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Robust clay binder for earth-based concrete 
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b Université de Bretagne Sud, FRE CNRS 3744, IRDL, Lorient, France   

A R T I C L E  I N F O   

Keywords: 
Rheology 
Soil suitability 
Earth concrete 
Yield stress 
Compressive strength 

A B S T R A C T   

The use of excavated earth is a circular and carbon neutral solution gaining growing interest. However, its high 
variability in properties makes it difficult to master as raw materials for construction. The objective of this paper 
is to highlight the key parameters allowing overcoming the influence of the variability of soil composition on the 
earth-based concrete properties. We show that the solid volume fraction of clay paste is the key parameter 
allowing predicting the fresh state properties of the clay binder, whatever the constitutive clay type, whereas the 
clay activity and the dry density of the material control the compressive strength of the material. These prom-
ising results, validated on sludge, pave the way to optimized mix design strategies for robust earth concrete 
products.   

1. Introduction 

Due to the expansion of cities, a high volume of excavated earth is 
produced every year (estimated to tenth of million per year in the spe-
cific case of Switzerland) [1–4]. The material flow in cities shows that 
this resource quantity is huge and appears as the main urban resource 
[5,6]. This excavated earth as raw material for construction can be seen 
as the best example of a closed material flow loop with the best recycling 
potential [2,7]. It can provide one of the building materials with the 
lowest environmental impact [8,9]. However, to transform this strong 
potential resource into construction material and upscale production of 
earth components in cities, the high variability of soil needs to be faced. 

Indeed, earth is a non-standard material, with composition linked to 
its geological history [10–12]. Consequently, the physical and miner-
alogical properties of earth excavated from different sites differ from one 
to another [13], and this variability leads to the production of earth- 
based materials displaying inconstant properties and performances. 
This lack of robustness is even highly visible at the local scale, where 
productions have to deal with it to provide robust material for con-
struction [14–17]. Consequently, the production rate is still low [18] 
leading to less competitive materials than the conventional and stan-
dardized ones. Limiting the impact of the soil variability on the final 
properties of earth-based concrete can help to promote the use of 
excavated earth as raw materials and increase the production rate. 

In the geotechnical field, two main parameters related to the 

variability seem to affect the final properties of the materials. The most 
dominant one is the particle size distribution, as it impacts the packing 
of the soil [10]. The second one is the mineralogical characteristics of 
the fine particle fraction. Whereas the particle fraction above 100 μm 
(order of magnitude), which behaviour is mainly governed by gravita-
tional and frictional interactions, shows roughly the same physical and 
chemical properties whatever the considered soil, the behaviour of 
particles below 100 μm (i.e. clay and silt fraction) can vary. Indeed, the 
nature of this fraction can influence the final properties of the earth 
sample, as the nature of the particles, their chemical structures, and their 
physical properties impact the colloidal interactions [17,19–22]. The 
clay properties themselves highly change from one clay to another. For 
example, kaolinites are composed of one tetrahedral SiO4 sheet and one 
octahedral AlO6 sheet (TO sequence). They have low cation exchange 
capacity (CEC) and a layer charge close to zero [23]. Thanks to this 
structure, they have a low affinity to water and keep an interlayer dis-
tance of around 7 Å. Illites are non-swelling triple-layer aluminosili-
cates. Their structures consist of one octahedral AlO6 sheet surrounded 
by two tetrahedral SiO4 sheets (TOT sequence) with an interlayer dis-
tance of 10 Å. This interlayer space, too narrow for a water molecule to 
go in, is occupied by hydrated K+ cations that serve as binding agents 
between layers preventing any swelling behaviour. They have a mod-
erate CEC, slightly higher than kaolinites, and a strong negative layer 
charge [24]. Montmorillonites, as illites, are comprised of triple-layer 
aluminosilicates but with swelling activity. Their external layers are 
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stable with low surface activity. However, the internal faces of their 
layers are way less stable due to an important substitution of cations 
completed by Ca2+, Mg2+, or Na+ cations. These cations have a high 
hydration capacity, and consequently, water can go easily in the plate-
lets, producing an increase of the interlayer distance after hydration to 
14 Å. They have a high CEC, a high specific area, and a low to moderate 
negative layer charge [24]. 

