA  Admixture No. Clay type Cen}igt/:ng;]tent (12’) W/P  Ce/lCl SIA  Admixture
1 45 0.3 0.5 0.5 NaHMP 26 60 45 0.3 1.25 0.9 PNS
2 48 0.35 0.75 0.6 NasSil 27 48 0.35 15 0.5 NE-PC
3 60 51 0.4 1 0.7 PCE 28 51 04 0.5 0.6 NaHMP
4 54 0.45 1.25 0.8 PNS 29 54 0.45 0.75 0.7 NaSil
5 57 0.5 15 0.9 NE-PC 30 57 0.5 1 0.8 PCE
6 45 0.35 1 0.8 NE-PC 31 90 45 0.35 0.5 0.7 PCE
7 48 0.4 1.25 0.9 NaHMP 32 48 0.4 0.75 0.8 PNS
8 90 51 0.45 15 0.5 NasSil 33 51 0.45 1 0.9 NE-PC
9 54 0.5 0.5 0.6 PCE 34 54 0.5 1.25 0.5 NaHMP
10 57 0.3 0.75 0.7 PNS 35 57 0.3 15 0.6 NasSil
11 45 0.4 15 0.6 PNS 36 120 45 0.4 1 0.5 NaSil
12 48 0.45 0.5 0.7 NE-PC 37 48 0.45 1.25 0.6 PCE
13 | 120 51 0.5 0.75 0.8 NaHMP 38 1 51 0.5 15 0.7 PNS
14 54 0.3 1 0.9 NasSil 39 54 0.3 0.5 0.8 NE-PC
15 57 0.35 1.25 0.5 PCE 40 57 0.35 0.75 0.9 NaHMP
16 45 0.45 0.75 0.9 PCE 41 150 45 0.45 15 0.8 NaHMP
17 48 0.5 1 0.5 PNS 42 48 0.5 0.5 0.9 NasSil
18 150 51 0.3 1.25 0.6 NE-PC 43 51 0.3 0.75 0.5 PCE
19 54 0.35 15 0.7 NaHMP 44 54 0.35 1 0.6 PNS
20 57 04 0.5 0.8 NasSil 45 57 0.4 1.25 0.7 NE-PC
21 45 0.5 1.25 0.7 NasSil 46 180 45 0.5 0.75 0.6 NE-PC
22 48 0.3 15 0.8 PCE a7 48 0.3 1 0.7 NaHMP
23 180 51 0.35 0.5 0.9 PNS 48 51 0.35 1.25 0.8 NaSil
24 54 0.4 0.75 0.5 NE-PC 49 54 0.4 15 0.9 PCE
25 57 0.45 1 0.6 NaHMP 50 57 0.45 0.5 0.5 PNS
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Table 5.5. Proportioning, admixture demand, and f'c.14 Of the investigated SCEP mixtures [11].
Mix Cement Water Clay type | Silt WP Admixture demand fe1d Mix Cement Water Clay type 1l Silt WP Admixture demand fe1a
No. (kg/m®)  (kg/m3) (kg/md) (kg/md) (% binder) (MPa) No. (kg/m®)  (kg/m®) (kg/md) (kg/m®) (% binder) (MPa)
P1 1333 450.4 231.1 11369  0.30 0.510 0.75(0.01) P26 1333 450.1 92.4 12744  0.30 0.400 1.04 (0.02)
P2 125.0 488.6 144.4 1126.6  0.35 2.700 0.67(0.01) P27 125.0 488.4 72.2 11983  0.35 0.240 0.50 (0.03)
P3 117.6 521.9 102.0 1085.1  0.40 0.065 0.32(0.01) P28 117.6 522.2 203.9 9839 0.0 2.100 0.42 (0.04)
P4 1111 551.1 77.0 1036.6 0.5 0.050 0.37(0.01) P29 1111 551.3 128.4 9856 0.5 6.500 0.46 (0.02)
P5 105.3 577.0 60.8 9880 050 0.000 0.31(0.02) P30 105.3 577.1 91.2 957.8 050 0.090 0.29 (0.04)
P6 200.0 490.7 173.3 10285  0.35 0.071 117(0.01) P31 200.0 491.1 346.7 856.5 0.35 1.400 0.59 (0.02)
P7 187.5 523.9 130.0 992.4 0.40 0.350 0.41(0.02) P32 1875 524.2 216.7 906.3 0.40 0.750 1.09 (0.04)
P8 176.5 553.2 102.0 9508 045 0.600 0.48 (0.01) P33 1765 553.3 152.9 9002 045 0.280 0.53 (0.03)
P9 166.7 579.7 288.9 7037 050 0.110 0.51(0.01) P34 166.7 579.1 115.6 8760  0.50 0.700 0.54 (0.07)
P10 157.9 450.9 1825 11625  0.30 0.170 1.56 (0.04) P35 157.9 450.6 91.2 12530  0.30 7.500 1.07 (0.04)
P11 266.7 526.2 154.1 894.9 0.40 0.120 3.11(0.04) P36 266.7 526.5 231.1 818.4 0.40 12.000 1.30 (0.04)
P12 250.0 556.3 4333 5530 045 0.081 1.46 (0.02) P37 250.0 555.6 1733 8113 045 0.390 1.86 (0.09)
P13 235.3 581.7 271.9 656.3  0.50 0.490 0.40 (0.01) P38 2353 581.3 135.9 7914 050 0.100 0.54 (0.04)
P14 222.2 452.5 192.6 10934  0.30 4,000 2.11(0.01) P39 2222 452.9 385.2 9023  0.30 NA* -
P15 210.5 490.9 146.0 1046.0  0.35 0.075 2.60(0.12) P40 2105 491.1 243.3 9494 035 2.600 0.63 (0.04)
P16 3333 558.7 385.2 5230 045 0.175 2.94(0.24) P41 3333 558.1 192.6 7143 045 1.800 0.36 (0.03)
P17 3125 584.1 270.8 584.9 0.50 0.100 191(0.01) P42 3125 585.0 541.7 3158 0.50 NA* -
P18 294.1 454.2 203.9 10160  0.30 0.068 5.69(0.09) P43 294.1 454.6 339.9 8812  0.30 2.400 0.85 (0.06)
P19 2778 492.7 160.5 9694  0.35 0.520 0.80 (0.04) P44 277.8 492.9 240.7 889.7  0.35 1.050 2.19 (0.05)
P20 263.2 527.0 456.1 598.2  0.40 4.800 1.75(0.03) P45 263.2 526.2 1825 869.9 0.0 0.420 1.33 (0.04)
P21 400.0 586.9 2773 4964 050 3.600 1.71(0.07) P46 400.0 587.5 462.2 3127 050 6.400 0.34 (0.02)
P22 375.0 456.2 216.7 9201  0.30 0.130 6.92 (0.21) P47 375.0 456.5 325.0 8216  0.30 4.900 3.13(0.06)
P23 352.9 495.8 611.8 4520 035 0.430 520 (0.09) P48 352.9 494.9 244.7 8163  0.35 15.000 2.14 (0.09)
P24 333.3 528.8 385.2 603.4  0.40 0.079 2.86 (0.04) P49 3333 528.2 192.6 7946 0.0 0.380 2.04 (0.04)
P25 315.8 557.8 273.7 650.1  0.45 0.550 3.24(0.02) P50 315.8 558.6 547.4 3783 045 8.300 0.43 (0.04)

* NA: Targeted MSF value not achieved; (): standard deviation
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Table 5.6. Proportioning and egp of the investigated CEM mixtures.

Mix No. Cement (kg/m%)  Water (kg/m®)  Clay type | (kg/m®)  Clay type Il (kg/m®)  Silt (kg/m®)  W/P  Sand (kg/m®) e (um)  fe1a (MPa)
M6 100.0 2453 86.7 - 514.2 0.35 1197.2 40.2 -

M10 101.6 290.1 117.4 - 748.0 0.30 815.6 88.4 1.3(0.04)
M11 149.3 294.6 86.2 - 500.9 0.40 1038.0 56.0 2.3 (0.08)
M12 139.6 310.7 242.0 - 308.8 0.45 1041.6 55.6 1.3(0.04)
M15 147.0 342.8 101.9 - 730.4 0.35 669.6 121.4 1.7 (0.05)
M16 157.7 264.3 182.2 - 247.4 0.45 1268.7 34.4 2.8 (0.10)
M17 192.8 360.4 167.1 - 360.9 0.50 885.6 76.5 1.6 (0.04)
M18 181.5 280.4 125.9 - 627.2 0.30 885.1 76.5 4.6 (0.10)
M22 198.7 241.7 114.8 - 492.2 0.30 1117.7 47.6 5.6 (0.12)
M23 188.1 264.3 326.1 - 240.9 0.35 1109.1 48.4 3.6 (0.08)
M24 224.1 355.5 259.0 - 405.7 0.40 738.4 104.2 2.3(0.14)
M25 2120 3745 183.7 - 436.4 0.45 741.4 103.5 0.5 (0.02)
M26 63.1 212.9 - 43.7 602.9 0.30 1268.7 344 -

M32 99.3 277.7 - 114.8 480.2 0.40 1117.7 47.6 -

M37 147.2 327.2 - 102.1 477.8 0.45 960.3 65.6 1.5 (0.02)
M44 179.1 317.8 - 155.2 573.6 0.35 812.1 89.1 -

M45 169.3 338.6 - 117.4 559.7 0.40 815.6 88.4 0.5 (0.02)
M49 187.6 297.3 - 108.4 447.2 0.40 1030.1 56.9 2.5(0.04)

(): standard deviation

Table 5.7. Mixture proportions of the investigated SCEC mixtures, as well as reference CEM and paste ones.

Mix No. Cement (kg/m®)  Water (kg/m®)  Clay type I (kg/m®)  Clay type Il (kg/m®)  Silt (kg/m®)  W/P  Sand (kg/m®)  Gravel (kg/m®)  egp (um)
C16 150.0 251.4 173.3 - 235.3 0.45 1197.0 136.0 344
C22 180.0 219.0 104.0 - 4459 0.30 1000.2 255.7 47.6
C37 120.0 266.7 - 83.2 389.4 0.45 750.1 511.4 65.6
Cret 627.2 250.9 - - 0 0.40 665.0 680.0 65.1
Mies 818.7 3275 - - 0 0.40 964.5 0 65.1
Pret 1393.8 557.5 - - 0 0.40 0 0 -
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5.4 Result and discussion
5.4.1 CEM mixtures

The properties of the 18 investigated CEM mixtures, including admixture demands to achieve the
targeted MSF of 280 £ 20 mm, MSF, and MVF values, the compressive strength (f'¢), the dry
density (p) at 1, 7, and 28 days of age, the drying shrinkage, and the Atterberg limits of the earth
used are summarized in Table 5.8. As can be observed, the LL, PL and PI values of the
corresponding earth ranged from 15.7 to 36.5% and 1.2 to 13.3%, respectively. These wide ranges
can guarantee a thorough investigation on different soil types. Despite of the high admixture
dosages, the M6, M26, M32, and M44 CEM mixtures did not achieved the targeted MSF values.
In the case of M6, this can be due to the very low contents of cement and clay, hence resulting in
inadequate binding and instability even for lower MSF values than the targeted MSF. Moreover,
in the case of M26, M32, and M44 mixtures made with PNS, the lack in fluidity can be attributed
to the inefficiency of PNS to disperse the Clay Type Il particles in the CEM mixtures. On the other
hand, high NaHMP demands are reported in the case of the Clay Type Il systems.

54.1.1 Mini-slump flow (MSF)

The evolution of MSF values with admixture dosage is presented in Fig. 5.4. As can be observed
in Fig. 5.4a, the use of Clay Type Il resulted in higher PCE demand compared to Clay Type I.
Moreover, among the different Clay Type | systems, the mixture M16 (W/P of 0.45) required the
highest PCE dosage compared to M15 and M22 (0.35 and 0.30). This is due to its higher clay
content (182 vs. 102 and 115 kg/m?). This reflects the significant negative effect of clay content
on flowability of the mixtures compared to the positive influence of W/P ratio. Furthermore, the
mixture M37 proportioned with higher W/P ratio and lower clay content required lower PCE

dosage compared to M49 to achieve a given flowability level.

As can be observed in Fig. 5.4b, none of the CEM mixtures proportioned with Clay Type Il and
PNS type could reach the targeted MSF value. This is probably due to the low synergy of PNS
with the attapulgite clay particles in the Clay Type Il in CEM phase. On the other hand, among the
CEM mixtures proportioned with 100% kaolinite Clay Type I, the mixture M23 containing the
highest clay content (326 kg/m®) and relatively low W/P of 0.35 exhibited the highest PNS
demand. Moreover, the opposite effects of clay content and W/P ratio led to comparable PNS

demands in the case of M10, M11, and M17 mixtures to achieve the targeted MSF value.
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In the case of the CEM mixtures incorporating NE-PC admixture (Fig. 5.4c), the M45 mixture
proportioned with Clay Type Il required significantly higher dosage compared to the other
mixtures containing Clay Type I. Similar to PCE and PNS, the combined effect of clay content
and W/P ratio governed the NE-PC demand of the CEM mixtures made with Clay Type I. Finally,
the highest admixture demand was observed for the mixture M25 containing NaHMP, as shown
in Fig. 5.4d. This can be attributed to the low efficiency of NaHMP with the ternary powder system

of SCEC (i.e., clay, cement, and silt) since it only disperses clay particles.
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Table 5.8. Properties of the investigated CEM mixtures.

Mix Aéimixtl:jre MSF (mm) MVF (s) p (kg/md) f'. (MPa) Drying shrinkage (%) Atterberg limits (%)
No. (%eé?ﬁﬁer> Omin  30min  60min  Omin  30min 60 min 1d 7d 26d  1d 7d 28d 7d  14d 21d  28d 90d LL  PL PI
M6 NA" - - - - - - - - - - - - - - - - - 157 145 12
M10 0.28 265 222 155 7.1 115 18.2 2263 2244 2266 13 25 32 008 008 008 009 009 186 169 17
M11 0.29 269 236 193 3.2 39 4.4 2281 2330 2300 23 44 54 005 006 006 006 007 181 166 15
M12 0.27 266 259 238 15 19 24 2254 2248 2346 13 33 44 020 021 021 022 022 201 146 55
M15 0.10 279 243 211 24 3.1 37 2186 2237 2230 17 33 42 008 008 008 008 009 175 162 13
M16 0.28 272 236 189 3.0 36 4.1 2314 2321 2341 28 58 73 007 008 009 009 009 189 149 40
M17 0.25 263 223 156 10 17 21 2148 2178 2175 16 36 45 011 012 012 013 014 195 157 38
M18 0.20 265 261 248 9.9 11.0 135 2233 2353 2307 46 86 104 007 007 007 008 008 199 163 36
M22 021 282 264 249 75 7.9 8.3 2354 2354 2359 56 138 169 002 003 006 007 009 189 158 31
M23 0.65 264 232 1 33 43 10.9 2282 2324 2389 36 71 90 017 021 021 021 022 215 148 67
M24 0.18 281 267 246 3.1 4.0 52 2279 2277 2238 23 70 87 009 010 010 010 011 216 145 7.1
M25 1.89 263 100 100 20  blocked blocked 2193 2193 2189 05 46 46 064 065 066 067 068 205 156 49
M26 NA" - - - - - - - - - - - - - - - - - 215 183 32
M32 NA" . . . . . . . . . . - - - - - - - 308 236 72
M37 055 286 209 171 25 36 42 2187 2232 2263 15 34 47 014 015 015 015 015 328 218 110
M44 NA" - - - - - - - - - - - - - - - - - 35 232 133
M45 115 264 250 247 2.7 37 43 2219 2233 2247 05 51 61 111 112 113 113 113 346 228 118
M49 0.79 270 201 184 2.2 56 8.4 2186 2195 2193 25 62 78 011 012 012 012 013 315 205 110

"NA: Targeted MSF value not achieved
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Fig. 5.4. Mini-slump flow of CEM mixtures containing (a) PCE, (b) PNS, (c) NE-PC, and (d) NaHMP
admixtures.

The results presented in Fig. 5.4 confirmed the significant coupled effect of binder constituents
and W/P ratio on admixture demand. The effect of binder constituents can be reflected using the
SSA of powders and PI of soils. As shown in Fig. 5.5a and 5.5b, the PCE, PNS, and NE-PC
admixture demands to achieve the targeted MSF of 280 £ 20 mm are well correlated to PI/(W/P)

and SSA/(W/P) ratios of the investigated CEM mixtures (leading to R? values close to unity (>
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Fig. 5.5. Relationship between the admixture demands and (a) PI/(W/P) and (b) SSA/(W/P) of the investigated
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Moreover, a Microsoft Excel solver was developed to evaluate the coupled effect of characteristics
of different mixture constituents, including the Atterberg limits (LL and PI) of the soil, paste
volume (Vp), W/P ratio, and excess paste thickness (eer) on PCE, PNS, and NE-PC admixture
demands of the investigated CEM mixtures using the following equation:

LLYxPI®

vpsx(%)zx%,m

Ad. demand (% binder) = o + 3 X (5.2)

where a, B, v, 0, €, {, and n are the adjustment factors and power indices determined for each
admixture type, referring the contribution of LL, PI, Ve, W/P, and eepr on admixture demand,
respectively. The value of these parameters are summarized in Table 5.9. The established
correlations are compared to the experimental PCE, PNS, and NE-PC admixture demands, as
presented in Fig. 5.6a, 5.6b, and 5.6c, respectively. As can be observed, the admixture demands
are well correlated to the characteristics of CEM mixtures constituents, leading to high R? of 1.0
and low root-mean squared-error (RMSE) of 0.001%. According to the obtained power indices
(Table 5.9), the CEM mixtures proportioned with soils exhibiting lower LL and PI, as well as
higher Vp, W/P, and eep required lower admixture dosage to achieve the targeted MSF value to
fulfill the self-consolidation criterion. Moreover, the PCE, PNS, and NE-PC demands are mostly
controlled by the egp, W/B ratio, and LL values, respectively, as reflected by the highest power
indices. Furthermore, among the solid characteristics, LL showed more dominant effect on PNS
and NE-PC demands rather than the PI values. However, the PCE demands of the CEM mixtures

were found more influenced by the PI values rather than the LL of their corresponding soils.

Table 5.9. Adjustment factors of the established admixture demand correlations (Eq. 5.2).

Adjustment factors (Eq. (2))

Admixture

a B Y 3 € g n
PCE 0.093 0.986 0.905 1.689 0.208 1.640 2.027
PNS 0.196 1.133 1.449 0518 0435 2.252 1.805

NE-PC 0.094 1559 2938 1607 1.725 2455 2241
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The MSF results of the investigated CEM mixtures obtained at 0, 30, and 60 min after mixing are
presented in Fig. 5.7 for different admixtures. As can be observed, for the PCE-based mixtures
(Fig. 5.7a), Clay Type Il led to the highest MSF loss values over time. On the other hand, among
the CEM mixtures proportioned with Clay Type I, the M16 mixture containing the highest clay
content and W/P ratio, and the lowest Vp, exhibited the highest MSF loss compared to the mixtures
M15 and M22. In the case of mixtures containing PNS type, the M11 mixture made with the lowest
clay content and Vp exhibited the lowest MSF loss, as illustrated in Fig. 5.7b. The clay, W/P ratio,
and Vp showed a coupled effect on MSF loss. Moreover, the CEM mixtures containing NE-PC
exhibited the lowest MSF loss values compared to those made with other admixture types, as
shown in Fig. 5.7c. This can demonstrate the efficiency of the NE-PC admixture in the presence
of both clay types, hence leading to low MSF loss over time. However, the highest MSF loss was
observed for the M25 mixture containing NaHMP admixture (Fig. 5.7d), leading to no flow after
30 min of age (i.e., MSF of 100 mm). Such behavior can be favorable for 3D-printing applications
where quick structural-build up is required. According to the obtained results, the NaHMP and
NE-PC admixtures confirmed the highest and lowest contributions of admixture types on MSF

loss over time.
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Fig. 5.7. MSF loss values (after 30 and 60 min) of the investigated CEM mixtures made with (a) PCE, (b)
PNS, (c) NE-PC, and (d) NaHMP admixtures.
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5.4.1.2 Mini V-funnel (MVF)

The MVF results of the investigated CEM mixtures measured at 0, 30, and 60 min after mixing
are illustrated in Fig. 5.8. It is important to mention that according to the European guidelines for
SCC [36] that recommend a MSF of 280 to 340 mm, Domone [42] proposed a MVVF of 1t0 7.5 s
to achieve SCC with satisfactory fresh properties. The MVF results of the CEM mixtures
containing PCE are presented in Fig. 5.8a. As can be observed, the M22 mixture proportioned with
the lowest W/P ratio of 0.30 showed the most viscous behavior reflected by the highest MVF
values over time. However, the highest MVF-increasing rate was obtained for the mixture M49
containing Clay Type Il. It is worthy to mention that the M37 mixture made with comparable
contents of Clay Type Il (102 and 108 kg/m3) showed lower MVF increasing rate due to its higher
WI/P ratio compared to the M49 mixture (0.45 vs. 0.40). This suggests the dominant contribution
of W/P ratio on MVF of the PCE-based CEM mixtures compared to the clay content. Among the
CEM mixtures containing PNS (Fig. 5.8b), the M17 mixture exhibited the lowest MVF values due
to its highest W/P ratio (0.50). The mixtures M11, M23, and M10 proportioned with W/P ratios of
0.40, 0.35, and 0.30, respectively, exhibited higher MVF values. This highlights the significant
effect of W/P ratio on viscosity of the PNS-based CEM mixtures, rather than the clay content and
Vp.

