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Abstract. Locally available and with infinite recycling possibilities, the use of earth as building
material leads to one of the lowest environmental impacts in the construction sector. Recent advances
in the earth materials field have been made based on concrete and ceramics technologies to facilitate
its uses in dense areas. It is possible to modify clay particle interactions and the material's whole
behavior by adding inorganic dispersants and flocculants into clay paste. Earth becomes easy to cast
and unmold into formworks, and by removing cement in its composition, poured earth can reach a
low CO; emission rate. Even if this technology is promising, further work has to be performed, as it
cannot be implemented on earth from excavation sites with high variability. Tackling the clay nature
variability is now the main issue to push this product on the market with robust properties.

This research investigates the robustness of the poured earth binder. In this way, several clays (three
montmorillonites, two kaolinites, and binary mixes at different proportions) were investigated. Their
compacity (C) was determined following the water demand protocol with Vicat apparatus and
compared to their consistency properties (liquidity and plasticity limits), and a correlation between
these values is established. Different clay pastes prepared at different solid volume fractions were
tested to define the influence of the clay nature on the paste consistency evolution. The results showed
that clay nature for paste at high solid volume fraction does not influence constituency's evolution
when their respectivecompacity is taking into account. It can be suggested that for a clay binder with
a consistency close to C, which might be mandatory for poured earth application, only the swelling
capacity might influence the mix design.

1 Introduction

Because of city growth, a large amount of excavated earth is produced every year. By looking at the
material flow in cities, this resource quantity is huge and appears as the main urban resource (Llatas,
2011; Vieira and Pereira, 2015). This excavated material as raw material for construction can be seen
as the best example of a closed material flow loop with the best recycling potential (Gasnier, 2016;
Hamard et al., 2018). It can provide, in the end, one of the building materials with the lowest
environmental impact. However, to transform this strong potential resource into construction
material, earth construction needs to become less marginal in the urban context. The complicated
process used, the high variability of the raw material, the execution speed, and the labor cost limit its
larger expansion and industrialization. Consequently, two main questions still need to be addressed
to make this use possible.

Firstly, developing a technology that could facilitate the quick use of excavated earth on-site is
critically needed in this context. Based on the combination of concrete and ceramic technologies,
research has been done to develop a material that is as easy and cheap to use as current concrete
products. This approach is possible because clays share many similarities with cementitious materials
in terms of colloidal interactions and adhesion forces (Pellenq and Van Damme, 2004). During the
last decade, strategies have been investigated to develop poured earth without any hydraulic binder.
These different approaches all use clay dispersants coming from the ceramic industry, mainly sodium
hexametaphosphate (NaHMP), to allow the material to flow with a limited amount of water (Ardant
et al., 2020; Landrou et al., 2018; Moevus et al., 2016; Perrot et al., 2018b; Pinel et al., 2017). All
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these strategies show an increase in global strength thanks to the dispersant action as the clay platelets'
initially positive edge charges become negative.

However, the fresh and hardened properties of final poured earth material differ substantially from
one type of clay to another, making this strategy not robust. Moreover, the electrostatic dispersant
action such as NaHMP on binder is highly linked to clay nature (Castellini et al., 2013; Guihéneuf,
2020). It is why, secondly, a better understanding of the influence of earth's variability on the poured
earth properties is needed. Some studies already explored this variability for different earth techniques
(Hamard et al., 2018; Julloux, 2020; Rojat et al., 2020; Vinceslas, 2019) and have highlighted
different key parameters, such as particle size distribution or cation exchange capacity (CEC).

For poured earth application, high concentrated clay paste seems needed to reduce the shrinkage and
increase the global strength. For instance, there is still a lack of knowledge on the influence of clay
nature on the fresh and hardened state properties of a dense clay binder. This paper focuses on fresh
binder properties. Five different pastes with a high concentration of clay (three montmorillonites and
two kaolinites) were tested as well as their binary mixes. Their compacity was determined and
compared to their consistency properties (Atterberg limits). Different clay pastes were prepared at
different solid volume fractions and tested to define if clay nature influences the paste consistency
evolution at high concentrations.