Even if earth is one of the oldest materials used by humanity for 
building purposes, the variability in its properties and the diversity of 
existing codes and standards [25] makes it difficult to master as raw 
materials for construction. Therefore, further research is needed to 
explore its full potential for construction. Looking at ongoing studies on 
this material, a gap seems to exist between research at material scale and 
application. On one hand, clay physicochemical properties and miner-
alogy structures have been highly studied [12,26–31], but these pa-
rameters' impact on earth's final properties have not been fully 
identified. On the other hand, several studies have been done on earth 
from different sites to define their fresh and hardened properties for 
building application, but as results are performed at a concrete scale, no 
relationships can be found between composition and results [32–37]. 

To reduce the variables, it can be suggested to work on a reduced 
fraction of the raw earth. As the fine fraction seems to be the key 
parameter influencing the performances of earth materials [20,38,39], 
this work will focus on this fraction. This approach can be strengthened 
because earth concrete and concrete share many similarities [40,41]. 
Following this statement, it can also be assumed that advances done on 
cementitious materials might be usable in the earth construction field, 
moreover for poured earth applications [41–49]. For instance, the solid 
volume fraction (ϕ) might be an important parameter explaining some 
fresh and hardened state properties, as for concrete [50–55]. To explore 
this assumption, this study will focus on nine different rich clay powders 
varying by their mineralogy and physicochemical properties to highlight 
the key parameters that could explain fresh and hardened state prop-
erties. Common geotechnical properties such as Atterberg limits and 
methylene blue values were determined and used to develop general 
observations. Finally, different sludge, waste coming from different 
quarries, were used to validate the results previously obtained on rich- 
clay paste. 

2. Materials 

2.1. Clays 

Nine mineral-rich clay powders, sourced from different sites and 
suppliers and belonging to three main groups of clay (kaolinite, illite, 
and smectite family), were used in this study (Table 1). This choice al-
lows increasing the investigated parameters such as mineral composi-
tion, particle size distribution (PSD), and clay activity, which might 
affect further results. A mineral and chemical composition analysis were 
performed on all studied clays. The particle size distribution was 
measured using an automatic sedimentometer (PARIO Meter, Germany) 
following the norm ISO 11277:2020 [56]. Clay particles were dispersed 
using 100 ml of a sodium hexametaphosphate (NaHMP) solution pre-
pared at 5 wt% to limit a potential overestimation of the particle size 

distribution due to the formation of clay flocs. Measurement was carried 
out during 8 h, and sieving over 63 μm was performed to determine the 
fine content. The specific gravity of solid soil was performed with a 
water pycnometer following the standard ISO 17892-3:2015 [57]. 10 g 
of clay were placed in the pycnometer and the total weight was recor-
ded. After filling the pycnometer with water, the set-up was put under 
vacuum until weight stabilization and complete with water to its full 
volume to be finally weighed again. For the estimation of the activity of 
clays, the Methylene Blue test was performed according to the standard 
AFNOR-NF P94-068 [58]. The methylene blue value (MBV) is obtained 
by reaching the clay saturation point of methylene blue for 5 min. In 
literature, it has been exposed that the MBV can be linked to the specific 
surface area of the fine fraction of a soil through a comparison with N2 
adsorption, which is a technique commonly used to measure this value 
[59–62]. The only difference results into the fact that N2 method does 
not take into account internal surface area of soils as N2 cannot penetrate 
into inner layers, leading to a better estimation of the swelling clays' SSA 
with MB measurement [61] . It has also been showed that MB adsorption 
can give information on cation exchange capacity (CEC) of soil, as dye 
adsorption onto clay surfaces occurs through the cation exchange in the 
alumina silicate lattice and the van der Waals forces with the surface 
SiOH and AlOH of the alumina-lattice [61,63–65]. This measurement 
can be thus seen as a quick way to get an overview of the cohesion of the 
fines fraction of soil (below 400 μm according to the literature). 