Similarly, the MVF values of the CEM mixtures containing NE-PC are mainly controlled by W/P
ratios, as shown in Fig. 5.8c. For example, the mixtures M24 (259 kg/m? of Clay Type 1) and M45
(117 kg/m?® of Clay Type Il) proportioned with an equal W/P exhibited comparable MVF values
due to their same W/P ratios. On the other hand, as shown in Fig. 5.8d, the incorporation of
NaHMP led to a relatively low initial MVF value of 2 s for the mixture M25, immediately after
mixing, but no flowability was observed after 30 min. This can be due to the synergy of NaHMP
with the ternary binder system of SCEC mixtures. The accelerated structural build-up observed
with the NaHMP admixture is favorable for 3D-printing applications.
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Fig. 5.8. MVF of the investigated CEM mixtures proportioned with (a) PCE, (b) PNS, (c) NE-PC, and (d)
NaHMP admixtures over time (0, 30, and 60 min after mixing).

A Microsoft Excel solver was then developed to correlate the initial MVF values determined

immediately after mixing to the characteristics of the mixture constituents, as follows:

MVF (s) = a + B X VP:i—E%)S (5.3)
where a, B, v, 8, and € are the adjustment factors and power indices reflecting the contributions of
Vp, W/P, and eer on MVF values, respectively. The established correlations are presented in Table
5.10 and Fig. 5.9. As can be observed in Fig. 5.9, the MVF values of the investigated CEM
mixtures are in very good agreement with the characteristics of the mixture constituents, reflected
by high R? of 1.0 and RMSE values lower than 0.264 s. According to the obtained power indices,
increasing the paste content and W/P ratio led to lower MVF values, hence reflecting low viscosity.
On the other hand, the W/P showed the most dominant effect on MVF values compared to the
paste characteristics (i.e., Vp and eep). It signifies the high effect of solid fraction on viscosity,

followed by paste volume.
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Table 5.10. Adjustment factors of the established correlations of MVF (Eg. 5.3).

. Adjustment factors
Admixture
o B Y 1) €
PCE 2494 7.902 8.482 26.008 0.276
PNS 0 329147 3750 4.744 0.739
NE-PC 0 1.204 1.409 4.333 0.560
12 @ 12 12
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Fig. 5.9. Comparison between the experimental MVF values of the investigated CEM mixtures and those obtained using Eq. 5.3 and Table 5.10, including (a) PCE, (b) PNS,
and (c) NE-PC admixtures.
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5.4.1.3 Compressive strength

The evolution of the compressive strength of the investigated mixtures at 1, 7, and 28 days of age
is presented in Fig. 5.10 for different types of admixtures. As can be observed in Fig. 5.10a, the
mixture M22 showed the highest compressive strength, regardless of the age (~17 MPa in 28 days)
compared to the mixtures containing PCE types. This is due to its highest cement content and
lowest W/P ratio. The compressive strength of the CEM mixtures was mostly governed by the
cement content, W/P ratios, and Vp. In the case of PNS systems (Fig. 5.10b), the highest
compressive strength values were obtained for M23 made with the highest cement content,
followed by M11, M17, and M10, respectively. It is important to mention that despite of its lower
cement content, the M11 mixture exhibited higher compressive strength than the mixture M17,
which is due to its lower W/P ratio (0.40 vs. 0.50).
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Fig. 5.10. Compressive strength of the investigated CEM mixtures made with (a) PCE, (b) PNS, (c) NE-PC,
and (d) NaHMP admixtures.

Furthermore, as can be observed in Fig. 5.10c, the mixtures M18 and M24 exhibited the highest
compressive strength, regardless of the age. On the other hand, the M25 mixture made with
NaHMP developed very low 1-d compressive strength of 0.5 MPa. However, after 7 days of age,

it developed 4.6 MPa, but no change was observed afterwards up to 28 days of age (Fig. 5.10d).
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This highlights the negative effect of NaHMP-binder combination on compressive strength
development of the CEM mixtures. As can be observed in Fig. 5.11, the compressive strengths are
in good agreements with cement content and W/P ratios, reflecting their significant effects on
mechanical properties of earth-based mortars. It is worth mentioning that the lower R? obtained
for the f'c.1q can reflect its dependency to other factors, such as binder constituents which can hinder
the formation of C-S-H gels.
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Fig. 5.11. Relationship between the compressive strengths of the investigated CEM mixtures at different ages
and their corresponding cement contents and W/P ratios.

Therefore, the following correlation was established using a Microsoft Excel solver to assess the
contribution of different mixture constituent factors on the f'c.1q Values of the investigated CEM

mixtures:

cce

f'e-1d (MPa) o+ B X LLT(%)S (54)

where a, B, v, 0 and € are the adjustment factors and power indices reflecting the contribution of
LL, W/P, and cement content (CC in kg/m?) on f'c.1q, respectively. The values of these parameters
are summarized in Table 5.11. As shown in Fig. 5.12, the established correlations can predict the
1-d compressive strengths of the investigated mixtures (R? more than 0.997 and RMSE less than
0.183 MPa). According to the established correlations, the CEM mixtures proportioned with higher

cement content, soils (clay, silt, and sand) with lower LL, and lower W/P ratios can exhibit higher
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compressive strength values at 24 hours of age, which can be useful for early formwork removal.
On the other hand, the obtained power indices (Table 5.11) revealed that cement content and W/P
ratio showed the highest and lowest contribution on f'c-14 Values of the PCE-based CEM mixtures,
respectively. Moreover, the LL of the soils used mostly controls the early-age mechanical
properties of the CEM mixtures containing PNS. However, cement content was found more
effective on the f'c1g values of mortar mixtures made with PNS compared to W/P ratio.
Furthermore, the compressive strength of the CEM mixtures proportioned with NE-PC admixture

is controlled by the LL values of the used soil and W/P ratio.
Table 5.11. Adjustment factors of the established f'c.14 correlations (Eq. 5.4).

. Adjustment factors
Admixture
o B % S €
PCE 0.856 7.26E-07 1.951 0.103 4.099
PNS 0 64.320 8180 2.593 3.753

NE-PC 0 3.754 2795 2358 1.141




Chapter 5. Multiscale investigation of self-consolidating earthen materials using a novel
concrete-equivalent mortar approach

155

f'c1a (Theo) (MPa)

6
|E| y=0.995x O
R2=0.997 Ve
59 RMSE = 0.183 MPa ’,"
1 4
31 q/’
;9’
2 4 o
1 4
0 T T T
0 3 4 5

Fig. 5.12. Comparison between the experimental f'c.14 Values of the investigated CEM mixtures and those obtained using Eq. 5.4 for (a) PCE, (b) PNS, and (c) NE-PC

f'c—ld (exp) (MPa)

' 14 (Theoy (MP2)

[7%)

y=1x
R*=1
RMSE=0.009MPa o

f,cfld (exp) (MPa)

admixtures.

f'c1a (Theo) (MPa)

y=1x
Rz=1
RMSE = 0.001 MPa

f'cfl(l (exp) (MPa)




Chapter 5. Multiscale investigation of self-consolidating earthen materials using a novel 156
concrete-equivalent mortar approach

5.4.1.4 Drying shrinkage

The drying shrinkage measurements of the investigated CEM mixtures are presented in Fig. 5.13.
Walker et al. [10] recommended an acceptable upper limit of 0.5% for drying shrinkage of earth-
based construction materials. The M25 and M45 mixtures made with NaHMP and NE-PC types,
respectively, exhibited higher drying shrinkage than the recommended value of 0.5%. Also, these
mixtures required the highest admixture demands (more than 1% of the binder content) compared
to other mixtures. This may be due to the relatively high content of Clay Type 11 (M45) and the
admixture type. The mixtures proportioned with low W/P ratio and high clay content required high
admixture demand, hence leading to high drying shrinkage. Among the PCE-based mixtures (Fig.
5.13a), the M37 and M49 mixtures containing soils with high LL of 32.8% and 31.5%,
respectively, exhibited the highest drying shrinkage. Moreover, the M22 mixture made with the
lowest W/P ratio of 0.30 showed the lowest shrinkage among the mixtures containing Clay Type
I. Regarding the mixtures dispersed with PNS (Fig. 5.13b), the M23 mixture exhibited the highest
drying shrinkage given its relatively high LL (21.5%) and Pl (6.7%) values compared to other
mixtures. The M17, M10, and M11 mixtures made with the soils having LL values of 19.5%,
18.6%, and 18.1%, respectively, showed lower drying shrinkage. In the case of the CEM mixtures
proportioned with NE-PC (Fig. 5.13c), it was revealed that despite off the comparable LL values
of their corresponding soils, higher W/P ratio (0.45) of the M12 mixture led to the highest drying
shrinkage rather than the M18 and M24 mixtures.

As can be observed in Fig. 5.14, the 7-days drying shrinkage of the investigated mixtures are in
good agreement with their corresponding early-age compressive strength values (f'c-1q). For
instance, the M25 and M45 mixtures with low f'c.1q less than 1 MPa exhibited very high drying
shrinkage after 7 days of age. According to the obtained results, it can be concluded that a
satisfactory compressive strength for formwork removal after 24 hours (i.e., f'c-1d > 1 MPa) can

ensure the 7-days drying shrinkage values of less than 0.2%.
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Fig. 5.13. Evolution of dry shrinkage (up to 90 days) of the investigated CEM mixtures proportioned with (a)
PCE, (b) PNS, (c) NE-PC, and (d) NaHMP admixtures.
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The 7-day drying shrinkage values of the investigated CEM mixtures were then correlated to
different characteristics of the mixture constituents, in terms of Pl of soil, paste volume, W/P ratio,
and cement content, as follows:

PIYxVOx(37) (5.5)
ccst

Drying shrinkagerg (%) = a + 8 X
where a, 3, v, 0, € and { are the adjustment factors and power indices reflecting the contribution of
Pl, Ve, W/P, and cement content (CC), respectively, on 7-days drying shrinkage values of the
investigated mixtures (Table 5.12). As can be observed in Fig. 5.15, the shrinkage values are in
very good agreements with the PI, Ve, W/P, and CC values (high R? of 1.0 and RMSE values less
than 0.007%). According to the established correlations, the drying shrinkage of the PCE-based
mortar mixtures was mostly controlled by their corresponding Ve and W/P. However, drying
shrinkage of PCE-contained mixtures was found less sensitive to the soil characteristics (PI). On
the other hand, the shrinkage properties of the PNS-based mixtures were found influenced by the
Pl of the used soil and cement content. Furthermore, drying shrinkage of the CEM mixtures
containing NE-PC type was found more significantly affected by the paste volume and cement
content values rather than PI of the soils and W/P ratio.

Table 5.12. Adjustment factors of the established drying shrinkagezq correlations (Eq. 5.5)

. Adjustment factors
Admixture
B Y % € ¢
PCE 0 7.64E-06 0.232 4.016 3.120 0.796
PNS 0.012 7.007 1.236 0 0 1.179
NE-PC 0.055 1.521 3.516 5064 2.868 5.366

5.4.1.5 Analysis of variance (ANOVA)

In order to evaluate the sensitivity of the flow and mechanical performances, as well as drying
shrinkage of the investigated CEM mixtures due to variation of different mixture constituents,
including W/P ratio, paste volume Vp, and admixture type, analyses of variance (ANOVA) were
carried out, as shown in Table 5.13 and 5.14, respectively. The ANOVA analyses are presented in
terms of contribution and p-value of each of the influencing factors. As shown in Table 5.13, the
investigated characteristics at fresh state included the admixture demand to achieve the targeted
MSF of 280 + 20 mm, MSF losses and MVF increments between 0 to 30 min (AMSFo-30 min and
AMVFo.30 min) and 30 to 60 min (AMSF30-60 min and AMVF30.60 min) after mixing, and initial MVF
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values measured immediately after mixing (MVFo). On the other hand, the compressive strengths
at 1 (f'c1d), 7 (fe7d), and 28 (f'c28q) days of age, as well as the drying shrinkage at 7 and 28 days
were investigated using ANOVA analyses for hardened state, as summarized in Table 5.14.

As can be observed in Table 5.13, the paste volume showed higher contribution on the admixture
demand compared to W/P and admixture type, which showed comparable influences (33.34% vs.
25.38% and 25.3%). Moreover, the initial MVFo values were controlled by W/P ratios of the
mixtures compared to Ve and admixture type. On the other hand, the workability-loss after 30 min
(MSFo-30 min and MVFo-30 min) is more influenced by the admixture type compared to W/P ratio and
Vp. However, in the case of workability loss at 30 and 60 min, the admixture type is more effective
on MSF losses (MSFszo0-60 min), While the W/P influenced MV Fszo.60 min rather than the admixture
type. Furthermore, the admixture type and paste volume exhibited the lowest and highest
contributions on the characteristics of CEM in hardened states (compressive strength and
shrinkage), respectively. It is worth mentioning that contributions of Vp and W/P on the early-age
characteristics of the investigated CEM mixtures (f'c.1a and 7-day drying shrinkage) were stronger
than those observed at longer ages.
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Fig. 5.15. Comparison between the experimental 7-days drying shrinkage values of the investigated CEM mixtures and those obtained using the established correlation Eq.

5.5, incluidng (a) PCE, (b) PNS, and (c) NE-PC admixtures.
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Table 5.13. ANOVA analysis for the CEM fresh properties, including the admixture demand, MSF loss, MVFo, and MVF increase.

. MSF loss MVF increment
Admixture demand MVF,
Source AMSF .30 min AMSF30-60 min AMVF.30 min AMVF30.60 min
Contribution (%) P-Value Contribution (%) P-Value Contribution (%) P-Value Contribution (%) P-Value Contribution (%) P-Value Contribution (%) P-Value

WiP 25.4 0.322 9.6 0.254 36.8 0.162 91.9 0.034 15.1 0.768 36.5 0.663
Vp 33.3 0.381 11.8 0.267 16.3 0.338 5.9 0.305 29.3 0.544 20.1 0.499
Admixture type 25.4 0.386 73.9 0.059 44.9 0.042 1.0 0.564 38.3 0.311 30.7 0.292
Error 15.9 4.6 2.0 1.2 17.2 12.7

Total 100.0 100.0 100.0 100.0 100.0 100.0

Table 5.14. ANOVA analysis for the CEM hardened properties, including the compressive strength and drying shrinkage.

Compressive strength Drying shrinkage
Source feaq fe7d f'e-28d 7-d shrinkage 28-d shrinkage
Contribution (%) P-Value Contribution (%) P-Value Contribution (%) P-Value Contribution (%) P-Value Contribution (%) P-Value
W/P 35.3 0.141 28.8 0.471 27.1 0.482 17.3 0.450 16.3 0.500
Ve 52.4 0.109 36.4 0.536 39.2 0.519 65.3 0.374 63.8 0.423
Admixture type 9.0 0.265 16.7 0.519 15.9 0.529 34 0.805 35 0.826
Error 3.2 18.0 17.8 14.0 16.5

Total 100.0 100.0 100.0 100.0 100.0
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5.4.2 Concrete mixtures

The fresh and hardened properties of four different concrete mixtures, including 3 SCEC mixtures
C16, C22, and C37, and a no-clay reference mixture Crer Were investigated, as shown in Fig. 5.16.
It is important to mention that the investigated concrete mixtures were proportioned with the same
dosage of PCE admixtures of their corresponding CEM mixtures to achieve a MSF of 280 £ 20
mm. The workability of the investigated concrete mixtures was evaluated in terms of the slump
flow (SF) and V-Funnel (VF) values immediately after mixing, 30, and 60 min of age (Fig. 5.16a
and 5.16b). Moreover, the drying shrinkage was evaluated at 7, 14, 21, 28, and 90 days of age (Fig.
5.16c¢). The compressive strength of the investigated mixtures determined at 1, 7, and 28 days of

age are presented in Fig. 5.16d.

According to the European guideline (EFNARC) [36], the SF and VF values between 650 to 800
mm and 6 to 12 s, respectively, were recommended to ensure adequate workability criteria for
SCC. As can be observed in Fig. 5.16a, the initial SF values of the investigated mixtures achieved
the recommended SF range for SCC. However, significant SF loss was observed in the case of
the mixture C37 containing the Clay Type Il. This reflects the significant effect of the binder
constituents and fineness on SF loss compared to the other influencing parameters. The mixture
C22 showed the highest initial VF values, hence reflecting the highest initial viscosity (Fig. 5.16b).
This is probably due to its lowest W/P ratio (0.30) compared to other mixtures. However, the
highest increase in the VF values was obtained for C37, which can be attributed to incorporation
of the finer Clay Type Il which hinders the filling ability over time. It is worth mentioning that
negligible increasing rates of VVF was observed in the case of the mixtures C16 and C22 made with
Clay Type I. The lowest VF values over time were obtained for C16 mixture due to its highest
W/P ratio. This proves the significant influence of solid fraction and finer particles in increasing

the viscosity.

As can be observed in Fig. 5.16c¢, the reference mixture Cref made without clay exhibited the lowest
drying shrinkage. For example, its 28-day dry shrinkage was 0.04% while it ranged between 0.07%
and 0.11% for the other three SCEC mixtures. The presence of clay particles induces high
shrinkage, which needs special consideration. Among the investigated SCEC mixtures, C37 made
with Clay Type Il showed the highest drying shrinkage. This is due to the relatively higher fineness
of Clay Type Il compared to that of Clay Type I. On the other hand, the C16 mixture proportioned
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with relatively high W/P and Clay Type | content exhibited higher shrinkage values than C22. As
expected, Crer exhibited the highest compressive strength, regardless of the age, followed by C22,
C16, and C37 mixtures, respectively (Fig. 5.16d). the compressive strength results emphasized the
coupled effect of cement content and W/P ratio on compressive strength of SCEC mixtures,

regardless of clay type.

Fresh density and air content of the investigated concrete mixtures measured immediately after
mixing are illustrated in Fig. 5.16e. As can be observed, increasing the cement content with higher
specific gravity than Clay Types I and Il led to higher fresh density of concrete. Accordingly, the
Cref and C37 mixtures showed the highest and lowest fresh density values of 2340 and 2200 kg/m?,
respectively. Moreover, the Cres and C37 mixtures exhibited the lowest air content compared to
C16 and C22, which can be attributed to their higher packing density of aggregate (Table 5.2).
However, the mixture C22 showed the highest air content (4%) which can be due to its low water
content in presence of PCE admixture. Moreover, as shown in Fig. 5.17, no visual segregation was

observed for all the investigated concrete mixtures (Visual segregation index VSI = 0).

In order to better understand the behavior of highly flowable earth-based mixtures (HFEBM)
several correlations were established between the properties of the investigated paste, CEM, and
concrete mixtures. Indeed, precise predictions of the workability and mechanical performance of

the HFEBM mixtures can lead to an economic and sustainable optimization.
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Fig. 5.16. Properties of the investigated concrete mixtures, including (a) SF, (b) VF, (c) drying shrinkage, (d)
compressive strength, and (e) fresh density and air content.
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Fig. 5.17. Slump-flow spreads of (a) C16, (b) C22, (c) C37, and (d) Cer mixtures.

5.4.3 CEM-to-paste correlations

The properties of the investigated CEM mixtures, including the admixture demand to achieve a
MSF of 280 £ 20 mm (Ad. demand), and MSF loss up to 30 min (AMSFo-30 min) relative to those
of their corresponding pastes were correlated. The characteristics of the mixture constituents,
including the Atterberg limits of the used soil (LL or PI), Ve, W/P, and eep, are considered. In the

case of the “Ad. demand” ratio, the following correlation was established:

Ad. demand (CEM) __

Ad. demand ratio = Ad_ demand (paste)

€
a+ B X PIY x Vp? x (V?Y) X egp’ (5.6)

where a, B, v, 6, € and { are the adjustment factors and power indices corresponding to contribution
of PI, Ve, W/P, and EP thickness, respectively. The determined coefficients are summarized in
Table 5.15. As can be observed in Fig. 5.18, the admixture demand of the investigated CEM is
well predicted to those of their corresponding paste mixtures (Eq. 5.6 and Table 5.15). According
to the adjustment factors presented in Table 5.15, the PCE and NE-PC admixture demands of the
CEM mixtures relative to their pastes increased with paste volume and P1 of the soil. However,
the admixture demand decreased with W/P ratio and excess paste thickness. The investigated CEM
mixtures required higher PNS dosages compared to their corresponding pastes by using low PI-

soils and incorporating high Ve, W/P, and eep values. According to the obtained power indices, the
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W/P ratio showed higher contribution on the relative admixture demands, while eep was more
effective on those of the NE-PC-based mixtures.

Table 5.15. Adjustment factors of the established relative admixture-demand ratio correlation (Eg. 5.6).

. Adjustment factors
Admixture
B Y J € ¢
PCE 128 4166 2557 2516 -5.910 -5.749
PNS 1482 2161 -1.803 1505 7.227 0.202
NE-PC 0.821 6.017 0.061 0.825 -0.332 -1.101

The following correlation was then established between the ratio of AMSFo-30 min Values of the

investigated CEM mixtures to those of their corresponding pastes and mixture constituents:

. €
MSF loss ratio = 2ooro-somin (CEM) _ 4 B x LLY x PI® x (g) X egp® (5.7)

AMSFo_30 min (paste)

where a, B, v, 9, € and ( are the adjustment factors and power indices reflecting the contribution of
LL and PI of the used soil, W/P ratio, and EP thickness, respectively. The obtained coefficients
are summarized in Table 5.16. As can be observed in Fig. 5.19, the relative MSF losses of the
investigated CEM and paste mixtures are well correlated (high R? = 1.0 and RMSE < 0.047) to the
characteristics of the mixture constituents using Eq. 5.7 and Table 5.16. The power indices
summarized in Table 5.16 revealed that W/P ratio showed more significant effect on the relative
MSF-loss ratios of the investigated CEM and paste mixtures proportioned with PCE and NE-PC
admixtures compared to the soil characteristics and excess paste thickness. On the other hand, the
MSF-loss ratios of the mixtures containing PNS are mostly influenced by the LL of the used soil

compared to W/P ratio and excess paste thickness.
Table 5.16. Adjustment factors of the established correlation of the relative MSF loss (Eg. 5.7).