2 Materials and Measurement Procedures

2.1 Clay

Five different pure clays were used in this study, varying by their physical properties:

o Two kaolinites: White kaolinite (referred to here as KA) sourced from Argile du Bassin
Mediterranéen (France), and kaolinite FP80 (referred to here as KF) sourced from Dorfner (Germany)
. Three montmorillonites: Red montmorillonite (referred to here as MR), green
montmorillonite (referred to here as MG), beige montmorillonite (referred to here as MB). All are
sourced from Argile du Bassin Mediterranéen (Sardinia).

Their main physicochemical properties are gathered in Tab.1. The median particle size Dso of the clay
has been evaluated with an automated particle size analyzer (Pario, Metter, Switzerland). The specific
density has been determined with a water pycnometer and the methylene blue value (MBV) with a
methylene blue test kit. Finally, physicochemical properties have been measured via X-Ray
diffraction analysis (XRD). Besides, different kaolinite/montmorillonite binary mixes in different
volume proportions were studied.

Tab. 1: Main physicochemical properties of the clays studied here

Clay KA KF MR MG MB
D50 (um) 1.58 2.7 1.52 1.4 0.8
Specific density 2.543 2.62 2.463 2.422 2.365
MBV 2.33 1.33 21 32 22
Chemical analysis by XRD
Ca-Montmorillonite (%) 65 83.6 67.6
Kaolinite (%) 87.1 87.2
Muscovite (%) 10.7 6.05 20 10.7
Andesine (%) 20.3
Quartz, calcite (%) 2.2 1.5 7.2 3.7 3.7

Other (%) 0 5.25 7.8 2 8.4
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2.2 Clay polder compacity

The clay powder compacity (C) was measured through the water demand protocol according to
(Sedran et al., 2007). An increasing amount of water was added to 250 g of powder and mixed with
a four-bladed mixing tool connected to a mechanical stirrer (Heidolph, Switzerland) for 3 min at
350 rpm. After mixing, the Vicat truncated cone (Vicatronic, Matest, Switzerland) was filled with the
material and placed under the consistency needle (10 mm diameter). According to the protocol, the
needle's penetration depth in free fall was measured, and the dense volume fraction is reached when
the penetration depth is of 6 mm. The water content of all mixes is then obtained by heating the paste
at 105°C in the oven. Two measurements have been performed on pure clay and one on mixed clays.
The compacity value is determined following the equation given by (Sedran et al., 2007).

2.3 Atterberg limits

The liquidity limit is determined using the fall cone method with a cone dial penetrometer (Matest,
Switzerland) equipped with a stainless steel penetration test cone of 35 mm length, 30° angle, for a
total weight of 80g. This test consists of determining the paste's water content after drying at 105°,
for a penetration depth of 20 mm. This method is considered more accurate than the Casagrande
method (Koumoto and Houlsby, 2001), reducing the operator's potential influence. The fall cone test
can also be used to determine the plastic limit, corresponding to a penetration depth of 2 mm, by using
a log-log curve fitting of the penetration depth versus water content relationship (Feng, 2001). As for
the clay polder compacity, two measurements have been performed on pure clay and one on mixed
clays. The liquidity limit obtained, corresponding to the water to clay ratio, is then used to determine
the correlated solid volume fraction @11 by using the equation exposed in 2.2.