All geotechnical information is gathered in Table 1. Using the Riet-
veld Methods, the X-ray diffraction powder technique (XRD) showed the 
main mineralogical components for each studied rich-clay powder. The 
complete mineralogical composition is given in Table 2. 

2.2. Sand 

Pure quartz sand, with a granulometric curve from 0.06 to 0.3 mm 
sourced from Carlo Bernasconi SA (Switzerland), was used to prepare 
micromortar samples according to ISO 679:2009 [66]. The use of this 
inert sand with no ion exchange capacity allowed us to eliminate po-
tential other reactions. 

2.3. Sludge 

Nine sludge from different companies and locations in France and 
Switzerland were collected. With unknown mineralogical composition, 
they were used to serve as validation material for the transferability of 
the methodology to a broader range of materials. According to the 
sorting, they are composed of particles with a particle size lower than 80 
μm (silt fraction). Methylene blue value, Atterberg limits with fall cone 
dial penetrometer, and specific density with water pycnometer were 
determined. The obtained results are gathered in Table 3. 

3. Experimental procedures 

3.1. Normal consistency and liquid limit 

In cement field, the consistency of cement is defined as the minimum 
amount of water required to form a workable paste of standard (or 

Table 1 
Information and geotechnical parameters of clays studied.  

Clay Kaolinite 
KA 

Kaolinite 
KF 

Kaolinite 
KM 

Mtm 
MR 

Mtm 
MG 

Mtm 
ML 

Illite 
IO 

Illite 
IR 

Illite 
IG 

Supplier Argile du Bassin 
Méditerranéen 

Dorfner Manske Argile du Bassin 
Méditerranéen 

Argile du Bassin 
Méditerranéen 

Argile du Bassin 
Méditerranéen 

Manske Manske Manske 

Origin France China France Italy Italy Italy France France France 
D10 1.78 1.78 1.74 0.31 0.25 0.3 1.81 1.78 0.82 
MBV 2.33 1.33 1.66 22 32 21 3.66 3.33 11.66 
Relative 

density 
2.59 2.62 2.54 2.46 2.42 2.36 2.71 2.72 2.43  
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normal) consistency. The identification of the water demand of powders 
is determined according to the Vicat method as described in [50]. The 
procedure was as following: an increasing amount of water was added to 
250 g of powder (clay) 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), and the penetration depth of the needle in free fall was 
measured. Two measurements have been performed for each clay mix. 
When a penetration depth of 6 mm was reached, the water content was 
recorded, and the corresponding solid volume fraction ϕc was calculated 
as follows: 

ϕc =
1

1 + ρsW
(1) 

With ρs the absolute density of the powder and W the water content 
of the mix. At this state, it is admitted that all particles are hydrated and 
start to be suspended in the aqueous phase [53]. 

In geotechnical field, the Atterberg limits correspond to the charac-
teristic water content when the soil changes in consistency, from liquid 
to plastic for the liquid limit (LL) and from plastic to brittle solid for the 
plastic limit. The liquid limit has been defined with a cone dial pene-
trometer following the standard ISO 17892-12:2018 [67]. It has been 
shown that this tool show better accuracy than the Casagrande cup for 
the determination of the liquid limit, as it does not depend on the 
operator interpretation [68]. In this paper, a cone dial penetrometer 
from Matest (Switzerland) equipped with a stainless steel penetration 
test cone of dimension 35 mm long, 30◦ angle, for a total tool weight of 
80 g was used. The clay powder was manually mixed with water until 
reaching a homogeneous state, and tested. According to the standard 
[69], the liquid limit is reached at a 20 mm penetration. After each 
measurement, a sample of each mix was collected and put in the oven at 
105◦ for the determination of the paste water content. This tool can also 
define the plastic limit by a log/log extrapolation to reach the value at a 
2 mm penetration [70]. The water content to reach the liquid limit was 
then used to determine the corresponding solid volume fraction to 
define at which value this state-change might occur. In this paper, the 
solid volume fraction linked to the liquid limit and calculated with Eq. 
(1) will be named ϕLL. Eq. (1) was used to determine the theoretical solid 
volume fraction (ϕ) of pastes and micromortar: with a maximal particle 
size below 400 μm, the latter is still in the range of applicability of the 
cone dial penetrometer measurements [21]. 