. Adjustment factors
Admixture
o B % ) € C
PCE 0.672 5.26E-08 0 0 23592 8.695
PNS 0 21201.862 -3.489 0 0.742 0.127

NE-PC 1.68E-07 0.028 0 0.768 1.097 0.598
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5.4.4 Validation of the new proposed CEM approach: Concrete-to-CEM

correlations

The accuracy of the proposed CEM approach to predict the characteristics of the corresponding
concrete given the influencing parameters is evaluated in this section. It is worthy to mention that
the validation was only carried out on mixtures made with PCE since their corresponding CEM
mixtures that achieved targeted workability, drying shrinkage, and compressive strength.
Accordingly, the relative admixture demand, SF, and MSF losses up to 30 min, VF and MVF
increase up to 30 min, 28-day drying shrinkage, and 28-days compressive strength (f'c.gq) Of the
investigated concrete mixtures-to-their corresponding CEM mixtures were investigated. The
established concrete-to-CEM relative properties were then correlated to the mixture constituents,

including W/P, eep, and S/A, as follows:
Y €
Concrete-to-CEM relative measure = a + 8 X (%) X egpd X (%) (5.8)

where a, B, v, 6 and ¢ are the adjustment factors and power indices reflecting the effect of W/P,
eep, and S/A ratio, respectively. The obtained coefficients are summarized in Table 5.17. As can
be observed in Fig. 5.20, the characteristics, including admixture demand, workability loss,
compressive strength, and drying shrinkage of the investigated mixtures are in perfect agreements
(R? = 1.0, 0.995 < estimation indices < 1.003, and RMSE < 0.022) with those of their
corresponding CEM mixtures. The established relationships can be employed to accurately predict
the fresh and hardened properties of concrete using those of the corresponding CEM mixtures.

This can reduce the number of trial batches and facilitate the design process.

According to the established correlations, the relative admixture demand depends on the three
affecting parameters to the same extent, while workability loss (SF and VF) values of the
investigated concrete and their corresponding CEM mixtures showed greater sensitivity to the
excess paste thickness variations rather than W/P and S/A ratios. Furthermore, the S/A and W/P
ratios did not show a significant effect on the relative VF variation and compressive strengths of
concrete and CEM mixtures, respectively. Similar to the workability loss values, the drying
shrinkage of the investigated concrete and CEM mixtures were mostly controlled by the excess

paste thickness.
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Table 5.17. Adjustment factors of the established correlations (Eq. 5.8)

Adjustment factors
o B Y ) €

Concrete-to-CEM relative measures

Ad. demand (Concrete) (%)

0.149 4.680 -0.923 -0.776 -0.998
Ad. demand (CEM) (%)

ASF ) 30min (Concrete) (mm)

0 241E-05 0475 2927 1727
AMSF ) 30in(CEM) (mm)

AVF 30min (Concrete) (s)

0.023 0.012 0.301 1.175 0
AMVF 54..i,(CEM) (5)

{284 (Concrete) (MPa)
f'c284(CEM) (MPa)

0 24.769 0 -0.983 -1.088

Drying shrinkage, . (Concrete) (%)

28d

0 37612 -0.745 -1.199 -0.857
Drying shrinkage,  (CEM) (%)
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5.5 Conclusions

In this study, a new proposed concrete-equivalent mortar (CEM) approach to design self-
consolidating earth concrete (SCEC) mixtures was proposed and validated. This approach
consisted in proportioning the CEM mixtures using the same excess paste thickness in the SCEC
reference. The coupled effect of characteristics of the mixture constituents, including clay and
admixture types, water-to-powder ratio (W/P), volumetric cement-to-clay ratio (Ce/Cl), and
volumetric sand-to-total aggregate ratio (S/A) ratios, as well as cement content on fresh and
hardened properties of the investigated mixtures was evaluated. According to the obtained results,

the following conclusions can be pointed out:

e CEM approach used in this study was successfully used and validated to assess workability
and dry shrinkage of the corresponding concrete mixtures. These properties are highly
dependent on the W/P, EP thickness, and S/A. However, relative compressive strength of
concrete to CEM ratio was found to be only dependent on the EP thickness and sand-to-

total aggregate ratio

e Workability of the investigated CEM mixtures can be predicted using their corresponding
paste mixtures depending on the used soil characteristics, Ve, W/P, and excess-paste

thickness.

o Workability of the investigated SCEC mixtures were affected by the combined effect of
W/P ratio and binder constituents. The PI/(W/P) and SSA/(W/P) parameters were the most
influencing parameters on the admixture demand to achieve the targeted workability.
Admixture demand was proportional to LL and PI, and inversely proportional to Ve, W/P,

and egp.

e ANOVA analysis revealed that the MSF loss was highly dependent on the admixture type,
followed by W/P ratio. The NE-PC and NaHMP types exhibited the lowest and highest

MSF loss values, respectively, compared to PNS and PCE ones.
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e Viscosity values mostly decreased due to higher W/P ratios and Vp, but not affected by the
binder characteristics. However, mini V-Funnel (MVF) increase was found to be highly
dependent on the admixture type. The NaHMP mixtures showed high shape stability and

gaining viscosity over time.

e The 7- and 28-day compressive strength (f'c.7q and f'c-2e4) Values were highly dependent on
the cement content and W/P ratio, while f'c.ig was also dependent on the binder

characteristics (LL), especially in the presence of PNS admixture.

e Dry shrinkage properties were found in good agreement with the early-age compressive
strength values, showing very high values in the case of f'c.14 less than 1 MPa. It was also
revealed that the drying shrinkage values were highly dependent on Vp, followed by W/P

ratio.
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Abstract

Self-consolidating earth concrete (SCEC) is a novel alternative to facilitate the earth-based
construction. A new concrete-equivalent mortar (CEM) approach was proposed to evaluate the
rheological and thixotropic properties of various SCEC mixtures proportioned with different
kaolinite and attapulgite clay and superplasticizer types. The CEM mixtures were designed to
achieve an equal excess-paste (EP) thickness of their corresponding SCEC mixtures. According to
the experimental results, the use of non-esterified polycarboxylate (NE-PC) superplasticizer and
sodium polynaphtalene systems in combination with a finer clay type led to a thixotropic behavior.
The rheological properties of the investigated mixtures were mainly controlled by the admixture
type, followed by the type and content of the clay used. The use of sodium hexametaphosphate
resulted in significantly higher yield stress and plastic viscosity values. Empirical models were
proposed to evaluate the coupled effect of mixture constituents on rheology of earth-based paste,
CEM, and SCEC mixtures were then established.

Keywords: Clay; Concrete-equivalent mortar; Rheology; Self-consolidating earth concrete;

Thixotropy.

6.1 Introduction

Earth construction goes back to 100 centuries ago and is still used worldwide under different
climate conditions [1]. This technique includes cob, mud and adobe masonry bricks, and rammed-
earth construction. Environmental-friendly earth construction can be a solution to address the
global climate-change concern, because of their availability, durability, economic, and thermal
comfort [2]. Cement-stabilized earth or soil, mostly used for wall applications, is widely used as
layer-by-layer casting and renowned as rammed-earth (RE) with favorable performance [3].
However, RE construction process which necessitate application of mechanical consolidation to
achieve targeted performance is time-consuming along with deficiencies due to its layer-by-layer
nature [4]. Self-consolidating earth concrete (SCEC) can be an alternative to address these

abovementioned defects while preserving the advantages of RE technique.

Self-consolidating concrete (SCC) is typically proportioned with relatively higher volume of paste
(Vp) than conventional concrete to improve workability. Supplementary cementitious materials

are therefore used to partially replace cement and reduce the clinker factor of SCC. In the case of
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SCEC, the binder system consist generally in a ternary mixture of very fine clay and silt particles
contained in earth, in addition to cement [5-7]. Different test measurements are employed to
identify the key characteristics of clay and silt constituents of the binder to help classifying soils
given the application on hand. The Atterberg limits of soil are highly influenced by the type and
content of clay which can be useful in classifying soil behaviors in presence of water [8-11].
Suspensions containing high volumetric content of fine particles generally exhibit high yield stress
and plastic viscosity values due to high interparticle frictions [12—14]. The use of high-range water-
reducer (HRWR) is therefore necessary to achieve good deformability of SCEC mixtures
containing fine clay particles. Ensuring good compatibility between the HRWR and ternary binder
system in SCEC matrix is essential to ensure proper dispersion of fine particles [7] and achieve
adequate workability. The efficiency of polycarboxylate-ether (PCE) based superplasticizers on
ternary binder system of SCEC has been reported in literature [6]. On the other hand, inorganic
dispersing agents, such as sodium hexametaphosphate (NaHMP), were also found very effective
to disperse clay particles by electrostatic repulsion forces [15-17]. Therefore, evaluating rheology
of SCEC mixtures proportioned with different types and content of clay, as well admixture types
can be of interest to achieve adapted rheology given the application on hand.

Various rheometric approaches were proposed to evaluate the rheological properties and structural
build-up of cementitious materials [18,19]. These measurements are affected by various
physicochemical synergies, including flocculation of the binder particles and nucleation of
hydration products. These are dependent on the binder compositions, solid concentration,
existence of colloidal particles, as well as the type and dosage of admixtures [18]. In the case of
mortar and concrete mixtures, the volumetric content and particle-size distribution (PSD) of
aggregate can significantly affect the rheological measurements [20]. The effect of these
influencing parameters can be reflected by the viscoplastic properties, including yield stress and
plastic viscosity. The evaluation of static yield stress of cementitious materials is challenging due
to the effect of the adopted testing protocol, shear history, elapsed time, and ambient conditions
[21]. In the case of ternary binder system of SCEC, the applied shear protocol is even more
important due to the risk of liquid phase migration [22]. The growth of static yield stress, namely
thixotropic coefficient Awix, was employed to evaluate the structuration [18,23,24]. This is defined
by the area between the ascending and descending flow curves, obtained using the hysteresis loops
(rebuilding energy) at various intervals, and used as an indication of structuration kinetics [25,26].
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Moreover, selection of the geometry is critical to limit wall-slip and liquid phase migration risks
[27,28]. Using coaxial geometry limits the maximum aggregate size, while the results of parallel-
plates rheometry is questionable due to the evaporation and wall-slip risk [29,30]. However,
regarding the shortcomings of coaxial geometry, using parallel-plates can be more favorable to
measure the rheological properties of earth-based suspensions due to the presence of silt particles

(up to 75 pm).

The concrete equivalent mortar (CEM) approach has been widely used to predict the performance
of its corresponding concrete. The CEM mixtures are proportioned to achieve the same surface
area of coarse and fine aggregate existing in its corresponding concrete mixture [31]. The CEM
approach was widely used to simulate different properties of concrete in fresh and hardened states.
This approach was successfully used to simulate the interaction between the binders and
admixtures, and evaluate the robustness of the workability and rheological properties of SCC
mixtures [32]. Strong relationships between the fresh and hardened properties of CEM and
concrete were proposed [31,33,34]. The established correlations can facilitate the optimization
process and reduce the number of trial batches and materials. Although in the conventional CEM
approach the surface area of aggregate is maintained constant, the EP thickness can change due to
packing density of coarse and fine aggregate. This can therefore negatively affect the accuracy of
the conventional CEM to reproduce the workability and rheology of concrete mixtures. The excess
paste (EP) concept was also introduced to improve the capability of CEM to predict the properties
of concrete [35,36]. Therefore, CEM approach can be beneficial to be considered from two
different perspectives, including (i) conformity of this approach in the case of SCEC and (ii)
rheology of each CEM mixture can be considered as an independent representative of another
SCEC mixture, since earth particles are commonly consisted in finer particles compared to

conventional concrete.

In this context, a new CEM approach that considers the EP thickness is proposed in this study.
Accordingly, the coupled effect of binder constituents, including type and content of clay, cement
content, water-to-powder ratio, volume of paste, EP thickness, volumetric sand-to-total aggregate
ratio, and admixture type on rheology and thixotropy of paste, CEM, and SCEC mixtures is
investigated using the proposed CEM approach. The significance of key parameters affecting the

rheological behavior of multiscale self-consolidating earthen-cementitious suspensions was
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highlighted. Various empirical models were established to predict the rheological behavior of self-
consolidating earth-based paste mixtures from their workability parameters. Accordingly, the
rheological properties of the CEM and SCEC mixtures were predicted as functions of the

characteristics of their corresponding paste and CEM mixtures, respectively.

6.2 Methodology
6.2.1 Materials and testing methods

Two different clay types were used, including a pure kaolinite with specific surface area (SSA) of
15 m?/g and specific gravity of 2.73 (Type 1), and a combination of 50% kaolinite and 50%
attapulgite (wt. % by mass) having SSA of 155 m?%/g and specific gravity of 2.75 (Type II). A
general use Portland cement (GU) and quartz silt powder (2 to 75 pm) with specific gravities of
3.15 and 2.69, respectively, were used. Two common inorganic dispersant agents in clay industry
were used, including high purity sodium hexametaphosphate (NaHMP) with solid ratio of 37.1%
and sodium silicate solution (NaSil) with 10.6% Na2O, 26.5% SiO», and 72.9% H>O (wt.% by
mass). Three commonly used HRWR admixtures in concrete industry, including polycarboxylate
ether (PCE), sodium polynaphtalene (PNS), and non-esterified polycarboxylate (NE-PC) were also
employed. The aggregate used to proportion the investigated SCEC mixtures included natural river
sand (0-5 mm) and crushed limestone gravel (5-10 mm) with specific gravities of 2.67 and 2.72
and water absorptions of 1.09% and 0.42%, respectively. The PSDs of the aggregates are presented
in Fig. 6.1.
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Fig. 6.1. Particle-size distributions of the sand and gravel.
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The rheological behavior of the investigated SCEC mixtures was investigated using the proposed
concrete-equivalent mortar (CEM) approach. As mentioned earlier, in the case of conventional
CEM method, only the total surface area of aggregate is constant [33,35], while the change in
packing density of granular skeleton (sand and gravel) to that of sand has been neglected. As can
be observed in Fig. 6.2, for a unit volume of concrete, only a given paste volume, namely
compacted volume of paste (Vcp), is required to fill the voids between the compacted aggregate
(Vca), since the volumetric fraction of aggregates (¢) in concrete is lower than its packing density
(pmax). The remaining paste, referred to the excess volume of paste (Vep), contributes to

improving the flowability of the mixture by reducing the interparticle frictions. The excess volume

@
POm

of paste (Vep = 1- ) can be calculated using the ratio of the volumetric content of aggregates-
to-their packing density ((pi), namely relative-solid packing fraction [37]. The required sand

content to proportion the new proposed CEM mixture with similar excess paste thickness (eep) to
that of its corresponding concrete mixture can be calculated as follow:

1 (peq:sand 1 (psand+gravel
VEP-CEM _ VEP-Concrete (Pmax:sand _ (Pmax:sand+gravel (6.1)

CEP-CEM ~ CEP-Concrete
Aeq: sand Asand+gravel Aeq:sand Asand+gravel

where Qsand+gravel, Qeq:sand, Pmax:sand+gravel, @max:sand, Asand-+gravel, ANd Aeg:sand are the volumetric content,
packing density, and surface area of aggregate in SCEC (sand and gravel) and its corresponding
CEM mixture (sand), respectively. In order to ensure higher accuracy of the aggregates’
morphology, the 3D surface area-to-volume ratio (Asp/V) of sand and gravel particles was
evaluated using Max3D laser scanner and X-ray micro-CT scanner for different aggregate
subclasses of sand and gravel, corresponding to the standard sieves, larger and smaller than 1.25
mm, respectively. According to the image analyses results, the Azp/V ratios of 21583.4 and 859.8
m?/m?* were obtained for the sand and gravel particles used in this study, respectively.



Chapter 6. New insight on rheology of self-consolidating earth concrete (SCEC) 184

(b)

Vcell =1

Fig. 6.2. (a) Schematic of a unit volume of concrete (Ve = 1) as a suspension of sand and gravel particles in
paste and (b) excess volume of paste (Vep), compacted aggregates (Vca), and compacted paste volume (Vcp).

The paste and mortar mixtures were prepared using a planetary Hobart mixer conforming to the
ASTM C305 specifications [38]. The mini-slump flow (MSF) [39] of paste and CEM mixtures
was assessed at 0, 30, and 60 min after mixing. Mini-V-funnel (MVF) [40] and marsh cone (MCT)
[41] tests were also employed to evaluate the flowability of the investigated mortar and paste
mixtures, respectively. Workability of concrete mixtures were evaluated using the slump flow (SF)
[40] and V-Funnel [42] tests. The Atterberg limit tests, including the liquid limit (LL), plastic limit
(PL), and plasticity index (Pl = LL - PL), were carried out according to the ASTM D4318
specifications [43] to characterize the soil (i.e., clay, silt, and sand < 425 pum). Rheometric tests
were conducted on the investigated paste mixtures using the Anton Paar MCR 302 rheometer with
parallel-plates geometry, as shown in Fig. 6.3. It should be noted that coaxial geometry could not
be employed due to the presence of silt particles up to 75 um. The viscoplastic properties of the
paste mixtures were measured using a shearing protocol that consists in applying a pre-shearing of
150 s for 120 s, followed by stepwise descending regime to a shear rate of 1 s during 105 s, as
shown in Fig. 6.4a.

Moreover, a hysteresis-loop shearing protocol was applied to evaluate the thixotropy of the paste
mixtures, as shown in Fig. 6.4b. This consists in applying a pre-shearing of 50 s for 30 s, followed
by a 30-s resting period (0 s1). After the resting period, the shear rate values increased step-wise
from 0.1 s to 150 s during 90 s, followed by a step-wise shear-rate reduction to its initial value

0.1 s for another 90-s period [44—46]. The enclosed area between the increasing (Up) and
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decreasing (Down) shear stress-shear rate curves was then calculated and used to assess the
breakdown and thixotropy of the investigated paste mixtures [47]. On the other hand, the ConTec
5 and 6 viscometers were used to evaluate the rheological properties of the investigated concrete
mixtures and their corresponding CEMs, respectively. The Bingham and Herschel-Bulkley models

were applied to estimate the rheological parameters of the investigated mixtures, as follow:

Bingham model: T = 10 + ppXy (6.2)

Herschel-Bulkley model: T = 1o + kxy" (6.3)

where 1, T0, Up, 7, K, and n are shear stress, yield stress, plastic viscosity, shear rate, consistency,
and pseudoplastic indices, respectively. It must be also noted that the viscoplastic and thixotropic

measurements were carried out at 0, 30, and 60 min after mixing.

Q) (b)

3mmI

Fig. 6.3. (a) AntonPaar rheometer with parallel-plate geometry and (b) schematics of the parallel-plates
system geometry.
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Fig. 6.4. Shear protocol employed to assess (a) viscoplastic properties and (b) thixotropy of the investigated
paste mixtures.

6.2.2 Materials and testing methods

As summarized in Table 6.1, 5 different cement contents, paste volumes (Vp), water-to-powder
(WI/P), cement-to-clay (Ce/Cl, by mass), and volumetric sand-to-total aggregate (S/A) ratios, and
5 different types of admixtures were investigated in this study. Moreover, two clay types with
highly different fineness were selected to cover a wide range of soil types. As can be observed in
Table 6.1, the investigated Vp values are relatively higher than those in conventional SCC mixtures
to simulate the presence of ternary binder system existing in the earth concrete (clay, cement, and
silt). Moreover, wide ranges of W/P (0.30 to 0.50) and Ce/Cl (0.50 to 1.50) were investigated.
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Furthermore, different S/A ratios of 0.5 to 0.9 were selected to investigate the effect of aggregate
packing on rheological properties of the SCEC mixtures. The synergy of the binders used with two
inorganic dispersants and three common superplasticizers on rheology of the investigated mixtures
was studied. Based on the Taguchi orthogonal array L50 (21x5°), 50 experiments were conducted
to evaluate the coupled effect of the abovementioned factors on rheological behavior of the

investigated SCEC mixtures.

Table 6.1. Investigated parameters and their corresponding levels to proportion the investigated SCEC mixtures [7].

Factors
Clay type Cement content (kg/m®)  Vp (%)  WI/P CelCl S/A Admixture type

Levels

1 Type | 60 45 030 050 05 NaHMP
2 Type Il 90 48 035 075 06 NaSil
3 - 120 51 040 100 07 PCE
4 - 150 54 045 125 08 PNS
5 180 57 050 150 09 NE-PC

First, eighteen paste mixtures were selected out of the 50 investigated mixtures [7] to proportion
the CEM mixtures, based on their 1-day compressive strength (> 1 MPa) and admixture demand
to achieve a targeted MSF of 280 £ 20 mm. Similarly, the MSF values of the 18 selected CEM
mixtures were assessed to secure the targeted MSF of 280 + 20 mm. Finally, according to the CEM
results, three SCEC mixtures were selected. It is worthy to mention that only the SCEC mixtures
proportioned with PCE were chosen to avoid complexity of admixture-type effect on the
rheological results. Moreover, a reference concrete mixture (Cref) and its corresponding CEM
(Mrer) were also investigated. These mixtures were proportioned with PCE and without any clay
content. The mixture proportioning of the investigated paste (P), CEM (M), and SCEC (C)

mixtures are summarized in Table 6.2.