3 Results and Discussion

In Fig. 1, each clay powder compacity (C) is plotted as a function of their solid volume fraction related
to the liquidity limit value (®@r1). Both results seem close with good repeatability for all the clays, as
only high swelling clays show a variation between the performed measurements. Consequently, the
penetrometer appears as a suitable tool for measuring the fine fraction compacity as this value can be
calculated at the liquidity limit consistency.
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Fig. 1: Correlation between polder compacity and solid volume fraction value at liquidity limit

In the geotechnical field, the fall cone has been used to determine the soil yield stress in relationship
with the penetration depth reached (Fitton and Seddon, 2012; Perrot et al., 2018, 2016). With the
equipment used here, when the penetration depth reaches 20mm, corresponding to the clay liquidity
limit value, the correlated yield stress is evaluated around 2 kPa. A similar relationship between
equipment characteristics, depth penetration, and yield stress has been done with Vicat instrument on
cement paste (Lootens et al., 2009). With the equipment used here, when the penetration depth
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reaches 6mm, corresponding to the fine powder compacity determination, the correlated yield stress
is also evaluated around 2 kPa. As the binder's nature is not considered in the related equation, it is
possible to compare these two values even if used on different materials. Consequently, it can be
assumed that when one clay is at its liquidity limit, it reaches its dense volume fraction, and the related
paste exhibits yield stress around 2kPa.

To better view how the paste consistency is evolving according to its solid volume fraction, the
penetration depth, linked to the paste consistency (Andrade et al., 2011), is plotted as a function of
the solid volume fraction (®) (Fig. 2.a). As expected, for each clay, when the solid volume fraction
increases, the penetration depth decreases as the paste becomes denser. The solid volume fraction is
then normalized by each clay's compacity (Fig.2.b).
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Fig. 2: a) Evolution of solid volume fraction according to penetration depth. b) Evolution of
normalized solid volume fraction of paste by their concentration at liquidity limit according to
penetration depth

Based on these results, it can be observed that all clays present the same evolution of paste
consistency. Diffraction can be seen for solid volume fraction higher than 1.1 times the compacity
value, which can be explained by the protocol's difficulties to have repeatable results at low water
content. As suggested in (Perrot et al., 2016) and applied in (Perrot et al., 2018; Tourtelot et al., 2021),
a solution to increase this accuracy would be to add weight to the needle, which will consequently
increase the penetration depth accuracy.

It can be suggested that, for paste with a consistency close to the one at its liquidity limit, the only
main parameter influencing paste properties is the water absorption. This observation might not be
similar for paste with a low solid volume fraction. In (Fitton and Seddon, 2012), it has been shown
on mine tailing materials that particle size influences the paste yield stress evolution when the solid
concentration is much lower than the one at the liquidity limit. Further research needs to be done on
lower solid volume fractions to define when clay properties, such as particle size, start to interfere in
the paste's yield stress evolution. However, the clay paste needs to have a high solid volume fraction
for poured earth application to reduce the shrinkage. It is then possible to suggest that this
application's required paste consistency will be in the threshold between the liquidity limit and
plasticity limit.

4 Conclusion

In this study, a correlation between solid volume fraction value at liquidity limit and compacity value
has been established for different rich clay powders. Results show that a penetrometer can be used
without adaptation for measuring the dense volume fraction. This link between concrete and
geotechnical fields reinforces the idea of similarity between earth and concrete. Based on this
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correlation, the normalized concentration value, defined by normalizing the solid volume fraction
values @ by the compacity value, is similar for each clay. It becomes possible to anticipate a
consistency value through known water to clay ratio when the liquidity limit has been determined.
Thanks to research on yield stress and penetration depth, it is possible to suppose that clay nature
might not influence the paste's evolution yield stress when the paste has a consistency between its
liquidity and plasticity limit. Knowing that fine particles' properties influence the paste's evolution
yield stress when the paste is at a low concentration, the threshold between these two results needs to
be defined.

For poured earth, high concentrated clay paste seems needed to reduce shrinkage and increase global
strength. We can then suggest that paste used as the binder for this application will be between its
liquidity and plasticity limit. Consequently, clay nature might not impact the binder constituency's
evolution when the water to clay ratio evolved. This possibility could be view as an improvement to
tackle the problem of earth variability for poured earth application.
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