3.2. Yield stress measurements 

3.2.1. Fall cone dial penetrometer 
The cone dial penetrometer has been exposed as an accurate tool to 

determine clay paste yield stress if the three following parameters are 
respected. Firstly, the paste consistency has to be liquid or plastic, as at 
this stage, it is considered that the friction stress is equal to the shear 
yield stress of the material [71]. Secondly, the paste tested has to be 
considered homogeneous at the tested scale. Finally, its largest grain size 
has not to be higher than 10 % of the height of the cone [21], which in 
our case represent 400 μm. The equation used to calculate the yield 
stress at each measured depth has been described in [21]. 

3.2.2. Rheometer 
The rheology measurements were performed using a Malvern Kine-

xus Lab + (Malvern Instruments, Switzerland) stress-controlled 
rheometer equipped with vane geometry [72]. The vane geometry 
consisted of a four-bladed paddle with a diameter of 14 mm, the outer 
cup diameter was 25 mm, and its depth 63 mm. This geometry was 
chosen to minimize the disturbance of the material during the intro-
duction of the tool and avoid the wall slip effect [73]. The setup was kept 
at a constant temperature of 23 ± 0.1 ◦C with a thermostatic bath during 
the measurement. The measurement procedure was similar to the one 
used in Perrot et al. [74]. The clay was first mixed with water at different 
water to clay ratios for 1 min. Directly after mixing, the cup was filled 
and covered with a trap cover to limit evaporation. After 1 min of resting 
to avoid disturbance, a shear rate of 0.01 s− 1 was applied to the sample 
240 s. Viscosity effects are negligible at such a low shear rate, and yield 
stress could be computed from the measured torque peak value at flow 
onset [54]. For each mix, yield stress measurement was performed three 
times to improve accuracy. 

3.3. Compressive strength and dry density 

Compressive strength tests were performed to investigate the influ-
ence of clay nature and water content on the mechanical performance of 
clay and sludge micromortars. To limit the potential shrinkage of clay 
samples, clay paste was mixed with an inert quartz fine sand to measure 
the hardened state. For all mixes, the volume ratio between paste and 
sand was kept constant at 40/60. At least three different water ratio 
were used. Taking into account the initial composition of sludge, a 
constant mass ratio of 50/50 was defined, and the three different water 
content was tested. The clay mortars were prepared using the following 

Table 2 
Mineralogy composition of the clays studied by X-Ray diffraction.   

KA KF KM MR MG ML IO IR IG 

Kaolinite  87.1  87.2  75.4     12.9  14  
Ca-Montmorillonite     65  83.6  67.6    
Illite        66.4  65  29 
Muscovite  10.7  3.6  1.6  20  10.7     11.5 
Illite-smectite          29.7 
Quartz  2.2  4  23  8.3  0  2  15.6  15.6  25.4 
Andesine       20.3  1.3  1.3  
Orthoclase      3.77     1.2 
Calcite     3.5  1  3.4  3.8  3.6  3.2 
Other  0  5.2  0  3.2  1  6.8   0.5  
Total clay fraction  97.8  90.8  77  85  94.3  67.6  79.3  79  70.2  

Table 3 
Geotechnical parameters of sludge studied here.  

Sludge K F RF A C S Re S Ka 

Liquid limit  41.39  32.5  51.9  38.28  45.98  40.80 36.5 46.2  32 
MBV  0.5  1.66  7  1  3.33  1.33 0.7 1.83  0.19 
Relative density  2.666  2.630  2.613  2.612  2.619  2.644 – –  2.65  
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procedure: water was mixed with dry components (clay or sludge and 
quartz sand previously homogenized) in an automatic mortar mixer 
(Matest, Switzerland) during 2 min at low speed (62 rpm) with planetary 
action. After the mixing stage, a standard prismatic formwork of di-
mensions 40 × 40 × 160 mm3 was filled with the clay micromortar. 
Samples were dried for two days at ambient air condition, demolded, 
and put into the oven at 105 ◦C until weight stabilization. Compression 
test measurements were repeated six times for each clay-based mortar 
sample, and four times on each sludge based mortar sample. 