6.3 Results and discussion

6.3.1 Rheology of paste mixtures

The Atterberg limits of the investigated soils (clay, silt, and sand <425 um) and thixotropy indices
of their corresponding paste mixtures are summarized in Table 6.3. Atterberg limits were used as
an indication of the binder contribution on soil behavior. Wide ranges of LL (15.7%-36.5%), PL
(14.5%-23.6%), and PI (1.2%-13.3%) ensured a comprehensive investigation of various earth
types. On the other hand, the evolution rate of the static yield stress, reflected by the thixotropic
coefficient Awix, was used to assess the kinetics of structuration [18,24]. For instance, the hysteresis

loops of the mixtures P44 and P49, determined immediately after mixing (i.e., t = 0), are illustrated
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in Fig. 6.5a and 6.5b, respectively. As can be observed, in the case of P44, the descending shear
stress values were lower than the ascending ones, hence reflecting a thixotropic behavior.
However, in the case of P49, a rheopectic behavior, reflected by higher descending shear stresses
compared to the ascending ones, was observed. The enclosed area between the upward and
downward steps was calculated for all the investigated mixtures. It should be noted that positive

and negative values refer to thixotropic and rheopectic behaviors, respectively.



Chapter 6. New insight on rheology of self-consolidating earth concrete (SCEC) 189
Table 6.2. Proportioning of the investigated paste, CEM, and SCEC mixtures.
Mix No. Admixture Cement Water Clay (kg/m’) Silt W/P Ve Sand Gravel SIA eep
type (kg/m®) (kg/m3  Typel  Typell (kg/m®) (%) (kg/m®)  (kg/m®) (um)
P6 NE-PC 200.0 490.7 173.3 - 10285  0.35 - - - - -
P10 PNS 157.9 450.9 182.5 - 11625  0.30 - - - - -
P11 PNS 266.7 526.2 154.1 - 894.9 0.40 - - - - -
P12 NE-PC 250.0 556.3 433.3 - 553.0 0.45 - - - - -
P15 PCE 210.5 490.9 146.0 - 1046.0  0.35 - - - - -
P16 PCE 333.3 558.7 385.2 - 523.0 0.45 - - - - -
P17 PNS 3125 584.1 270.8 - 584.9 0.50 - - - - -
P18 NE-PC 294.1 454.2 203.9 - 1016.0  0.30 - - - - -
2 P22 PCE 375.0 456.2 216.7 - 929.1 0.30 - - - - -
& P23 PNS 352.9 4958 611.8 - 452.0 0.35 - - - - -
P24 NE-PC 333.3 528.8 385.2 - 603.4 0.40 - - - - -
P25 NaHMP 315.8 557.8 273.7 - 650.1 0.45 - - - - -
P26 PNS 1333 450.1 - 92.4 12744  0.30 - - - - -
P32 PNS 187.5 524.2 - 216.7 906.3 0.40 - - - - -
P37 PCE 250.0 555.6 - 173.3 811.3 0.45 - - - - -
P44 PNS 277.8 492.9 - 240.7 889.7 0.35 - - - - -
P45 NE-PC 263.2 526.2 - 182.5 869.9 0.40 - - - - -
P49 PCE 333.3 528.2 - 192.6 794.6 0.40 - - - - -
M6 NE-PC 100.0 245.3 86.7 - 514.2 035 45 1197.2 - 1 40.2
M10 PNS 101.6 290.1 117.4 - 748.0 030 57 815.6 - 1 88.4
M11 PNS 149.3 294.6 86.2 - 500.9 040 45 1038.0 - 1 56.0
M12 NE-PC 139.6 310.7 242.0 - 308.8 045 48 1041.6 - 1 55.6
M15 PCE 147.0 342.8 101.9 - 730.4 035 57 669.6 - 1 121.4
M16 PCE 157.7 264.3 182.2 - 247.4 045 45 1268.7 - 1 34.4
M17 PNS 192.8 360.4 167.1 - 360.9 050 48 885.6 - 1 76.5
M18 NE-PC 1815 280.4 125.9 - 627.2 030 51 885.1 - 1 76.5
s M22 PCE 198.7 241.7 114.8 - 492.2 030 48 1117.7 - 1 47.6
W m23 PNS 188.1 264.3 326.1 - 240.9 035 51 1109.1 - 1 48.4
M24 NE-PC 224.1 3555 259.0 - 405.7 040 54 738.4 - 1 104.2
M25 NaHMP 212.0 3745 183.7 - 436.4 045 57 741.4 - 1 103.5
M26 PNS 63.1 212.9 - 43.7 602.9 030 45 1268.7 - 1 34.4
M32 PNS 99.3 277.7 - 114.8 480.2 040 48 1117.7 - 1 47.6
M37 PCE 147.2 327.2 - 102.1 4778 045 48 960.3 - 1 65.6
M44 PNS 179.1 317.8 - 155.2 573.6 035 54 812.1 - 1 89.1
M45 NE-PC 169.3 338.6 - 117.4 559.7 040 57 815.6 - 1 88.4
M49 PCE 187.6 297.3 - 108.4 4472 040 54 1030.1 - 1 56.9
Myer PCE 818.7 3275 - - - 040 45 964.5 - 1 65.1
C16 PCE 150.0 251.4 173.3 - 235.3 045 45 1197.0 136.0 0.9 34.4
Q c22 PCE 180.0 219.0 104.0 - 4459 030 48 1000.2 255.7 038 47.6
K ca7 PCE 120.0 266.7 - 83.2 389.4 045 48 750.1 511.4 0.6 65.6
Cref PCE 627.2 250.9 - - - 040 45 665.0 680.0 05 65.1
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Table 6.3. Atterberg limits of the earths used (clay, silt, and sand < 425 pm) and thixotropy indices of the investigated paste mixtures.

. . Atterberg limits Avnix (Pa/s)
Mix No. Clay type  Admixture type - - -
LL (%) PL (%) Pl (%) 0 min 30 min 60 min
P6 NE-PC 15.7 145 1.2 153 242 151
P10 PNS 18.6 16.9 1.7 -47 -96 -674
P11 PNS 18.1 16.6 15 -371 -501 -607
P12 NE-PC 20.1 14.6 55 174 200 176
P15 PCE 175 16.2 13 -145 -117 =77
P16 Type | PCE 18.9 14.9 4 -100 -109 -90
P17 PNS 19.5 15.7 3.8 -602 -642 -711
P18 NE-PC 19.9 16.3 3.6 214 112 120
p22 PCE 18.9 15.8 31 223 241 272
p23 PNS 21.5 14.8 6.7 -76 -118 -109
P24 NE-PC 21.6 145 7.1 101 78 68
P25 NaHMP 20.5 15.6 4.9 -1138 -1003 -1517
P26 PNS 215 18.3 3.2 636 710 1296
P32 PNS 30.8 23.6 7.2 182 -242 -2375
P37 Type Il PCE 32.8 21.8 11 -1628 -1664 -1967
P44 PNS 36.5 232 133 1123 1322 1413
P45 NE-PC 34.6 22.8 11.8 604 469 440
P49 PCE 315 20.5 11 -2629 -2695 -2740
250
(a) —0—44-0 Upward
200 | -0--44-0 Downward
z g
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Fig. 6.5. The hysteresis loops observed for (a) P44 (thixotropy) and (b) P49 (rheopexy) paste mixtures at t = 0.
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According to the obtained Awix Values, the thixotropic and rheopectic behaviors of the investigated
mixtures were mostly dictated by the admixture type. Accordingly, all the NE-PC-based mixtures
showed thixotropic behavior (Awix > 0). Moreover, in addition to the mixture P22, proportioned
with the lowest W/P ratio and containing PCE admixture, all the mixtures proportioned with PNS
admixture and Clay Type 11 showed thixotropic behavior. The mixture P44, containing the highest
content of Clay Type Il, showed the highest thixotropy response, while the highest rheopectic
response was observed for the P49 mixture followed by the P37 and P25 mixtures. In fact, the P49
and P37 paste mixtures made with PCE and Clay Type Il, while the mixture P25 was the only
system dispersed with NaHMP. Furthermore, the Clay Type Il having higher Atterberg limits
exhibited higher magnitude of thixotropic/rheopectic response. It is worth mentioning that the
behavior of P32 changed over time from thixotropic to highly rheopectic. This mixture was
proportioned with the highest W/P ratio among the thixotropic PNS-based mixtures. This suggests
that the type of admixture and its synergy with clay type had a dominant effect on the structuration

of earth-based paste mixtures, followed by the W/P ratio.

The thixotropy indices of the investigated paste mixtures are presented in Fig. 6.6 for different
types of admixtures. As can be observed in Fig. 6.6a, all the PCE-contained paste mixtures showed
a rheopectic behavior (negative Awmix values), excluding P22 proportioned with the lowest W/P
ratio of 0.30. This suggests that low W/P ratio can lead to thixotropic behavior in presence of PCE
admixture. Moreover, the mixtures contained Clay Type 11 showed significantly higher Awix values
due to their higher specific surface area. On the other hand, as shown in Fig. 6.6b, the PNS-based
paste mixtures proportioned with Clay Types I and 11 showed rheopectic and thixotropic behaviors,
respectively. Moreover, the mixtures P10 and P23 showed the lowest rheopexy values due to their
low W/P ratios among the PNS-Clay Type I-based paste mixtures. Among the mixtures
proportioned with Clay Type Il and PNS admixture, the thixotropic behavior of the mixture P32
turned to rheopectic over time. This can be due to its higher W/P ratio compared to the mixtures
P26 and P44, despite its comparable clay content. Furthermore, the highest Awix rates over time
were obtained for the mixtures P10 and P26 proportioned with the lowest W/P ratio of 0.30.

As can be observed in Fig. 6.6c, all the NE-PC-based paste mixtures showed lower thixotropic
indices (Awix values) compared to those made with PCE and PNS. Among the NE-PC mixtures,
the highest Awix value was obtained for the mixture P45, as the only mixture proportioned with
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Clay Type Il. However, the consistency of Atwix magnitude over time remained questionable and
needs to be further investigated. The only system dispersed with NaHMP (P25) showed a highly
rheopectic behavior comparable to that of the PCE-based paste mixtures proportioned with Clay
Type I1. The high rheopectic behavior observed for the mixture P25 can be attributed to the synergy
between the NaHMP and Clay Type I.

The workability and rheological results of the investigated paste mixtures are summarized in Table
6.4. The flow curves were evaluated using both Bingham and Herschel-Bulkley models. As can
be observed, all the investigated earth-based paste mixtures exhibited shear-thinning behavior,
reflected by pseudoplastic indices “n” lower than 1, excluding the mixture P23 proportioned with
the highest content of Clay Type I (np23 = 1.06). However, it must be noted that the use of Bingham
model led to coefficient of determinations R? higher than 0.94, excluding the mixtures P17, P25,
P37, and P49 which showed the highest rheopectic behavior. Moreover, relatively high consistency
indices “k” were obtained for these mixtures. The Bingham parameters were used to assess the
evolution of viscoplastic properties (yield stress and plastic viscosity) of all the investigated
mixtures because of its conformity with the majority of mixtures. Furthermore, significantly high
yield stress and plastic viscosity values were obtained for the mixture P25 made with NaHMP.
This can be attributed to the synergy between NaHMP and the ternary binder system (cement, clay,
and silt). The clay type showed the second degree of significance on rheological parameters.
Accordingly, high viscoplastic properties were obtained for the mixtures proportioned with the

Clay Type II.
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Fig. 6.6. Amix values of the investigated paste mixtures proportioned with (a) PCE, (b) PNS, (c) NE-PC, and (d) NaHMP admixtures.
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Table 6.4. Workability and rheological properties of the investigated paste mixtures.
MSE MCT Bingham model Herschel-Bulkley model
Mix Clay — Admixture (mm) © 0 min 30 min 60 min 0 min 30 min 60 min
No. type type
Q 3_0 69 O To Hp To Hp To p To k n To k n To k n
min min min min (Pa) (Pa.s) (Pa) (Pa.s) (Pa) (Pa.s) (Pa) (Pa.s") (Pa) (Pa.s") (Pa) (Pa.s")

P6 NE-PC 286 272 267 27 3.8 0.42 3.3 0.42 4.0 0.42 2.2 0.68 091 19 0.63 092 22 0.69 0.90
P10 PNS 292 209 189  29.0 9.9 0.87 18.9 0.97 319 119 42 1.83 085 84 3.02 078 132 5.47 0.71
P11 PNS 281 234 205 110 18.2 0.29 22.8 0.32 295  0.38 8.4 364 052 88 5.90 045 10 1551 0.32
P12 NE-PC 293 277 261 250 14.0 0.17 15.6 0.18 195 019 116 070 073 131 073 073 158 111 0.66
P15 PCE 279 260 248 17.0 10.8 0.43 14.1 0.46 180 053 6.1 1.37 078 7.6 1.86 073 85 2.82 0.68
P16 Type PCE 280 231 213 210 17.0 0.18 19.5 0.20 224 022 131 121 0.63 148 1.52 061 169 1.84 0.59
P17 I PNS 283 221 209 110 438 0.29 48.2 0.37 61.6 046 0.0 29.08 021 00 3029 024 00 39.16  0.23
P18 NE-PC 286 270 252 26.0 6.5 0.80 6.6 0.80 8.6 0.87 2.7 1.38 089 29 1.38 089 36 1.68 0.87
P22 PCE 283 256 238  36.0 10.0 0.65 11.0 0.71 13.1 0.75 2.9 204 078 75 1.27 089 86 1.49 0.87
P23 PNS 205 195 148 410 3.9 0.53 8.0 0.58 10.1 0.67 5.1 0.40 106 4.8 111 0.87 108 0.58 1.03
P24 NE-PC 286 267 238 280 11.6 0.23 13.2 0.24 165 0.6 9.7 0.56 083 109 067 080 137 0.83 0.78
P25 NaHMP 294 100 100 810 1146 097 1239 132 1279 143 0.0 7028 025 0.0 7185 029 00 73.06  0.29
P26 PNS 276 249 219 160 7.4 1.18 10.6 1.28 219 1.50 1.7 2.08 089 37 2.39 088 84 3.97 0.81
P32 PNS 282 250 216 450 334 0.67 65.0 080 1331 106 220 337 069 314 1378 047 00 8857  0.22
P37 Type PCE 286 259 237 560  60.3 0.59 74.7 0.73 946 088 0.0 36.88 026 00 4572 026 00 58.89  0.25
P44 I PNS 269 239 219 610 261 1.40 34.8 1.47 51.6 157 177 279 087 246 322 085 370 429 0.81
P45 NE-PC 284 269 250 340 16.2 0.58 13.2 0.58 133 061 107 1.61 080 83 1.46 082 84 1.49 0.83
P49 PCE 272 163 138 510 763 084 1135 121 1311 137 00 4460 029 00 67.17 028 00 7823  0.28
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Flow curves of the investigated paste mixtures with the non-linear viscoplastic behavior are
presented in Fig. 6.7. Despite of the comparable mixture constituents, the mixtures P25 (NaHMP
admixture) and P17 (PNS admixture) exhibited the highest and lowest rheological parameters,
respectively. The presence of PNS in the mixture P17 proportioned with the highest water content
can lead to non-linear viscoplastic behavior. It is worth mentioning that the mixture P17 made with
Clay Type I having low PI value of 3.8%. This suggests that the observed non-linearity is not due
to the type and content of clay used. However, the clay type and content significantly affected the
rheological behavior of the PCE mixtures. Accordingly, the mixtures P37 and P49, exhibiting the
highest PI values (11% for both) among the PCE-based mixtures, showed significant nonlinear
viscoplastic behavior, even more than the mixture P17. The high PI can reflect the high specific
surface area of their incorporated earth, which induces higher water absorption, nucleation
promotion, and flocculation [24]. This must also be noted that the effect of very fine particles on
stiffening can be attenuated due to the breakage of the flocs [48]. Therefore, the admixture type
and its sensitivity to clay or water content dictate the rheological behavior of the self-consolidating

paste mixtures.
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Fig. 6.7. Flow curves of the paste mixtures P17, P37, P49, and P25.

It is worth mentioning that all the rheological measurements were carried out on the paste mixtures
having a MSF of 280 £ 20 mm. The Bingham yield stress and plastic viscosity of the PCE paste

mixtures are presented in Fig. 6.8. As can be observed, the mixtures P37 and P49 made with Clay
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Type Il showed the highest yield stress values due to the significant effect of Clay Type II.
Although the use of Herschel-Bulkley model resulted in better fitting, the Bingham parameters
were discussed here for comparison purposes. The P values of the incorporated earths showed a
significant effect on yield stress values of the PCE-based mixtures. For example, the mixture made
with Clay Type I and in presence of PCE HRWR exhibited comparable yield stress values for the
PCE-systems proportioned with Clay Type | which have shown comparable PI values. All these
mixtures exhibited yield stress values less than 20 Pa and low increasing rate. However, the highest
yield stress value among the PCE-Clay Type I-based mixtures was obtained for the mixture P16
with relatively higher PI value than the P15 and P22 mixtures. On the other hand, the plastic
viscosity values were found highly affected by W/P ratio. As can be observed in Fig. 6.8, among
the PCE mixtures proportioned with Clay Types | and 11, the P16 and P22 (Clay Type 1), and P37
and P49 (Clay Type I1) showed the lowest and highest plastic viscosity values, respectively, which
is probably due to the W/P ratios. Hence, this can be concluded that the yield stress and plastic
viscosity of the mixtures containing PCE mostly governed by clay type/content (PI values) and

W/P ratio, respectively.
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Fig. 6.8. Bingham rheological parameters of the PCE paste mixtures, including (a) yield stress and (b) plastic viscosity.
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Fig. 6.9. Bingham rheological parameters of the PNS paste mixtures, including (a) yield stress and (b) plastic viscosity.
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Fig. 6.10. Bingham rheological parameters of the NE-PC paste mixtures, including (a) yield stress and (b) plastic viscosity.
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As shown in Fig. 6.9, the yield stress of the paste mixtures proportioned with the PNS admixture
were found to be dependent on both the clay content and W/P ratio. As can be observed, despite
its higher W/P ratio, the mixture P32 exhibited the highest yield stress values and increasing rate
over time rather than the mixtures P44 and P26. This can confirm the coupled contribution of clay
and water on yield stress of the mixtures containing PNS. It must be noted that applying the
Bingham model for the P17 mixture (Fig. 6.9), resulted in untrustworthy results compared to other
mixtures (low R? value of 0.63). Therefore, among the paste mixtures proportioned with PNS and
Clay Type I, excluding P17, the mixture P11 showed the highest yield stress value despite its
relatively higher W/P ratio of 0.4 compared to the P10 and P23 mixtures. However, unlike the
yield stress values, lower plastic viscosity values were obtained for the paste mixtures proportioned
with higher W/P ratios. Accordingly, among the Clay Type I-based paste mixtures, the mixture
P10 gained the highest plastic viscosity due to its lowest W/P ratio of 0.3. Similarly for the Clay
Type ll-based mixtures, the lowest plastic viscosity value was obtained for the mixture P32 made
with the highest W/P ratio. Hence, it can be concluded that the yield stress values of the PNS-
dispersed pastes were more influenced due to the water content compared to those proportioned
with the PCE admixture. However, the plastic viscosity values of the PCE- and PNS-based

mixtures showed comparable sensitivities due to W/P variations.

As can be observed in Fig. 6.10, the use of NE-PC led to significantly lower values and increasing
rates of yield stress over time (less than 20 Pa after 60 min) rather than those obtained using the
PCE and PNS admixtures. Among the NE-PC-contained paste mixtures, the mixture P6 gained the
lowest yield stress which is due to its lowest clay content. However, similar to other admixtures,
the plastic viscosity values of the NE-PC-based pastes were mostly controlled by the W/P ratio.
Accordingly, the mixture P18 exhibited the highest plastic viscosity value due to its lowest W/P
ratio of 0.30. On the other hand, although the mixtures P24 and P45 were proportioned with the
same W/P of 0.40, the mixture P45 showed higher plastic viscosity than P24 which can be
explained due to its higher Pl value (11.8% vs. 7.1%). This can be attributed to the effect of clay
type on plastic viscosity values. Due to the presence of coupled effect of influencing parameters
affecting the rheological parameters, further investigation was required to understand the

significance of each factor.
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6.3.2 Rheology of CEM mixtures

The results of the workability and rheological measurements of the investigated CEM mixtures are
summarized in Table 6.5. As can be observed, simultaneous incorporation of Clay Type Il and
PNS admixture led to MSF values lower than the targeted value 280 + 20 mm (low flowability).
This can reflect the incompatibility between the PNS admixture and Clay Type Il. Furthermore,
the mixture M6, contained high content of silt, showed extensive segregations prior achieving the
targeted MSF. It is worth mentioning that all the mixtures were well-fitted with the Bingham
model, excluding the mixture M25. As can be observed, the mixture M25, proportioned with
NaHMP admixture, showed quite high shape stability, reflected by significantly higher values and
increasing rates of yield stress and plastic viscosity over time, rather than other mixtures.
Accordingly, no flow was recorded for the mixture M25 through the MVF (blockage) and MSF

(no spread) tests. Such shape stability is highly favorable for concrete 3D-printing applications.

The Bingham yield stress and plastic viscosity of the CEM mixtures dispersed with the PCE
admixture are presented in Fig. 6.11. As can be observed, the results of the PCE-based CEM
mixtures were comparable to their corresponding paste mixtures in which M49 followed by M37
showed the highest yield stress values (more than 40 Pa at t = 0). As discussed earlier, this is due
to their high contents of Clay Type Il and their corresponding Pl values. On the other hand, the
mixtures containing the Clay Type | exhibited almost comparable yield stress values (less than 40
Pa at t = 0). This can be due to the coupled effect of clay content, W/P ratio, and EP thickness on
yield stress of the PCE-based mortar mixtures. However, immediately after mixing, among all the
PCE-based CEM mixtures, the mixture M22 showed the highest plastic viscosity value which can
be due to its lowest W/P ratio of 0.3. It can confirm higher contribution of W/P ratios on plastic
viscosity of the PCE-based mixtures, rather than binder composition. Moreover, higher increasing
rates of plastic viscosity values obtained for the mixture P49 can be explained due to its lower W/P

ratio and egp, compared to the mixture P37.
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Table 6.5. The workability and rheological properties of the investigated CEM mixtures over time.

Bingh t
i . MSF (mm) MVF (s) ingham parameters
Mix No. Clay type  Admixture type o min 30 min o

Omin 30 min 60min 0 min 15 min 30 min 1o (Pa) w, (Pa.s) 1o (Pa) pp(Pa.s)  tw(Pa)  pp(Pas)

M6 NE-PC NA - - - - - - - - - - -

M10 PNS 265 222 155 71 115 18.2 15.3 5.26 426 11.51 75.7 2243
M11 PNS 269 236 193 32 39 44 358 3.69 52.6 477 66.6 6.18
M12 NE-PC 266 259 238 15 19 24 17.0 111 22.0 1.86 262 331
M15 PCE 279 243 211 24 31 37 218 1.42 29.8 2.80 36.9 3.96
M16 Typel PCE 272 236 189 3.0 36 41 221 2.85 318 3.67 4838 4.80
M17 PNS 263 223 156 1.0 17 2.1 379 1.02 56.2 1.68 716 2.9
M18 NE-PC 265 261 248 9.9 11.0 135 124 7.09 16.5 11.16 235 21.12
M22 PCE 282 264 249 75 7.9 83 314 741 46.4 9.15 54.9 10.80
M23 PNS 264 232 171 33 43 10.9 416 3.12 68.4 5.02 82.8 12.67
M24 NE-PC 281 267 246 31 40 52 214 3.19 273 5.02 329 6.42
M25 NaHMP 263 100 100 20  blocked  blocked ~ 182.1 953 7449 38.24 849.4 42.56
M26 PNS NA - - - - - - - - - - -

M32 PNS NA - - - - - - - - - - -

M37 el PCE 286 209 171 25 36 42 477 517 81.9 6.01 121.9 8.15
M44 ype PNS NA - - - - - - - - - - -

M45 NE-PC 264 250 247 27 37 43 53.0 557 62.5 6.85 68.3 9.04
M49 PCE 270 201 184 22 56 8.4 85.2 482 1025 8.83 149.1 15.93
Mt - PCE 273 240 195 2.9 53 5.8 246 358 295 478 385 6.12

NA: Not achieved to the targeted MSF of 280 + 20 mm
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Fig. 6.11. Bingham (a) yield stress and (b) plastic viscosity of the PCE-contained CEM mixtures.
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Fig. 6.12. Bingham (a) yield stress and (b) plastic viscosity of the PNS-contained CEM mixtures.
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Fig. 6.13. Bingham (a) yield stress and (b) plastic viscosity of the NE-PC-contained CEM mixtures.
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Fig. 6.12 illustrates the Bingham yield stress and plastic viscosity of the PNS-contained CEM
mixtures over time. As mentioned earlier, the PNS-Clay Type Il-contained CEM mixtures could
not achieve the targeted MSF of 280 = 20 mm. Therefore, only the results of the PNS-Clay Type
I-based CEM mixtures were discussed in this section. As can be observed, all these mixtures
showed the initial yield stress values lower than 40 Pa at t = 0. However, a combined effect of clay
content, W/P ratio, and EP thickness on the yield stress values of the PNS-based CEM mixtures
was observed which will be further discussed in section 3.2. However, the plastic viscosity values
of the PNS-based CEM mixtures were found to be mainly governed by W/P ratio. Accordingly,
among all the PNS-Clay Type I-based CEM mixtures, the mixtures M10 and M17 showed the
highest and lowest plastic viscosity values due to their lowest and highest W/P ratios of 0.30 and
0.50, respectively. Moreover, similarly to the PCE-dispersed CEM mixtures, the highest increasing
rate of plastic viscosity values were obtained for the mixtures M10 and M23 proportioned with the

lowest W/P ratios of 0.30 and 0.35, respectively.

As can be observed in Fig. 6.13, the mixture M45 exhibited the highest yield stress value among
all the NE-PC-based CEM mixtures due to its finer Clay Type Il. This can be generally concluded
that regardless of the admixture type, all the CEM mixtures proportioned with the Clay Types |
and Il obtained the initial yield stress values lower and higher than 40 Pa at t = 0, respectively.
Moreover, the values and increasing rates of the yield stress of the CEM mixtures dispersed with
the NE-PC admixture over time were found relatively lower than those obtained by incorporating
the PNS and PCE admixtures. This can be referred to the synergy of this linear type of PC with
powder constituents of the earth binders. The coupled effect of the mixture constituents on the
yield stress values of the NE-PC-based CEM mixtures are further discussed in section 3.2.
Moreover, similarly to other types of admixtures, the plastic viscosity of the NE-PC-based CEM
mixtures was found to be highly dependent on the W/P ratio. Accordingly, the mixtures M12 and
M18 showed the lowest and highest plastic viscosity values due to their highest (0.45) and lowest
(0.30) WIP ratios, respectively.

6.3.3 Rheology of SCEC mixtures
The rheometry results revealed that the Bingham model was well fitted to the shear stress-shear
rate data of the investigated SCEC mixtures. The workability and rheological properties of the four

investigated SCEC mixtures proportioned with PCE, are summarized in Table 6.6 in terms of V-
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Funnel and slump flow results, as well as the Bingham yield stress and plastic viscosity values

over time.

Table 6.6. Experimental results of the investigated concrete mixtures.

Bingham model

Mix Admixture Slump flow (mm) V-Funnel (s) o min 20 min 50 min

No. type 0 30 60 0 30 60 5 " o i N ,
min min min min min min (Pa) (Pa.s) (Pa) (Pa.s) (Pa) (Pa.s)

C16 PCE 705 665 625 1.6 18 1.9 30.7 331 37.9 471 54.6 5.51

C22 PCE 820 780 732 42 4.4 4.7 495 9.95 57 10.10 64.6 12.18

C37 PCE 805 495 410 25 40 55 49.9 6.10 98.8 7.04 154.3 9.74

Cret PCE 730 645 610 15 31 3.2 34.1 5.74 39.9 6.05 51.1 7.09

The Bingham yield stress and plastic viscosity values of the investigate SCEC mixtures are
presented in Fig. 6.14. As can be observed, despite completely different binder constituents, the
mixtures C16 and Crer sShowed comparable yield stress values. This can highlight the coupled effect
of different influencing parameters, including the S/A and W/P ratios, Vp, and content and type of
the used clay. Moreover, although the mixtures C22 and C37 exhibited comparable initial yield
stress values after mixing (t = 0), due to its finer clay particles and higher W/P ratio, the yield
stress values of the mixture C37 showed significantly higher increase rate over time. Furthermore,
similarly to the investigated paste and CEM mixtures, W/P ratio was found as the most influencing
factor on plastic viscosity values of the investigated PCE-based SCEC mixtures. Accordingly, the
mixture C22 with the lowest W/P ratio of 0.30 showed the highest plastic values among all the

investigated SCEC mixtures.
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Fig. 6.14. Bingham (a) yield stress and (b) plastic viscosity of the investigated SCEC mixtures.
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6.3.4 Multiscale approach to control rheology of SCEC

As discussed earlier, the rheology of the self-consolidating earth-based cementitious suspensions
is tricky due to the presence of clay and silt particles. In order to facilitate the control, prediction,
and optimization of the rheological parameters, it is important to investigate the main influencing
parameters on rheology of these materials. Also, it is useful to establish relationships between
workability and rheology of SCEC to facilitate its design to achieve adequate rheological
properties. In this section, the coupled effect of different characteristics of mixture constituents on
rheological properties of the investigated SCEC, CEM, and paste mixtures was evaluated.
Accordingly, the following correlation was established between different workability and
rheological properties of the investigated mixtures (Response) and the main influencing

parameters (ai), indicated in the last section:

Response = o + B x []iL, (a;™) (6.4)
where n is the number of influencing parameters aj =1 to n, and a, 3, and mi = 1 to n are the
adjustment factors which were determined for each “Response” using a developed Microsoft Excel
solver. The 5 influencing parameters ai= 1 to 5 included the PI and W/P ratio in the paste mixtures,
in addition to the Vp and egp in the CEM mixtures, and S/A ratio in the investigated SCEC
mixtures. It is worthy to mention that the effect of the type and content of the clay type used on
rheological properties of the investigated mixtures was reflected using the Pl values of the soil
(clay, silt, and sand <425 um). The results of the established correlations are summarized in Table
6.7, in terms of the obtained adjustment factors (a, B, and mi = 1 to 5). Moreover, the precision of
the established predictions was evaluated by considering the estimation index (El), R?, and root-
mean-square error (RMSE) values, as presented in Table 6.7. The EI indices were defined as the
mean value of the ratio between the predicted and experimental values. It is important to mention
that R? and EI values closer to unity and lower RMSE values correspond to stronger agreement
between the investigated flow performance responses and mixture constituent parameters. The
investigated “Responses” included the characteristics of the investigated mixtures in different

scales, as follow:
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(i) Paste scale: The Bingham yield stress and plastic viscosity values, as well as the ratio of the
rheology-to-workability immediately after mixing (t = 0) of the investigated paste mixtures

containing different types of admixtures.

(if) CEM scale: The Bingham yield stress and plastic viscosity of the investigated CEM mixtures

immediately after mixing (t = 0), relative to those of their corresponding paste mixtures.

(iii) SCEC scale: The Bingham yield stress and plastic viscosity of the investigated SCEC mixtures

immediately after mixing (t = 0), relative to those of their corresponding CEM mixtures.

As can be observed in Table 6.7, the yield stress of the paste mixtures dispersed with the PCE and
PNS admixtures are in good agreements with the PI of their earth and W/P ratio. According to the
obtained adjustment factors, the yield stress values of the PCE- and PNS-contained pastes were
found to be more controlled by the Pl and W/P ratio, respectively. Moreover, the yield stress values
of the NE-PC-based mixtures were found highly dependent on the PI values. This can reveal the
significant effect of the type and content of the used clay, whereas W/P showed no contribution
on the yield stress values of the NE-PC-based mixtures. However, the W/P ratio showed the most

dominant effect on plastic viscosity values of the investigated pastes, regardless of their admixture

types.

The prediction of the rheological properties using the workability measurements can lead to easier
rheological evaluation rather than using the sophisticated and expensive commercial rheometers
[49]. As can be observed in Table 6.7, the yield stress values of the investigated paste mixtures
can be well predicted using their corresponding MSF values as a function of the PI values,
reflecting the characteristics of the binder constituents, and W/P ratio. The yield stress-MSF
relationship of the PCE-contained paste mixtures was found highly dependent on the powder
constituents, reflected by high adjustment factor obtained for PI, whereas W/P ratio showed no
contribution. However, W/P showed more significant effect on the yield stress-to-MSF ratios of
the pastes proportioned with the PNS and NE-PC admixtures, rather than PI of the used earths. On
the other hand, the plastic viscosity of the investigated paste mixtures proportioned with different
types of admixtures were found in good agreements with their corresponding MCT values with a

significant contribution of W/P ratio, regardless of the Pl values of their corresponding earths.
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Moreover, the yield stress of the investigated CEM mixtures relative to those of their
corresponding paste mixtures were well correlated to W/P, eep, and PI values, in a descending
order of significance. On the other hand, the relative plastic viscosity values of the CEM mixtures
to their corresponding pastes were found highly governed by Vr values, followed by W/P ratio and
EP thickness, whereas the PI values, as an indication of the binder compositions, showed no
contribution. On the other hand, as shown in Table 6.7, the rheological properties of the
investigated SCEC mixtures can be well predicted using those of their corresponding CEM
mixtures proportioned using the proposed approach. The established predictions were found in
very good agreements with the egp and S/A values, in a descending order of significance (R? and
El values close to unity and low RMSE). This suggests the high potential of the new proposed

CEM approach to simulate the rheological properties of the SCEC mixtures.

Table 6.7. Adjustment factors and prediction precisions of the established correlations (Eq. 6.4).

Adjustment factors Precision
Response b m;
¢ PI(%) WP Ve(%) ew(um)  SIA El R”  RMSE
To-pce (Pa) 11.01 0.006 3.053 -2.168 - - - 0995 0997 2315
Topns (P2) 9.784 1927.6 2507 10.599 - - - 0949 0953 5535
To-ne-pc (Pa) 0 3.8593 0.594 0 - - - 0976  0.979 1.769
Hp-pce (Pa.s) 0273  45E-5 1.683 -5.91 - - - 0978 0982 0876
Hp-ens (Pa.s) 0.342 7.8E-7 1220  -10.386 - - - 0974 0979  0.136
Hpne-re (Pa.s) 0 0.009 0.301 -3.403 - - - 096 0971  0.100
Ty e (P2)
NSF,._ () 0.034 0.001 2.298 0 - - - 098 0972  0.023
8 ‘CO-PNS (Pa)
8 NSF.._(om) 0.035 7.13 2.663 10.965 - - - 095 0963  0.020
‘CO-NE-PC (Pa)
MSF, (o) 0.001 0.064 0.522 1.562 - - - 0.997 0992  0.002
Pa.s
HPorer P25 0 0.004 0 -1.417 - . . 0932 0951 0004
MCanr‘(‘F (S)
Pa.s
Py P25 0.018 8.1E-8 0 -10.731 - - - 0.852 0965  0.008
MCT,,, (s)
Pa.s
”(—() 0.001 3.8E-4 0 -3.594 - - - 0971 0969  0.003
MCTO-NE-PC (S)
T .. (Pa
Tocen (P2) 1.612 4.888 13.204  -52.576 0 -20.546 - 0.968 0974 0.59
S Ty (P2)
6 By (Pas)
Y 6.979  15E47 0 -4.331 -27.015 -2.004 - 0922 0916 2015
By (P2S)
P
Tosmese (P) 1218  2.5E-10 0 0 0 6.288 15159  0.995 0991  0.161
8 TOVCEM (Pa)
Qu  (Pas)
A = 1.228 14.256 0 0 0 -7.170 -37.952 0997 0993 0071

n (Pa.s)

p-CEM
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6.4 Conclusions

In this study, the rheological properties of the SCEC mixtures were investigated in three different

scales of paste, CEM, and concrete. The coupled effect of different mixture constituents, including

binder composition (type and content of clay, silt, and cement content), Ve, W/P and S/A ratios,

EP thickness, and admixture type on rheological properties of the investigated paste, CEM, and

SCEC mixtures were evaluated. Considering the effect of EP thickness, a new CEM approach was

proposed to predict the characteristics of the SCEC mixtures in fresh state. The rheological

measurements included the viscoplastic properties (yield stress and plastic viscosity) and

thixotropy of the investigated mixtures. According to the experimental results, the following

concluding remarks can be pointed out:

Admixture type showed the major effect on the thixotropic or rheopectic behavior of the
investigated self-consolidating earth paste mixtures. All the investigated paste mixtures
showed rheopectic behavior except those proportioned with PNS admixture and Clay Type

I1, as well as the one dispersed using the NE-PC admixture.

The highest thixotropy response was obtained for the paste mixture proportioned with the
highest content of the finer Clay Type Il. On the other hand, the highest rheopectic behavior
was observed for the mixtures P49 and P37 proportioned with PCE admixture and Clay

Type II, as well as the mixture P25 dispersed using the NaHMP.

The admixture and clay types showed the most significant effect on viscoplastic properties
of the investigated mixtures. The highest yield stress and plastic viscosity values were
obtained for the mixtures proportioned with NaHMP dispersant and Clay Type II.
Moreover, the paste and CEM mixtures contained the NE-PC admixture exhibited
relatively lower values and increasing rates of yield stress over time, compared to those

proportioned with the PNS and PCE admixtures.
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e The yield stress of the investigated paste, CEM, and SCEC mixtures were influenced by
the coupled effect of the content and type of the clay and W/P ratio. All the CEM mixtures
proportioned with the Clay Types | and 11 exhibited initial yield stress values lower and
higher than 40 Pa, respectively, except the one made with NaHMP. In concrete scale, the
use of the Clay Type Il led to higher values and increasing rates of yield stress over time.
However, the plastic viscosity values were mostly governed by the W/P ratio according to

an inverse proportional relationship.

e A multiscale approach was proposed to control the rheological properties of SCEC
mixtures from of their corresponding paste and CEM matrices. The rheological properties
of SCEC mixtures were successfully predicted using those of their corresponding CEM
mixtures, EP thickness, and S/A ratio. The relative rheological properties of the
investigated CEM mixtures to their corresponding paste mixtures were found in good
agreements with the Vp and EP thickness values.
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Abstract

The incorporation of earth-based materials offers superior hygrothermal performance to the
construction industry, ensuring significant ecological and environmental benefits. The
hygrothermal and microstructural characterization of self-consolidating earth concrete (SCEC) are
investigated in this study. These include the sorption isotherm, permeability, heat capacity, thermal
parameters (conductivity, diffusivity and effusivity), moisture buffer value (MBV), total porosity
and pores distribution, and microstructural characteristics. The investigated SCEC mixtures gained
lower water content than normal concrete, as reference mixture, comparable to that of clay bricks.
They also showed higher permeability due to their higher porosity and connected pores. Thermal
conductivity, diffusivity and effusivity of the investigated SCEC mixtures showed lower values
than those of the reference mixture, similar to existing earthen materials in the literature. Since the
diffusivity and effusivity of the earthen materials are higher than those of wood, SCEC mixtures
can offer both low diffusivity and high effusivity among different construction materials.
Furthermore, the investigated SCEC mixtures compared to the reference exhibited lower mass
losses attributed to calcium silicate hydrate (CSH), dehydroxylation of portlandite, and
decarbonation. The water vapor and gas permeability of SCEC were found in good agreements
with cumulative pore volume in the ranges of 100-200 nm and 100-300 nm, respectively.
Furthermore, the drying shrinkage and compressive strength values were dependent on the

cumulative pore volume of pore sizes less than 1 um.

Keywords: Clay; Hygrothermal properties; Microstructure; Porosity; Self-consolidating earth
concrete (SCEC).

7.1 Introduction

The construction industry consumes substantial amount of energy and is responsible of
considerable CO. emission due to the use of polluted materials, such as cement-based concrete
[1]. The use of sustainable materials is necessary to decrease CO footprint towards green
construction [2]. New developments are required to reduce the high energy demand of construction
industry [3]. One of the alternative construction methods which is progressively emerging is
rammed earth (RE) [4,5]. Earth is a locally available material used extensively for traditional
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houses. It can be found in very high quantity which is desirable for the context of sustainable
development to reduce energy consumption [2,6]. Earth-based materials are widely used in
different forms including cob, mud and block-masonry brick and RE [7]. These materials are used

unstabilized or cement-stabilized given the application in demand.

Earth-based materials have lower environmental impact, better thermal performance, superior
indoor air quality, and more diverse final textures compared to the conventional construction
materials [8,9]. These advantages place it as an appropriate material for building envelopes.
However, the earthen construction (especially in the case of RE) can be time-consuming and labor-
intensive with deficiencies in layer interface [10]. Self-consolidating earth concrete (SCEC) can be
used to speed up the construction process and enhance the performance, while keeping the
advantages of earthen materials. For example, the incorporation of earthen materials in SCEC
results in a novel microstructure system which can affect their hygrothermal properties. The main
difference between SCEC and conventional self-consolidating concrete (SCC) is the presence of
clay and silt, in addition to low cement content, forming its ternary binder system [11]. Several
attempts undertaken to achieve SCEC faced potential challenges, including the difficulty in

dispersing clay particles and delayed setting of the material due to the low cement content [11-13].