The dry density of the samples was measured following the protocol 
of hydrostatic weighing based on Archimede's principle. The tested 
material was sampled from the resting bar used for the compression test. 
A coating made of a known mass of varnish was applied to the material. 
The sample was then weighed in air and water, and the density was 
calculated. This measurement was repeated three times to ensure the 
accuracy of the results. 

4. Results and discussion 

4.1. Water demand and solid volume fraction 

In the concrete field, the solid volume fraction (ϕ) is an important 
parameter for the determination of an optimized mix design [52]. At the 
paste scale, the parameter ϕc is kept as a reference point, as it represents 
the normal consistency when all particles are hydrated and start to be 
suspended in the aqueous phase [53]. In the geotechnical field, a similar 
consistency refers to the liquid limit, as this limit corresponds to the state 
where particles start to be in suspension within the system (defined here 
as the solid volume fraction ϕLL). These two solid volume fractions, 
determined thanks to the normal consistency (ϕc) test and to the pene-
trometer (ϕLL) for all the clays, are plotted in Fig. 1 for comparison. 

A good correlation exist between these two parameters, whatever the 
considered clay group. If we focus now on a specific clay type group, it 
can be observed that montmorillonites, due to their swelling capacity, 
have the lowest characteristic solid volume fraction, kaolinites have 
relatively close solid volume fractions, and illites do not follow a com-
mon trend. The orange and red ones (IR and IO) have the highest solid 

volume fraction and close results. This can be explained by the potas-
sium bonding between the clay layer structure, limiting the possibility 
for water to penetrate the clay platelet [19]. However, the green illite 
shows results between illites and montmorillonites, close to kaolinites, 
which is coherent knowing its mineralogy (i.e. interstratified illite- 
smectite clay). This observation confirms that the mix design strategy 
currently applied for cementitious materials can be transferred to clay- 
based materials. The solid volume fractions observed in Fig. 1 seem to 
be particularly low when considering clay as plate like particles. This 
can be explained by the random network configuration of the clay 
platelets and the swelling capacity of some of them. Indeed, it is known 
that the clay platelet charges can evolve with external condition such as 
the pH of the interstitial solution [12,31,75,76]. By mixing clay with tap 
water, clays platelets are mostly arranged in an house of cards structure, 
leading to a high microporosity and consequently to a low solid volume 
fraction. Modifying the pH of the solution leads to a clay particles 
reorganization with a potential improvement of the packing. This opti-
mization can also be done through the addition of mineral dispersant 
[43,46,48]. 

4.2. Yield stress of clay pastes 

Perrot et al. [21] showed that the fall cone dial penetrometer can be 
used for the determination of the yield stress of clay pastes when the 
considered paste is in its liquid or plastic state. For instance, with the 
equipment used, a clay paste at its liquid limit reaches a yield stress of 
2275 Pa. However, this tool cannot be used for paste with yield stress 
lower than 750 Pa as the paste consistency becomes too soft to have 
enough friction to hold the needle before the end of the cup. Therefore, 
to obtain the yield stress value at the lowest solid volume fraction, 
measurements were performed on rheometer through a flow onset 
protocol. Indeed, results from rheometer and fall cone for yield stress 
values are in good agreement [21]. The yield stress of clay pastes, 
calculated from the fall cone dial penetrometer measurements [21] 
(Fig. 2a) measured with the rheometer is plotted as a function of the 
corresponding solid volume fraction. 