Porous structure of earthen materials allows the gas and liquid to diffuse through their network as
a hygroscopic material [14]. On the other hand, hygroscopic materials, such as clay, can have a
significant effect on the relative humidity level and variations of the indoor air, the quality of the
air, and comfort of habitants [15]. A hygroscopic material (e.g., clay in SCEC) is a substance that
is capable of absorbing/desorbing moisture from/to surrounding atmosphere. Sorption capacity is
linked to the porous structure of the material. A high porous structure, mainly composed of
mesopores [16] and a wide specific area [17], may favor moisture buffer. However, it should be
noted that there should be an optimum porosity since higher porosity can decrease the mechanical
properties of the materials. The porous structure leads to a material with low density and low
thermal conductivity. In addition to the porous structure, other factors can also influence the
buffering capacity. In the case of clay, its mineralogy is very important as well. For instance,
kaolinite clay minerals show a lower surface affinity and surface area than montmorillonite types

which have greater surface area due to their active interlayer space [18].
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Thermal characteristics of earth-based materials were studied by many researchers. Tavil et al. [19]
confirmed that the masonry walls, made by different insulating systems, can provide high thermal
mass which is referred to the fewer exterior temperature fluctuations inside the residence, compared
to other construction materials. Lovec et al. [20] reported that rammed earth walls showed low
thermal conductivity, high heat capacity, and desirable thermal mass effect, as the key element of
thermal stability. Moreover, thermal conductivity is affected by temperature, chemical composition
of the constituents, porosity, humidity and microstructure [21]. Moreover, it was reported that a
60-cm thick cob wall can possess thermal insulation twice the minimum of UK thermal
requirements for residence [22]. It was also revealed that straw constructions were chosen as a
feasible option for UK based on thermal performance [23,24]. William et al. [25] reported that
earth block masonry could meet UK requirements. Similarly in Portugal, corn cobs provided
adequate thermal properties [26]. Soebarto [27] investigated the thermal performance of
uninsulated and insulated rammed earths (insulator with thermal resistance of 2 m2.K.W?) in
summer and winter. It was reported that both rammed earth types exhibited comparable
performance in summer, based on indoor temperature. However, the rammed earth led to 5°C lower
indoor temperature than the insulated one in winter. Furthermore, RE materials were found to
possess high thermo-buffering capacity as an alternative to masonry materials. Earth-based
materials showed high capability to store heat with characteristics of latent heat storage [28].
Soudani et al. [28] reported that the earth materials, either dry, wet, or as solid brick, can present

both low diffusivity and high effusivity properties, referred to as thermal mass parameters [28].

Moisture can play a significant role on energy efficiency due to its effect on the heat transfer of the
building envelope. Therefore, the study of coupled heat and mass transfer in a porous media is
essential. Hygrothermal performance of earth-based materials were proved to provide sufficient
comfort for inhabitants. As exposed to variations of temperature and relative humidity, it is also
critical to study the effect of temperature and water content. Giada et al. [29] reported the high
thermal effusivity of raw earth composites, i.e., high thermal inertia to enhance thermal comfort
and energy efficiency. The authors concluded that earth earthen materials show both good buffering
capacities and hygrothermal inertia properties due to their low water vapor diffusion resistance and
high hygroscopic nature [29]. This can explain the ability of earthen constructions to keep the

interior temperatures almost constant and regulate indoor relative humidity. Therefore, it is
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necessary to measure hygrothermal parameters to conduct a comprehensive comparative study of

SCEC, as a novel earth-based material for green constructions.

Although broad investigation on hygrothermal and microstructural characterization of different
earthen materials exists in literature, further investigation is required to explore the hygrothermal
properties of SCEC with different earth compositions. In this context, the main objective of the
present study is to characterize the hygrothermal properties of SCEC mixtures as function of their
microstructure and assess their potential as building envelopes. Three SCEC mixtures with
different earth compositions were investigated and their properties were compared to those of a
reference conventionnel SCC mixture. The studied properties include sorption isotherm, water
vapor and gas permeability, heat capacity, thermal conductivity, thermogravimetric analysis
(TGA), total porosity, and pores distribution, as well as microstructure observations. The obtained
results are compared with other earthen materials to evaluate the potential of SCEC. Furthermore,
the correlations between pores distribution with permeability, drying shrinkage, and compressive

strength are investigated.

7.2 Experimental program

7.2.1 Materials and mixtures proportioning

A natural river sand and crushed limestone coarse aggregate with specific gravity of 2.67 and 2.72,
and water absorption of 1.09% and 0.42%, respectively, were used as aggregate in this study (Fig.
7.1). Two types of clay were used, including (1) Type I consisting of 100% kaolinite and (2) Type
Il consisting of 50% kaolinite and 50% attapulgite. The used kaolinite and attapulgite possessed
specific gravities of 2.73 and 2.75 and specific surface areas of 15 and 155 m?/g, respectively. A
general use (GU) Portland cement was used with specific gravity of 3.15 and specific surface area
of 0.3 m?/g. As the third binder, quartz-silt powder of 2-75 um size, and specific gravity of 2.69
was used. Chemical composition of the binders is presented in Table 7.1. A polycarboxylate-ether

(PCE) based high-range water-reducer (HRWR) was used as the chemical admixture.
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Table 7.1. Chemical composition of the binders used in this study.
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Fig. 7.1. Particle-size distribution of sand and gravel particles.

Chemical composition (% wt.) - I?inder type - -

GU cement Kaolinite  Attapulgite Quartz silt
CaO 62.50 0.10 2.92 0.01
SiO; 19.30 46.10 66.20 99.02
Al,0; 4.80 38.10 11.71 0.64
Fe,03 3.00 0.50 4.02 0.22
MgO 2.70 0.10 9.70 0.01
SO; 4.10 0.04 -
Others 1.40 1.56 147 0.10
LOI* 2.20 13.50 3.98

LOI*: Loss of ignition

The mixture proportioning of the investigated concrete mixtures are summarized in Table 7.2. The

three SCEC mixtures were carefully selected to achieve a minimum 1-day compressive strength of

1 MPa [30] and a slump flow of 700 mm with no visual segregation [31]. The investigated mixtures

were proportioned with various clay types/contents covering large range of Atterberg limits [32],

as summarized in Table 7.3. Due to plasticity of earth-based materials containing clay, Atterberg

limits of the corresponding earths (i.e., clay, silt, and sand < 425 um) were evaluated to obtain

liquid limit (LL), plastic limit (PL), and plasticity index (PI). It should be noted that Atterberg

limits are presented only for SCEC mixtures since there is no clay and silt in the reference

conventionnel SCC mixture. The 28-day drying shrinkage of the investigated mixtures [33] are

also presented in Table 7.3.
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Table 7.2. Proportioning of the investigated mixtures.

Mix Cement Water Clay Type | Clay Type I Silt Sand Gravel
No. kgm)  (kg/m?) (kg/m?) (kg/m?) komy WP gm)  (kgim?)
Cret 627.2 250.9 - - 0 0.40 665.0 680.0
C120-11 120.0 266.7 - 83.2 389.4 0.45 750.1 511.4
C150-I 150.0 251.4 1733 - 2353 0.45 1197.0 136.0
C180-I 180.0 219.0 104.0 - 445.9 0.30 1000.2 255.7
Table 7.3. Atterberg limits of the three investigated earth mixtures.
Atterberg limits Compressive strength (MPa)

Mix 28-day drying

No. LL (%) PL (%) PI (%) 1-day 28-day shrinkage (%)

Cret - - - 22.7 52.4 0.037

C120-11 328 218 11.0 1.2 33 0.104

C150-I 18.9 14.9 4.0 1.9 6.2 0.093

C180-1 18.9 15.8 3.1 3.3 12.0 0.078

7.2.2 Test methods

The investigated mixtures were prepared using a rotating drum mixer. The mixing procedure
consisted of mixing sand and gravel particles for 90 s, followed by adding 1/3 of the mixing water
and mixing for additional 60 s. The binders were then added and mixed for 30 s. Again, 1/3 of the
mixing water and HRWR admixture were added and mixed for 60 s. Finally, the last 1/3 of mixing
water was added and mixed for 90 s. After resting for 120 s, the mixing was resumed for an
additional 180 s to finalize the mixing procedure. Hygrothermal and microstructural
characterization of the samples were investigated after 28 days of curing at 23°C and 100% relative

humidity, as follow:

7.2.2.1 Sorption isotherm

The sorption isotherm test, carried out in isothermal conditions, characterizes the relationship
between water content and relative humidity of the surrounding environment in various moisture
conditions ranging from 0 to 95%. The samples were first oven dried at 40°C for 24 h followed by
air-vacuum drying before determining their dry masses. These values were then analyzed with the
SPS ProUmid device using manometric method [34]. Cubic samples of 15 x 15 x 15 mm?®
dimensions were treated in adsorption-desorption isotherms. The changes in water-vapor volume
adsorbed or desorbed were measured for each sample at a fixed temperature. The calculations were

based on the adsorbed water by procurement of vapor pressure and perfect gas formula [35]. The
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volumetric method was treated for water vapor sorption isotherms. In order to achieve more precise
measurements, Belsorp aqua-3® device is equipped with three analysis ports to allow high output
measurements. This method can attenuate possible inaccuracies used in the gravimetric methods

by overcoming the sensitivity of the weighing devices.

7.2.2.2 Water vapor permeability

As one of the critical hygric properties, water vapor permeability test is essential for
characterization of building materials by assessing migration of moisture in the samples. This
migration is referred to vapor diffusion. The measurements were performed at 23°C using the cup
method according to EN ISO 12572 standard [36]. The samples include cylinders of 78-mm
diameter and 20-mm height. The test procedure consists in subjecting the sample to a pressure
gradient. The gradient for dry cup consisted of 3% relative humidity inside the cup, and 50%
outside. By using a Gravitest® device as a climatic chamber, each cup was automatically weighed

with a high precision of 0.00001 g.

7.2.2.3 Gas permeability

Gas permeability of the mixtures was measured on cylindrical samples measuring 11-mm diameter
and 50-mm thickness [37] using the Cembureau permeameter. The samples were preconditioned
at 45°C temperature under vacuum until mass stabilization. These samples were then surrounded
by a resin to ensure a unidirectional flow during the test. Specific permeability coefficient Ka can
be calculated using the modified Darcy’s equation, as follows:

:% where Q=00 (7.1)
where p (Pa.s), Po (Pa), P1 (Pa), Q (m%s), L (m), A (m?), V (m?), and tayg (S) are the dynamic

viscosity of the gas, entrance and exit absolute pressure values, volumetric flow, sample thickness,

A

surface area of the sample section, volume of the bubble flowmeter, and average passing time,
respectively. It should be noted that the measured permeability coefficient is apparent permeability.
Each test was performed under three different pressures of 150, 200, and 250 kPa to assess the

intrinsic permeability (Kint). Using Klinkenberg method [38], Kint can be calculated as the

interception of the Ka curve with respect to 1/Pm (where P,,= PO;P') as:
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Ka=Kini( Pﬂ +1) (7.2)

where B (Pa) is the Klinkenberg coefficient which varies with the intrinsic permeability [39].

7.2.2.4 Heat capacity

Calvet® calorimeter was used for measurement of specific heat capacity. The samples include
cylinders of 7 mm in diameter and 5 cm in height. The reference cell and tested sample, in sealed
cylinders, are enclosed in the calorimeter block to perform the test. In this device, samples were
surrounded by 3D Calvet sensors so that all the emitted heat can be measured. A cryostat was also
connected to regulate the internal temperature of the calorimeter. The test was performed in a
temperature range of -10 to 40°C with a heating rate of 0.1°C/min. It is worth mentioning that since
the heat loss of the 3D sensors is less than 10%, rather than those of the 2D sensors (50% to 70%),

the 3D Calvet sensors are more accurate than the 2D ones.

7.2.2.5 Thermal conductivity

This inherent thermal property was measured under stationary conditions using the standard
method of guarded hot plate conforming with the EN 12664 [40] and EN 12667 [41] specifications.
The tested samples measured 15 x 15 cm? and a height of approximately 5 cm. The tests were
carried out using the A-Meter® EP500e device, as shown in Fig. 7.2. This set-up enables the heat
transfer through a surface plate limited between two parallel cold and hot isotherm planes to impose
a fixed temperature gradient. It is worth mentioning that transversal heat dissipation should be
prevented since the longitudinal heat flow through the sample thickness should be considered.
Putting guard rings surrounding the side of the samples can be favorable for this purpose. Thermal

conductivity can thus be calculated through the electrical power provided by the device.
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S amp]_e Insulation

Fig. 7.2. Scheme 6f the Lambda-meter EP500e.

7.2.2.6 Thermogravimetric analysis (TGA)

The samples were vacuumed dried at 45°C to remove the water bound in the samples.
Consequently, TGA procedure was performed on 100 mg of sample heated at a 10°C/min rate up
to 1000°C.

7.2.2.7 Water porosity measurements

Three cubic samples of 5 x 5 x 5 cm® were used to determine the porosity of the concrete mixtures
according to AFPC-AFREM [42]. Initially, the samples were water-saturated in order to obtain the
saturated mass. The porosity was then calculated, as follows:

Mair' dry
g=— %100 (%) ,
P Mair'Mwater (7 3)

where Mair, Mary, and Mwater are the weight of saturated sample after removing from the water, dry
sample weight (dried at 80 °C until mass stabilization), and hydrostatic weight of the sample
saturated in water, respectively. Furthermore, surface pores and smoothness of the mixtures were
also analyzed using a Keyence® VHX-7000 digital microscope.
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7.2.2.8 Porosity measurements (3Flex)

The porous properties of the investigated mixtures, including surface area, pore volume, and pore
size distribution, were measured using a 3Flex—high resolution surface characterization analyzer
apparatus from Micromeritics®. Relative pressure (P/Po) can be as low as 1.3 x 10° up to 1.0. The
device allows advanced dosing method N2 adsorption which can be measured by defining both
pressure and volume increments. Hysteresis loop is associated with capillary condensation taking
place in the mesopores which limits uptake at high relative pressure. It should be noted that prior
to N2 adsorption/desorption measurements, the samples (100-200 mg) were degassed in vacuum
condition. The mass of each sample was measured with high precision microbalance with a
resolution of +1 pg. This testing reflects useful information for multilevel porosity, including the
micropores (< 2 nm), mesopores (2-50 nm), and macropores (> 50 nm).

7.2.2.9 Mercury intrusion porosimetry (MIP)

The pore size distribution was determined using mercury intrusion. The samples were initially dried
at a temperature of 45°C before the test until mass stabilization. Micromeritics Porosimeter
(Autopore 111 9420) with pressure range up to 400 MPa was used which can ensure the mercury to

penetrate the pores ranging between 0.003 to 360 um diameter, according to Laplace’s law.

7.2.2.10 Microstructure observations

Surface microstructure observation was carried out using the CMOS-based digital microscope
VHX 7000 (Keyence) with a magnification of x6000 in the optical wavelength range.
Magnifications of E20x20, E20x80, E100x150 and E500x500 were used to capture the
observations. Furthermore, the morphological characteristics of the mixtures were analyzed using
a scanning electron microscope (SEM) equipped with an Oxford Energy Dispersive Spectroscopy
(EDS).

7.3 Results and discussion

The obtained results are discussed in terms of the hygrothermal properties of the investigated

mixtures, followed by their microstructural characterization.
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7.3.1 Sorption isotherm

In order to investigate the advantage of SCEC mixtures, adsorption and desorption isotherms at
23°C was assessed. The evolution of water content as a function of relative humidity is illustrated
in Fig. 7.3a. As can be observed, the mixtures Cref and C150-1 exhibited the highest and lowest
adsorption rates, respectively. The reference mixture Cref Showed an absorption of 3.3% compared
to 1.4%, obtained with C150-1 at 90% relative humidity. This can be due to the extraction of
hydrophilic constituents which is responsible for low adsorption values of SCEC mixtures rather
than Crer. However, the obtained values for all the mixtures are lower than those of hemp concrete
at different ages [43]. The reference mixture showed comparable sorption isotherm values with
standard concrete, while the investigated SCEC mixtures performed similar to clay bricks [44,45].
Among the investigated SCEC mixtures, the mixture C180-1 possessed the highest value which
can be related to its high cement content compared to C150-1 and C120-I1 mixtures. As can be
observed in Fig. 7.3b, Crr also showed the highest moisture storage capacity. A descending
behavior in moisture storage capacity was observed for all the mixtures for RH less than 20% (Zone
1), while this was almost constant for RH between 20% and 60% (Zone 2), and ascending for RH
values greater than 60% (Zone 3). The latter can be referred to the critical RH level above which

the water content significantly increases.
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Fig. 7.3. (a) Water vapor adsorption-desorption isotherm and (b) moisture storage capacity of the investigated
mixtures.

7.3.2 Water vapor permeability

Water vapor permeability and diffusion resistance factor [36] of the investigated mixtures are
presented in Fig. 7.4. It should be mentioned that water vapor permeability was calculated in
permanent regime after mass equilibrium of the cups. As can be observed in Fig. 7.4a, the mixtures
C120-11 and Crer exhibited the highest and lowest water vapor permeability values, respectively.
These values can be also reflected by their diffusion resistance factors (203.3 and 33.8). The results

obtained with Crer are in accordance with those reported in literature [45]. The obtained water vapor
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permeability of the mixtures C150-1, C180-1, and C120-I1 are 4.1, 2.4, and 6.2 times of that of the
reference mixture Crer, respectively. This is due to the difference in their microstructure which

affects the porosity and diffusion characteristic of the material. As can be observed in Fig. 7.4b,

diffusion resistance factor is increasing with cement content. However, the obtained diffusion

resistance factor results were higher than those of hemp concrete after 60 days of age (17.4)

reported by Bennai et al. [43,45]. Allam et al. [46] also reported lower water vapor permeability

for earth brick samples corresponding to 1.45E-10 up to 1.80E-10 kg.m™.s.Pat. This can refer to

lower permeability of the investigated SCEC mixtures compared to earth bricks, yet higher than

the cement concrete [45].
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Fig. 7.4. (a) Water vapor permeability and (b) diffusion resistance factor of the investigated mixtures.
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7.3.3 Gas permeability

The intrinsic gas permeability values of the investigated mixtures are summarized in Table 7.4. As
can be observed, the reference mixture Cyrer exhibited the lowest gas permeability value (1.80E-17
m?) which is consistent with literature [47]. Among the SCEC mixtures, C180-1 showed the lowest
gas permeability followed by C150-1 and C120-II. This can be explained by the reduction in
porosity due to the higher content of cement. Indeed, permeability depends on both open porosity
and connected pores based on Poiseuille’s law. Garboczi [48] reported that permeability is
proportional to the product of porosity and square main mode pore diameter. Similarly, several
attempts were carried out to predict permeability from MIP results [49-51]. Therefore, it can
confirm that C120-11 should have the significant porosity and connected pores compared to the

other mixtures. This will be further investigated in section 7.3.10.

Table 7.4. Intrinsic gas permeability of the investigated mixtures.

C120-Il  C150-1  C180-| Crer
Kig(m?)  9.72E-16  125E-16  3.04E-17  1.80E-17

7.3.4 Heat capacity

Heat capacity is another important property of the heat transfer characterization of the building
materials to evaluate the decrement factor and the time lag of a wall. The evolution of specific heat
capacity of the investigated SCEC mixtures as a function of temperature (-10 to 40°C after drying
at 40°C until mass stabilization) is presented in Fig. 7.5. The initial high increasing rate observed
in Fig. 7.5 can be explained due to the strong thermal inertia inside the device, hence leading to a
delay in heat transmission. Linear correlations were then fitted between the temperatures greater
than 0°C and their corresponding specific capacity values for all the investigated mixtures. As can
be observed, the reference mixture Crr exhibited the highest specific heat value followed in a
descending order by C150-1, C180-1 and C120-11, respectively. For example, at temperature of 25
°C, the mixtures Crer, C150-1, C180-1, and C120-11 possessed specific heat capacity values of 1163,
955, 926, and 913 J.kg.K?, respectively. The obtained specific heat capacity values of the
investigated SCEC mixtures were comparable to those of typical raw earth materials (i.e., 800-950
J.kgt.K?) [52,53]. Indekeu et al. [5] reported a specific heat capacity of 939 J.kg*.K* for rammed
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earth. However, Porter et al. [54] reported higher values of 1321 and 1832 J.kg™.K™! for stabilized
rammed earths with 6% cement and 20% crumb rubber in addition to 6% cement, respectively.
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Fig. 7.5. Specific heat capacity of the investigated mixtures at different temperatures.

7.3.5 Thermal conductivity

The thermal conductivity of the investigated concrete mixtures was measured at 10, 23, and 40°C
in dry state (Fig. 7.6a). It is worth mentioning that the results presented in Fig. 7.6a correspond to
the mean values of three measurements in addition to their corresponding standard deviations. As
expected, the reference mixture Crer exhibited the highest thermal conductivity compared to the
investigated SCEC mixtures. This value obtained in dry state at 10°C was 765 mW.m*.K, while
those of the mixtures C120-1I, C150-I, and C180-1 were 414, 486, and 477 mW.m1K?,
respectively. The incorporation of earthen materials led to almost 37%-46% lower thermal
conductivity, which can be explained due to the low thermal conductivity of earthen materials and
higher porosity of the earthen matrix, hence contributing to damping the heat transmission. Similar
trends were also observed at 23 and 40°C. As can be observed in Fig. 7.6a, the obtained results
increases linearly with temperature, which is consistent with literature [55]. Indekeu et al. [5]
reported the thermal conductivity of 1.1 W.m™1.K™! for RE which is higher than those obtained for
the investigated SCEC mixtures. Moreover, the thermal conductivity values are lower than those
reported for cement-stabilized rammed earth (i.e., 833—-1010 mW.m1.K? at dry state) [56].

Furthermore, Hall and Allison [57] reported a lower dry state thermal conductivity of 643 mW.m"
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LK for a lower dry density of 1900 kg/m®. The obtained results for the investigated SCEC
mixtures were also found lower than those reported for unfired earth (0.77-0.95 W.m1.K'?) [52].
As can be observed in Fig. 7.6b, the investigated SCEC mixtures showed lower dry density values
than the reference mixture Crer. This lower density can explain the lower thermal conductivity

values as a consequence of lower cement content and its replacement with silt and clay particles.
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Fig. 7.6. (a) Thermal conductivity in dry state and (b) dry density of the investigated mixtures.

The thermal conductivity of wet mixtures was also determined on samples that were saturated in
water to reach a constant mass. Thereafter, the saturated samples were wrapped in a stretch film to
avoid any water evaporation during the measurement. The thermal conductivity of the investigated

mixtures measured at temperatures of 10, 23, and 40°C in wet (saturated) state are shown in Fig.
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7.7a. As can be observed, wet mixtures exhibited higher thermal conductivity than dry samples,
regardless of temperature. For instance, thermal conductivity of the reference mixture Crer at 10,
23, and 40°C increased by 90.4%, 93.4%, and 95.7%, respectively. The mixtures C180-1 and C120-
Il exhibited the lowest and highest increasing rates of 51.4%, 63.0%, and 71.9% (for C180-1), and
88.5%, 102.1%, and 121.3% (for C120-11) at 10, 23, and 40°C, respectively. This behavior may be
related to the presence of water in internal pores of each system, considering its significantly higher
thermal conductivity than air. Similar trend was observed in the case of wet density results, as
shown in Fig. 7.7b. Three SCEC mixtures showed lower thermal conductivity compared to the
reference mixtures Crer at all temperatures. These values were lower than those reported in literature
[56] for cement-stabilized rammed earth at wet state (i.e., 1369-1820 mW.m™.K1). As expected,
the investigated mixtures can act as insulating materials in dry state, but as conductive materials in
wet state. It should be mentioned that, based on the obtained sorption isotherm results, it can be
concluded that the SCEC mixtures exhibited lower water content compared to the reference
mixture exposed to higher relative humidity values. The lower water content leads to lower thermal
conductivity which is an advantage for the SCEC mixtures.
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Fig. 7.7. (a) Thermal conductivity in wet state and (b) wet density of the investigated mixtures.

Thermal mass is the ability to keep the initial temperature of a material when subjected to

perturbation, which is quantified by two parameters, including diffusivity (D) and effusivity (E),
as follow [28]:

D A
0Cp (7.4)
E= 7&p(:l)

(7.5)
where L (W.m™.K?), p (kg.m3) and CP (J.kg?.K?) are thermal conductivity, dry density, and

specific heat capacity of the material, respectively. The thermal diffusivity and effusivity represent

how a given material transmits temperature variation and exchanges energy with its surrounding,
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respectively. The lower diffusivity reflects the higher buffering effect, while the higher effusivity
means the material adsorbs heat more quickly without temperature rise at its surface. Low
diffusivity and higher effusivity is the good compromise to have an appropriate thermal

performance.

Fig. 7.8 presents the diffusivity and effusivity of the investigated mixtures. As can be observed,
SCEC mixtures exhibited lower diffusivity compared to the reference mixture. This reveals that
SCEC have an improved thermal performance in terms of heat transmission. However, reference
concrete mixture showed higher effusivity, allowing to adsorb heat without much temperature rise
in the surface. Soudani et al. [28] reported the lower diffusivity and effusivity of earthen materials
(dry and wet earth and solid brick) in comparison with solid concrete which is in accordance with
the obtained results. The authors also reported the lower diffusivity and effusivity of wood
compared to earthen materials [28]. This suggest that earth can offer a good compromise of both
low diffusivity and high effusivity in general. Cagnon et al. [53] reported the effusivity of 900—
1100 J.kgt.m2.sY2 for earth bricks which is in a comparable range of the investigated SCEC
mixtures. Moreover, El Fgaier et al. [58] reported that thermal diffusivity and effusivity of unfired
earth bricks lied in the range of 5.72E-7-9.23E-7 m2.s™* and 936-1177 J.kgt.m2.s"*2, respectively.
The obtained results of the investigated SCEC mixtures showed comparable effusivity, while

possessing lower diffusivity values compared to those reported for unfired earth bricks [58].

9E-7 1800
eDiffusivity

SE-7 1| mEffusivity . 1600
f
. TET A 1400 7,
o' GE-T A 1200 B
g -
e el
. SE-7 [ ] ] 1000 =
£ -
2 | -
2 4E-7 A 800 g
b 2
& 3E-7 °® 600 &
° ° ® =

2E-7 - 400

IE-7 - 200

0E+0 0
C120-1 C150-1 C180-1 Cref

Fig. 7.8. Diffusivity and effusivity of the investigated mixtures.
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7.3.6 Thermogravimetric analysis (TGA)

The water content is physically and chemically bound in the mixtures. A thermogravimetric
analysis (TGA) can assess the chemically bound water to find the formation of different phases.
Fig. 7.9 presents the results of the TGA analyses for all the investigated mixtures. According to the
literature [59-61], Dehydration of calcium silicate hydrate (CSH), ettringite (AF:), and
hemicarboaluminate, monocarboaluminate, and monosulfoaluminate (all phases are denoted as
AFm) occurs up to 200°C, while dehydroxylation of portlandite (CH) takes place at 400-500°C.
Decarbonation of calcium carbonates occurs at 700-800°C. The Afi and AFm phases are hard to be
distinguished by TGA since their decomposition temperatures can overlay each other. As can be
observed in Fig. 7.9, a large peak occurred for the reference mixture Cref at approximately 150°C,
compared to other SCEC mixtures. This can be attributed to the decomposition of CSH. A distinct
peak at approximately 160°C was observed for SCEC mixtures which corresponds to the formation
of AFn compounds [62,63]. The mixture C120-11 showed two peaks corresponding to 240 and
360°C, which can be related to the decomposition of attapulgite compounds [64,65]. The peak
observed at approximately 450°C was comparable for the three SCEC mixtures and, as expected,
much higher for the reference mixture due to dehydration of CH. Two mixtures with Clay Type |
showed another peak at approximately 520°C which can be attributed to the dehydration of
kaolinite [66,67]. Within the temperature range of 750-780°C, the decomposition of calcium
carbonate was observed for all the mixtures, corresponding to the decarbonation phenomenon. In
general, the reference mixture was distinguished by the highest mass losses with a more intensive

rise in the CSH peak than CH and decarbonation regions.
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Fig. 7.9. Derivative mass changes of the investigate mixtures determined by a thermogravimetric analysis
(TGA).

7.3.7 Water porosity measurements

The mean porosity values of three measurements for each of the investigated mixtures are presented
in Fig. 7.10. Each mean value is calculated on three different measurements. As can be observed,
the mixtures C120-11 and Crer showed the highest and lowest porosity values of 22.85% and
12.55%, respectively. These values are lower than to those of rammed earth reported in literature
(i.e., 42.2%) [68]. The C120-I1 mixture incorporating Clay Type Il and lower cement content
showed slightly higher porosity than the SCEC mixtures containing Clay Type | and the reference
mixture. It can be due to the higher surface area and heterogeneity of the Clay Type Il-based
mixture, hence leading to more pore development. It should be noted that this can be count as an
advantage to improve the insulating capacity since thermal conductivity is inversely proportional
to the porosity [69,70].
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Fig. 7.10. Total porosity of the investigated mixtures.

7.3.8 Porosity measurements (3Flex)

The adsorption capacity of an adsorbent depends on the pore-size distribution and the surface area
of the material. The pore-size distribution of corresponding paste matrix (P denotes paste) of the
investigated mixtures determined using nitrogen adsorption-desorption isotherm is presented in
Fig. 7.11a. It is important to mention that this test was performed only on paste scale since it
provides useful information on very small pore diameters. As can be observed, pore size ranges
between 20 to 50 nm for all the paste mixtures, hence confirming their mesoporosity. Moreover,
the mixture P150-1 showed the highest distribution of dominant pore diameter of 44 nm followed
by P120-11 with dominant pore diameter of 39 nm. As expected, Pref gained the lowest distribution
of dominant pore diameter of 40 nm compared to other paste mixtures. Furthermore, the BET
surface area values of the paste mixtures are presented in Fig. 7.11b. As can be observed, the
mixtures P150-1 and Prer gained the highest and lowest BET surface area values, respectively. Due
to the advantage of high specific surface area and mesoporosity of a porous material to possess
higher moisture buffer [16,17], the obtained results can explain the higher permeability of C120-11
and C150-1 compared to Cref.
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Fig. 7.11. (a) Pore size distribution and (b) BET surface area of the paste matrices of the investigated concrete

mixtures.

7.3.9 Mercury intrusion porosimetry (MIP)

The mercury intrusion porosimetry results are presented in Fig. 7.12. Pore modes are commonly
classified as micropores (< 2 nm), mesopores (2-50 nm), and macropores (> 50 nm), responsible
for micropore filling, capillary condensation, and multilayer adsorption, respectively [71]. In order
to facilitate the comparison of the mixtures, the obtained pore modes from the normal pore
distributions of the investigated mixtures are summarized in Table 7.5. As can be observed, the

mixtures C120-11 and C150-1 showed secondary pore modes which may be a consequence of an
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interaction between clay particles and superplasticizer, as well as the relatively high W/P ratio
compared to C180-1 [47]. The smallest pore mode of the mixture C180-1 can be due to its lower
W/P ratio compared to other mixtures [47]. The mixtures Cref and C150-1 exhibited the lowest and
highest distribution of pores with main pore modes of 96 and 95 nm, respectively. The mixtures
containing Clay Type | showed comparable mesopore distribution and higher than that of the
reference and C120-11 mixtures. However, the mixture C120-11 showed the highest fraction of
pores greater than 100 nm among all the mixtures. As summarized in Table 7.5, the mixtures
containing Clay Type | achieved the highest mesopore distribution, while the mixture made with
Clay Type Il exhibited the highest macropore distribution followed by C150-1 and C120-I. These
different pore distributions can dictate the permeability and performance of the mixtures. It is

worthy to mention that the main/secondary pore modes are in the range of macropores for all the

mixtures.
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Fig. 7.12. Total porosity of the investigated mixtures.
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Table 7.5. Pore modes of the investigated mixtures extracted from MIP.

Main bore mode D Secondary pore Cumulative pore Cumulative pore
Mix no. : p(nm) ¢ mode (%nrw)) volume (<50 nm) volume (<1000 nm)
(mL/g) (mL/g)
C120-11 121 183 0.0276 0.1105
C150-1 95 181 0.0377 0.1070
C180-I 77 - 0.0370 0.0792
Cref 96 - 0.0166 0.0331

Water vapor and gas permeability, drying shrinkage, and compressive strength results showed
promising correlations with cumulative pore volume in different classes. As can be observed in
Fig. 7.13a, water vapor permeability is in good agreement with cumulative pore volume of 100-
200 nm. On the other hand, as shown in Fig. 7.13b, the cumulative pore volume values ranging
from 100 to 300 nm can be a good indicator to predict the gas permeability. Furthermore, as
presented in Fig. 7.14, higher cumulative pore volume of less than 1 um led to higher drying
shrinkage and lower compressive strength values. Thus, this can be concluded that permeability,
drying shrinkage, and compressive strength parameters are highly dependent on the distribution of

the pores in the mixture.
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7.3.10 Microstructure observations

The microscopic surface observations of the investigated mixtures are shown in Fig. 7.15. As can
be observed, the reference mixture Cres Showed the smoothest surface with minimized pores. On
the other hand, the mixtures C120-11 and C150-1 showed the highest number of large pores
compared to C180-1 and Cyef, hence confirming their higher porosity. The largest pore sizes of 1708
and 1169 pum were obtained on the surface of the mixtures C120-11 and C150-I, respectively. This
can reflect the higher distribution of macropores in these two mixtures, as concluded earlier using

the MIP test. Moreover, the microscopic images showed good adhesion in the matrix with different
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cement contents. The brighter color in the images corresponding to the investigated SCEC mixtures

can be explained due to their different binder system (addition of clay and silt).
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Fig. 7.15. Microscopic surface observations of (a) Crer, and the SCEC ones as (b) C120-11 (c) C150-I, (d)
C180-1.

The scanning electronic microscope (SEM) images of corresponding paste matrices of the
investigated mixtures are presented in Fig. 7.16. Typical CSH network can be observed in Fig.

7.16a—d. As expected, the main product of the reference mixture includes CSH. Furthermore,
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needles of ettringite can be also obviously detected in Fig. 7.16a, 7.16¢ and 7.16d. Kaolin clay
particles are formed in numerous micron-sized kaolinite platelets, known as kaolinite book,
representing their morphological structure [72,73]. The appearance of such morphology can be
observed in Fig. 7.16b, characterized by stacked pseudo-hexagonal platelets of 1-2 um diameter
with different thicknesses, depending on the kaolinite book. On the other hand, the quartz particles
have regular edges with clean surface [74]. The energy dispersive spectroscopy (EDS) analysis in
Fig. 7.16a confirmed presence of chemical compositions similar to that of quartz particles with
regular edges which was well surrounded with main products of cement hydration. This can prove

the good homogeneity in the mixture with the lowest cement content (120 kg/m?®).
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Fig. 7.16. SEM image of the investigated paste mixtures, including (a) P120-11 (b) P150-1, (c) P180-I, and (d)
Pref-

7.4 Conclusions

In this study, hygrothermal and microstructural characteristics of three self-consolidating earth
concrete (SCEC) mixtures, containing kaolinite and attapulgite clay types, and a cement-based
reference mixture were investigated. These included sorption isotherm, water vapor and gas
permeability, heat capacity, thermal parameters (conductivity, diffusivity and effusivity), moisture
buffer value, TGA, total porosity, and pores distribution, as well as surface and SEM
microstructural observations. According to the experimental results the following concluding

remarks can be pointed out:

e The results of the sorption isotherm measurements revealed that the SCEC mixtures
exhibited lower water content than conventional and hemp concrete when exposed to higher
relative humidity values. This corresponds to clay bricks. At 90% relative humidity, the
gained water content of the reference mixture Cref was 3.3% compared to that of the
investigated SCEC mixtures around 1.5%.
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SCEC mixtures showed higher water vapor diffusion resistance factor and gas permeability
compared to clay bricks and hemp concrete, yet lower than conventional concrete. The
obtained water vapor permeability result of the investigated SCEC mixtures ranged
between 9.63E-13 and 3.95E-12 kg.m.s1.Pal.

SCEC exhibited lower heat capacity and thermal conductivity values than the reference
mixture in dry and wet states, regardless of temperatures. The mixture C120-11, made with
Clay Type I, exhibited the lowest thermal conductivity of 414 mW.m.K* at dry state at
10 °C temperature, and 88.5% increasing rate at wet state. The investigated SCEC mixtures

presented lower diffusivity and effusivity values than the reference mixture.

TGA revealed the higher mass loss at CSH, CH, and decarbonation decompositions of the
reference concrete mixture compared to the SCEC ones. The mixture C120-11 showed two
peaks at 240 and 360°C revealing the decomposition of attapulgite compounds. However,
the mixtures containing Clay Type | (100% kaolinite) showed a distinct mass loss peak at
approximately 520°C, which is attributed to the dehydration of kaolinite.

The results showed that total porosity decreases with higher cement contents. Moreover,
different pore distributions were obtained for the investigated mixtures. Furthermore, the
water vapor and gas permeability were found in strong agreements with cumulative pore
volume values in the ranges of 100-200 and 100-300 nm, respectively. Good correlations
were also established between the cumulative pore volume of pore sizes less than 1 pum and

both drying shrinkage and compressive strength values at 28 days of age.
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SCEC mixtures offer high permeability and low thermal conductivity values with satisfying
effusivity and diffusivity parameters compared to other construction materials. Therefore,

they can be used as building envelopes with satisfying hygrothermal performance.
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8.1 Conclusions

Sustainable construction should be adopted by reducing the consumption of new industrial
materials and increasing the use of recycled and locally available materials to proportion low
negative environmental impacts. Earthen construction is an environment-friendly material with
various advantages in terms of thermal performance, energy efficiency, economical, and
environmental aspects. Since the construction process of earthen constructions can be time and
energy consuming, self-consolidating earth concrete (SCEC) can solve this shortcoming to broaden
the application of earthen materials. However, there are three main challenges to achieve SCEC,
including: (1) dispersion of fine clay particles which can hinder the flowability, (2) setting of the
material can be delayed due to low cement content, and (3) various earth types can complicate the

achievement of a designing procedure.

The main objectives of this study were to (1) find the compatibility and designing the
corresponding paste mixtures of self-consolidating earth concrete (SCEC) with its novel ternary
binder system (i.e., clay, silt, and cement) and using Atterberg limits of the earth as their
classification parameter; (2) identify the influencing parameters in designing SCEC mixtures using
a new concrete-equivalent mortar (CEM) approach; (3) highlight the rheology of multiscale self-
consolidating earthen materials; and (4) investigate the hygrothermal and microstructural
characterization of SCEC mixtures. These main four objectives were investigated through four
experimental phases of this thesis. Following the literature review on advantages and disadvantages

of earthen materials and feasibility of this study, the following phases were carried out:

In the Phase 1, seven main influencing parameters were defined including clay type, cement
content, water-to-powder ratio (W/P), cement-to-clay ratio (Ce/Cl), paste volume (Vp), sand-to-
total aggregate ratio (S/A), and admixture type. The Taguchi design of experiment was used to find
the optimum level of each factor for workability and compressive strength results, as responses.
According to coupled effect of the investigated factors, statistical models were developed to

facilitate the designing approach of self-consolidating earth paste (SCEP) mixtures.
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In the Phase 2, a new CEM approach was proposed to facilitate the prediction of SCEC
performance. The paste mixtures with satisfied properties in terms of workability and compressive
strength in Phase 1 were used to carry out further testing on CEM and SCEC scales. The prediction
of workability, compressive strength, and drying shrinkage of SCEC mixtures was modelled using

their corresponding CEM and paste mixtures.

The thixotropy, yield stress, and plastic viscosity of of paste, CEM, and concrete mixtures were
investigated to optimize the rheological parameters and facilitate the designing procedure were

investigated in Phase 3.

The hygrothermal performance of the investigated SCEC mixtures were carried out and compared

with other building materials in Phase 4.

Based on the results obtained in this study, the following conclusions can be pointed out:

8.1.1 Phase 1: A new approach for proportioning self-consolidating earth paste
(SCEP) using the Taguchi method

e Clay type and content and W/P dictated the workability of SCEP mixtures, while their
compressive strength was mainly controlled by cement content and W/P. Clay Type Il, as
finer clay type, with the lowest W/P ratio (0.30) led to the highest admixture demand to
achieve the targeted workability.

e Using Taguchi method and signal-to-noise analysis, sodium silicate (NaSil) and sodium
hexametaphosphate (NaHMP) led to the highest admixture demand, respectively, compared
to the other HRWR admixtures. Regarding the minimum mini-slump flow (MSF) loss, non-
esterified polycarboxylate (NE-PC) was the most efficient admixture type with the lowest
demand to achieve targeted workability.

e Regarding marsh cone test (MCT) results, NE-PC and sodium polynaphtalene (PNS)
resulted in the lowest values. Among other influencing parameters, Clay Type | (100%
kaolinite), lower cement content, and higher W/P and Ce/Cl resulted in lower MCT values.

e Concluded from single powder paste systems, adequate clay dispersion can be achieved
using NaHMP, while the use of polycarboxylate ether (PCE) was only efficient in the
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8.1.2

presence of cement. Both clay and cement dispersions were observed with NE-PC and PNS
admixtures, proving their compatibility with both of these particles. However, negligible
effect of NaSil on flowability of single-powder systems was observed.

As concluded for early compressive strength development, PNS, PCE, and NaSil admixture
types showed the highest contribution. However, the later compressive strength values (7
and 28 days) were maximized by PNS, PCE and NE-PC which were almost comparable.
Designing SCEC should be addressed based on different soil types due to existing diversity
of earth. Atterberg limits, which are mainly affected by clay fraction, showed great potential
to be represented as a criterion for feasibility of earth to achieve SCEC and control its
workability. Liquid limit (LL) and plasticity index (PI) values lower than 40% and 25%,
respectively, were recommended to achieve SCEP mixtures.

Higher specific surface area (SSA) of the binder constituents, LL, and Pl led to higher
admixture demand and MCT values. These parameters were also used as a key factor to
propose theoretical models to predict the workability of SCEP mixtures.

Using the empirical models and compressive strength contours, a new proportioning
approach was proposed to design SCEP mixtures with targeted workability and
compressive strength was proposed.

Phase 2: Multiscale investigation of self-consolidating earthen materials

using a novel concrete-equivalent mortar approach

A new CEM approach was successfully used to assess workability and drying shrinkage of
the corresponding concrete mixtures. W/P, excess paste thickness (eep), and S/A were the
key parameters for the prediction. Regarding the relative compressive strength of concrete
to CEM, eer and W/A were found to be adequate for the assessment.

Soil characteristics (Atterberg limits), Ve, W/P, and eep were found to be reliable
parameters to predict the workability of the investigated CEM mixtures from that of their
corresponding paste mixtures.

Similarly to the paste mixtures, workability of the investigated SCEC mixtures were mainly
affected by the coupled effect of W/P and binder constituents. Good correlations were found
for PI/(W/P) and SSA/(W/P) parameters as the most influencing parameters on the
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8.1.3

admixture demand to achieve the targeted workability. Admixture demand increased with
higher LL and PI, and lower Vp, W/P, and eep values.

As concluded from ANOVA analysis, the MSF loss was mainly dependent on the admixture
type, followed by W/P ratio. The lowest and highest MSF loss values were attributed to
NE-PC and NaHMP admixtures, respectively.

Mini V-Funnel (MVF) values mostly decreased with higher W/P ratios and Vp, independent
on the binder characteristics. However, the MVF increase rate was found to be highly
dependent on the admixture type. The NaHMP mixtures showed the highest MVF increase
rate and shape stability over time.

The 7- and 28-day compressive strength values were found highly dependent on the cement
content and W/P, similar to the paste mixtures. However, the 1-day compressive strength
(f'c-2q) was found also dependent on LL, especially in the presence of PNS admixture.
Early-age compressive strength showed good correlation with drying shrinkage, resulting
in very high drying shrinkage values in the case of fc.1iq values less than 1 MPa.
Furthermore, it was also revealed that the drying shrinkage values were highly dependent
on Vp followed by W/P.

Phase 3: New insight on rheology of self-consolidating earth concrete (SCEC)

The thixotropic and rheopectic behavior of the investigated SCEP mixtures was mainly
followed by admixture type. Few paste mixtures showed thixotropic behavior, including
those proportioned with PNS admixture and finer clay type, as well as the NE-PC-based
systems.

The highest thixotropy values (Awix) was obtained for the finer clay type systems. However,
the highest rheopectic behavior was attributed to the mixtures proportioned with PCE
admixture and Clay Type Il, as well as the sole mixture dispersed with NaHMP.
Viscoplastic parameters were mainly controlled by the admixture and clay types. The
mixtures proportioned with NaHMP and finer clay particles resulted in the highest yield
stress and plastic viscosity values. Furthermore, the NE-PC-based paste and CEM mixtures
showed relatively lower values and increasing rates of yield stress values over time,

compared to PNS and PCE systems.
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8.14

The type and content of clay and W/P affected the yield stress of the investigated paste,
CEM, and SCEC mixtures. Yield stress values of lower and higher than 40 Pa were obtained
for the CEM mixtures proportioned with the Clay Types | and |1, respectively, except the
NaHMP-based CEM system. Clay Type Il led to higher values and increasing rates of yield
stress values over time in concrete scale. However, the plastic viscosity values were mainly
affected by the W/P.

The rheological properties of the SCEC mixtures could be controlled from their paste and
CEM matrices. The Vp and eep parameters could predict the rheological properties of the
CEM mixtures from those of their corresponding paste mixtures. These key parameters
included egp and S/A for the relative rheological properties of SCEC mixtures to their

corresponding CEM mixtures.

Phase 4: Hygrothermal and microstructural characterization of self-

consolidating earth concrete (SCEC)

The SCEC mixtures gained lower water content compared to conventional and hemp
concrete when exposed to higher relative humidity values, in the range of clay bricks. At
90% relative humidity, the gained water content for the investigated SCEC mixtures were
found lower (around 1.5%) than that of the reference mixture (3.3%).

Regarding the water vapor diffusion resistance factor and gas permeability, SCEC mixtures
showed higher values compared to clay bricks and hemp concrete, yet lower than
conventional concrete. The SCEC mixtures resulted in water vapor permeability values
ranged from 9.63x10%3 to 3.95x10*2 kg.m*.s*.Pal.

The reference concrete mixture resulted in higher specific heat capacity and thermal
conductivity values compared to the SCEC mixtures in different temperatures at both dry
and wet states. Furthermore, the investigated SCEC mixtures obtained lower diffusivity and
effusivity values compared to the reference mixture, similar to those of earthen materials
reported in literature.

The reference mixture gained the highest mass loss at CSH, CH, and decarbonation
decompositions compared to the SCEC ones. The Clay Type Il systems showed two peaks

in 240 and 360°C which were related to the decomposition of attapulgite compounds.
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However, a distinct mass loss peak at approximately 520°C was observed for the mixtures
containing Clay Type | which was attributed to the dehydration of kaolinite.

e Higher cement contents led to lower total porosity. As concluded from the pores
distribution, the water vapor and gas permeability were found in strong agreements with
cumulative pore volume values in the ranges of 100-200 and 100-300 nm, respectively.
Furthermore, pore volume of pore sizes less than 1 um showed good correlations with the
drying shrinkage and compressive strength values at 28 days of age.

e SCEC mixtures can be used as building envelopes with satisfying hygrothermal
performance since they offer high permeability and low thermal conductivity values with
satisfying effusivity and diffusivity parameters compared to other conventional

construction materials.

8.2 Future works

Sustainable construction is an emerging construction technic which should be further addressed by
researchers working on construction materials. This thesis focused on achieving SCEC and
investigating its rheo-thermomechanical performance. According to the achievements of this study,
further investigations may be necessary for better understanding and to fill the existing research

gap, as follow:

o Cement is considered as the source of strength of SCEC. Therefore, other stabilization
methods, such as lime, can be introduced and compare the outcomes with the current study.

o Geopolymers can be useful to be incorporated in earthen materials and optimize the
designing procedure to achieve greener self-consolidating earthen mixtures.

o A comparative study on the environmental impacts of flowable earthen materials, using
different stabilization methods and admixture types, can be followed by a thorough life
cycle assessment (LCA) study.

o Large-scale hygrothermal study can be informative since earthen materials are mostly used
as building envelopes.

o Numerical simulation on various climatic conditions can open a new door to use these

materials in different regions around the world.
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o Fine clay particles facilitate the shape stability of the mixtures which can be considered as
3D printing application. Therefore, further rheological investigations are required with
different clay and admixture types to assess the potential of earthen materials in 3D printing

application.
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8.3 Conclusions

La construction durable est de plus en plus en vue afin de réduire la consommation des ressources
naturelles et en augmentant l'utilisation de matériaux recyclés et disponibles localement, une
alternative incontournable pour reéduire les impacts environnementaux de la construction. La
construction en terre est un matériau respectueux de I'environnement qui présente divers avantages
en termes de performance thermique, d'efficacité énergétique, d'aspects économiques et
environnementaux. Comme le processus de construction des constructions en terre peut prendre du
temps et de I'énergie, le béton de terre autoplacant (BTAP) peut résoudre ce probléme et élargir
I'application des matériaux en terre. Cependant, il y a trois défis principaux pour pourvoir formuler
le BTAP, notamment (1) la dispersion des particules d'argile qui peuvent entraver la fluidité, (2) la
prise retardée du matériau en raison de la faible teneur en ciment, et (3) la grande variété des types
de terre, ce qui rend difficile la sélection d’un type de terre approprié pour atteindre les

performances requises.

Les principaux objectifs de cette étude étaient (1) étudier la compatibilité entre les adjuvants et
poudres et concevoir les formulations de pate correspondantes au béton de terre autoplacant
(BTAP) incorporant un nouveau systeme de liant ternaire (c'est-a-dire, I'argile, le silt et le ciment)
et en utilisant les limites d'Atterberg de la terre comme parametre de classification; (2) identifier
les parametres d'influence dans la conception des mélanges de BTAP en utilisant une nouvelle
approche basée sur la méthode du mortier du béton équivalent (MBE) (argile, limon et ciment), et
en utilisant les limites d'Atterberg de la terre comme parametre de classification; (2) identifier les
paramétres influents dans la conception des formulations de SCEC en utilisant une nouvelle
approche de MBE; (3) mettre en évidence la rhéologie des matériaux a base de terre sur différentes
échelles (pate, mortier et béton); et (4) étudier la caractérisation hygrothermique et microstructurale
des BTAP optimisés. Un programme expérimental adéquat est réalisé afin de répondre aux
problématiques mentionnées ci-dessus et de répondre aux objectifs de cette etude. Aprés la revue
de la littérature sur les avantages et les inconvénients des matériaux en terre et la faisabilité de cette

étude, les différentes phases réalisées dans cette étude sont :
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A la Phase 1, sept paramétres de formulation ont été identifiés et étudiés, notamment le type
d'argile, la teneur en ciment, le rapport eau-poudre (E/P), le rapport ciment-argile (Ci/Ar), le
volume de pate (Vp), le rapport sable-granulat total (S/G) et le type d'adjuvant. Le plan d'expérience
de Taguchi a été utilisé pour déterminer le niveau optimal de chaque facteur afin d’assurer une
maniabilité et une résistance a la compression adéquate. Selon I'effet couplé des facteurs étudies,
des modeéles statistiques sont proposes pour faciliter I'approche de conception des formulations de
pate de terre autoplacante (PTAP).

A la Phase 2, une nouvelle approche MBE est proposée pour faciliter la prédiction de la
performance BTAP. L’identification des formulations de pates ayant les propriétés requises en
termes de maniabilité et de résistance a la compression (Phase 1) a été employée pour réaliser
I’étude expérimentale sur les MBE et BTAP. La prédiction de la maniabilité, de la résistance a la
compression et du retrait de séchage des formulations de BTAP a été modélisée en utilisant les
propriétés des formulations de pate et MBE correspondants.

A la Phase 3, la thixotropie, la contrainte d'écoulement et la viscosité plastique des mélanges de
BTAP a I'échelle de la pate, du MBE et du béton ont été étudiées pour optimiser les parametres
rhéologiques et faciliter la procédure de conception.

A la Phase 4, les performances hygrothermiques des formulations de BTAP optimisés ont été

réalisées et comparées avec celles des matériaux de construction conventionnels.

En se basant sur les résultats obtenus et présentés dans ce manuscrit, les conclusions suivantes

peuvent étre soulignées :

8.3.1 Phase 1 : Une nouvelle approche pour le dosage de la pate de terre

autoplacante (PTAP) a l'aide de la méthode Taguchi

e Le type et la teneur en argile ainsi que le rapport E/P contrdlent la maniabilité des PTAP,
tandis que la résistance a la compression est principalement controlée par la teneur en

ciment et le rapport E/P. Le type d'argile 11 (plus fin) combiné avec un rapport E/P de 0,30
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(le plus faible) a conduit a la demande la plus élevée en adjuvants pour atteindre
I'ouvrabilité ciblée.

e Enutilisant la méthode Taguchi et I'analyse du signal-bruit, le silicate de sodium (NaSil) et
I'nexamétaphosphate de sodium (NaHMP) ont manifesté un plus grand dosage pour assurer
une maniabilité donnée par les autres adjuvants. En ce qui concerne la perte de maniabilité
(mini-slump), le polycarboxylate non estérifié (NE-PC) montre une meilleure efficacité
caractérisée par un faible dosage pour atteindre une fluidité donnée et un meilleur maintien
de la fluidité dans le temps que les autres adjuvants.

e Dans le cas des essais d’écoulement au cbne de Marsh (ECM), le NE-PC et le
polynaphtaléne de sodium (PNS) ont donné des temps d’écoulement plus faibles. Parmi les
autres parameétres d'influence, le type d'argile I (100 % de kaolinite), une teneur en ciment
plus faible et des valeurs E/P et Ci/Ar plus élevées résultent en des temps d’écoulement
relativement faibles.

e Dans le cas des de systemes de pate proportionnés avec une poudre non mélangée, une
dispersion adéquate de l'argile peut étre obtenue en utilisant le NaHMP, tandis que
I'utilisation de I'éther polycarboxylate (PCE) n'est efficace qu'en présence de ciment. Une
bonne dispersion de I'argile et de ciment ont est achevée avec les adjuvants NE-PC et PNS,
ce qui refléte leur compatibilité avec ces deux matériaux. Cependant, un effet négligeable
du NaSil sur la fluidité des systémes a poudre unique est observé.

e Lesadjuvants PNS, PCE et NaSil ont montré la plus grande contribution au développement
de la résistance au jeune age. Cependant, dans le cas de la résistance a la compression a 7
et 28 jours, le PNS, le PCE et le NE-PC ont permis d’atteindre des résistances maximales,
de maniére presque comparable.

e Les limites d'Atterberg, qui sont principalement affectées par la fraction d'argile, montrent
un effet important sur la maniabilité et constituent un critere potentiel pour la sélection des
terres souhaitables pour la formulation des BTAP. Les valeurs de la limite liquide (LL) et
de l'indice de plasticité (PI) inférieures, respectivement, a 40 % et 25 % sont recommandées
pour réaliser des mélanges PTAP.

e Une surface spécifique (SSA) des constituants du liant, LL et Pl plus élevée a conduit a une

demande d'adjuvant élevée. Ces paramétres peuvent également étre utilisés comme facteur
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8.3.2

clé pour proposer des modéles théoriques permettant de prédire l'ouvrabilité des
formulations de PTAP.

En utilisant les modéles empiriques et les contours de la résistance a la compression, une
nouvelle approche de formulation de PTAP avec une maniabilité et une résistance a la

compression ciblées est proposée.

Phase 2 : Etude multi-échelle des matériaux terreux autoplagants a l'aide

d'une nouvelle approche de mortier équivalent au béton

Une nouvelle approche de MBE est utilisée avec succes pour évaluer la maniabilité et le
retrait de séchage des bétons correspondants. Les parameétres clés a considérer sont le E/P,
I’épaisseur de la pate en excés (eep) et le S/G. En ce qui concerne la résistance a la
compression relative du béton par rapport a son MBE, I'eep et le S/G se sont avérés adéquats
pour assurer une bonne prédiction.

Les limites d'Atterberg du sol, le Vp, le rapport E/P et 1’egp Se sont avéres étre des
parametres fiables pour prédire la maniabilité des formulations des mélanges MBE étudiés
a partir de celle de leurs pates correspondantes.

Comme pour les formulations de pate, I'ouvrabilité des BTAP étudiés a été principalement
affectée par I'effet couplé du rapport E/P et des constituants du liant. De bonnes corrélations
ont été trouvées pour les paramétres PI/(E/P) et SSA/(E/P) comme étant les parametres les
plus influents sur la demande d'adjuvant pour atteindre I'ouvrabilité ciblée. La demande
d'adjuvant augmente avec des valeurs plus élevées de LL et Pl, et des valeurs plus faibles
de Vp, E/P, et egp.

L’analyse ANOVA montre que la perte de EMS dépend principalement du type d'adjuvant,
suivi par le rapport E/P. Les pertes de EMS les plus faibles sont obtenues avec le NE-PC,
alors que les valeurs plus élevees sont obtenues avec le NaHMP.

L’utilisation des rapports E/P et VP plus élevés réduit le temps d’écoulement au Mini-cone
d’écoulement (V-Funnel) (MVF) indépendamment des caractéristiques du liant.
Cependant, le taux d'augmentation du MVF s'est avéré fortement dépendant du type
d'adjuvant. Les mélanges contenant le NaHMP ont montré le plus haut taux d'augmentation

du MVF et la plus grande stabilité de la forme dans le temps.
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8.3.3

Les résistances a la compression a 7 et a 28 jours sont fortement dépendantes de la teneur
en ciment et du E/P, comme pour les mélanges de pate. Cependant, la résistance a la
compression a 1 jour (fc-1q) S'est avérée dépendante de LL, notamment en présence de
I'adjuvant PNS.

La résistance a la compression au jeune age (c.-a-d. 1 jour) a montré une bonne corrélation
avec le retrait de séchage. Des valeurs de retrait de séchage trés élevées sont obtenues dans
le cas des résistances a la compression f'c.14 inférieures a 1 MPa. En outre, il a également

été observé que les valeurs du retrait de séchage dépendaient fortement de Vp, suivi de E/P.

Phase 3 : Nouvelles connaissances sur la rhéologie du béeton de terre
autoplacant (BTAP)

Le comportement thixotrope et rhéopectique des mélanges de PTAP étudiés a été
principalement contrdlé par le type d'adjuvant. Peu de mélanges de pate ont montré un
comportement thixotrope, y compris ceux proportionnés avec l'adjuvant PNS et un type
d'argile plus fin, ainsi que les systéemes a base de NE-PC.

Les valeurs de thixotropie les plus élevées (Anix) ont éte obtenues dans le cas des systemes
proportionnés avec le type d’argile la plus fine. Cependant, le comportement rhéopectique
le plus élevé a été observé avec les mélanges proportionnés avec l'adjuvant PCE et l'argile
de type |1, ainsi qu'au seul mélange dispersé avec du NaHMP.

Les parametres viscoplastiques sont principalement contrélés par I'adjuvant et les types
d'argile. Les mélanges proportionnés avec le NaHMP et les particules d'argile plus fines ont
donné lieu a des valeurs de la contrainte d'écoulement et de la viscosité plastique les plus
élevées. De plus, les mélanges de pate a base de NE-PC et de MBE ont montré des valeurs
relativement plus faibles et des taux d'augmentation des valeurs de la contrainte
d'écoulement dans le temps, par rapport aux systemes PNS et PCE.

Le type et le contenu d'argile ainsi que le rapport E/P ont affecté la limite d'élasticité des
mélanges de pate, MBE et BTAP étudiés. Des valeurs de limite d'élasticité inférieures ou
supérieures a 40 Pa ont été obtenues pour les mélanges MBE proportionnés avec
respectivement les types d'argile I et Il, a I'exception du systeme MBE a base de NaHMP.

A T1’échelle du béton, le type d'argile 1l a conduit & des valeurs plus élevées et a des taux
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8.3.4

d'augmentation des valeurs de la limite d'élasticité dans le temps. Cependant, les valeurs de
la viscosité plastique ont été principalement affectées par le rapport E/P.

Les propriétés rhéologiques des mélanges BTAP peuvent étre contr6lées par celles de leurs
matrices de pate et MBE correspondants. Les parametres Vp et eep peuvent prédire les
propriétés rhéologiques des mélanges MBE a partir de celles de leurs mélanges de pate
correspondants. Les parametres clés pour évaluer les propriétés rhéologiques relatives des

meélanges BTAP par rapport a leurs mélanges MBE correspondants sont les egp et S/G.

Phase 4 : Caractérisation hygrothermique et microstructurale du béton de

terre autoplacant (BTAP)

Les mélanges BTAP ont montré une teneur en eau plus faible, dans la gamme des briques
d'argile, par rapport au béton conventionnel et au béton de chanvre lorsqu'ils ont été exposés
a des valeurs d'humidité relative plus élevées. A 90 % d'humidité relative, la teneur en eau
des mélanges de BTAP étudiés s'est avérée inférieure (environ 1,5 %) a celle du mélange
de référence (3,3 %).

En ce qui concerne la résistance a la diffusion de la vapeur d'eau et la perméabilité aux gaz,
les mélanges de BTAP ont montré des valeurs plus élevées par rapport aux briques d'argile
et au béton de chanvre, mais plus faibles que le béton conventionnel. Les mélanges de
BTAP ont donné des valeurs de perméabilité a la vapeur d'eau comprises entre 9,63x1013
et 3,95x10? kg.mt.st.Pal.

Le mélange de béton de référence a donné des valeurs de capacité thermique spécifique et
de conductivité thermique plus élevées que les mélanges de BTAP a différentes
températures, a I'état sec et a 1’état humide. En outre, les mélanges de BTAP étudiés ont
montré des valeurs de diffusivité et d'effusivité inférieures a celles du mélange de référence,
similaires a celles des matériaux en terre rapportées dans la littérature.

Le mélange de référence a subi la plus grande perte de masse due aux décompositions des
CSH, du CH et de la décarbonatation par rapport aux BTAP. Les systémes faits avec l'argile
de type Il ont montré deux pics a 240 et 360°C qui étaient liés a la décomposition des

composés d'attapulgite. Cependant, un pic de perte de masse distinct a environ 520°C a été
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observeé pour les mélanges contenant l'argile de type I qui a été attribué a la déshydratation
de la kaolinite.

e Des teneurs en ciment plus élevées ont conduit a une porosité totale plus faible. Comme le
montre la distribution des pores, la perméabilité a la vapeur d'eau et au gaz est en forte
corrélation avec les valeurs respectives cumulées du volume des pores dans les plages de
100-200 et 100-300 nm. En outre, le volume des pores de taille inférieure a 1 um a montré
de bonnes corrélations avec les valeurs de retrait de séchage et de résistance a la
compression a 28 jours d'age.

e Les mélanges de BTAP peuvent étre utilisés comme enveloppes de batiments avec des
performances hygrothermiques satisfaisantes, car ils offrent des valeurs de perméabilité
élevées et de faible conductivité thermique avec des paramétres d'effusivité et de diffusivité

satisfaisants par rapport aux autres matériaux de construction conventionnels.

8.4 Travaux futurs

La construction durable est une technique de construction émergente qui devrait étre davantage
prise en compte par les chercheurs travaillant sur les matériaux de construction. Cette thése s'est
concentrée sur la réalisation du BTAP et I'étude de ses performances rhéo-thermomécaniques. En
fonction des résultats obtenus dans cette étude, des études supplémentaires sont nécessaires pour
approfondir les connaissances et combler les lacunes existantes. Ainsi, les sujets peuvent étre mis

en avant pour des travaux futurs, comme suit :

o Le ciment est considéré comme la source de résistance du BTAP. Par conséquent, d'autres
méthodes de stabilisation, comme la chaux, peuvent étre introduites et les résultats
comparés a ceux de I'étude actuelle.

o I peut étre utile d’incorporer des géopolymeres aux matériaux de terre et aussi pour
optimiser la procédure de conception afin d’obtenir des mélanges.

o Une étude comparative sur les impacts environnementaux des matériaux en terre pouvant
étre coulés, utilisant différentes méthodes de stabilisation et différents types d'adjuvants,
peut étre suivie d'une étude approfondie d'analyse du cycle de vie (ACV).
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o Une étude hygrothermique a grande échelle peut étre instructive puisque les matériaux en
terre sont le plus souvent utilisés comme enveloppes de batiments.

o Lasimulation numérigque de diverses conditions climatiques peut ouvrir une nouvelle porte
pour l'utilisation de ces matériaux dans différentes régions du monde.

o Les fines particules d'argile facilitent la stabilité de la forme des mélanges qui peuvent étre
considérés comme une application d'impression 3D. Par conséquent, des études
rhéologiques supplémentaires sont nécessaires avec différents types d'argile et d'adjuvants

pour évaluer le potentiel des matériaux terreux dans I'application d'impression 3D.