In literature, the yield stress of particles in suspension has been 
modelled. The model showing the best accuracy for a high range of solid 
volume fraction is the yield stress model (YODEL) proposed by Flatt and 
Bowen [54]. Although the YODEL model was first developed to predict 
the yield stress of spherical-like particles in suspension such as cement 
grain or alumina powder, it has already been applied with good accu-
racy on kaolinite platelet [44]. For such a system, the equation used is 
written as follows: 

τ0 = m1
ϕ2( ϕ − ϕp

)

ϕm(ϕm − ϕ)
(2)  

where ϕm is the dense packing fraction, ϕp is the percolation threshold 
corresponding to the solid volume fraction when a yield stress starts to 
be observed (i.e. solid volume fraction at which the particles start to 
interact), ϕ is the solid volume fraction corresponding to the calculated 
yield stress and m1 a factor that describes the global interactions be-
tween clay particles. This factor simplifies a part of the basic expression 
of the YODEL, as all interactions become more difficult to model on 
heterogeneously charged platelets [44]. For high solid volume fraction, 
the equation is simplified, as the influence of the percolation threshold 
becomes negligible [54]. 

τ0 = m1
ϕ3

ϕm(ϕm − ϕ)
(3) 

This model is fitted to the experimental data obtained with the 
penetrometer (Fig. 2a) and with the rheometer (Fig. 2b). However, ϕm is 
not a well-defined parameter in earth construction. Based on Perrot et al. 
[44], it can be suggested that the ϕm value for clay might be lower than 
the ϕm for spherical particles because of the clay particle aspect ratio, 
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and that ϕm might be equivalent to ϕPL [44]. It has also been exposed 
that when ϕLL is used to normalized the solid volume fraction of paste 
with consistency measurable on penetrometer, the yield stress evolution 
overlapped for all ϕ/ϕLL values [77]. Based on this statement, we can 
expect a ϕm value written in relationship with ϕLL. 

By applying the relationship ϕm = ϕLL/0.86, the value of ϕm ob-
tained seems to follow the ϕm values found in literature for kaolinite 
particles [44]. The maximum solid volume fractions obtained for 
montmorillonites and illite IG are lower than those obtained for illites 
IR, IO, and kaolinites. This high variation of ϕm between illites, kao-
linites and montmorillonites can be the consequence of the clay swelling 
capacity. 

By fixing the dense solid volume fraction ϕm, it is then possible to 
adjust other parameters. The only parameter fitted for high solid volume 
fractions is the factor m1, combining the existing interaction forces be-
tween clay particles. For low solid volume fractions, the percolation 
threshold is then the parameter that has the major impact. The simpli-
fied version of the YODEL model (Eq. (3)) has been plotted for each clay 
paste (cf. Fig. 2). 

To get rid of the influence of the high change in ϕm, and have a better 
view of the yield stress evolution, the solid volume fraction of each mix 
has been normalized. In Fig. 3 (b), for mixes with a solid volume fraction 
higher than 0.75 ϕ/ϕm, all clays show the same behaviour in terms of 
yield stress evolution. This result follows the YODEL as the m1 factor 
seems to be constant whatever the considered type of clay. Finding that 
the global interaction between particles will be the same for each clay 
powder studied here was not expected, knowing the variability of their 
composition. These interactions are more difficult to model for clay 
platelets than for spherical ones. A complete description of these in-
teractions is out of the scope of this article and will need further research 

to be confirmed. However, it can be exposed here that these parameters 
do not seem to create a divergence between clay paste at these solid 
volume fractions and can be simplified by a single value m1 = 1.5. 

For mixes with a solid volume fraction lower than 0.75 ϕ/ϕm, 
divergence can be seen between kaolinites and other clays. It is worth 
noting that this range of volume fraction providing low yield stress 
values is of interest when mix-designing self-compacting or poured 
earth. Kaolinites need a higher reduction of solid volume fraction to 
reach an equivalent yield stress. At this solid volume fraction range, the 
percolation threshold is a predominant parameter influencing the 
YODEL. By looking at the relationship between ϕm and ϕp, two trends 
can be seen and might explain this difference. Illites and montmoril-
lonites show a ϕp much closer to their ϕm than kaolinites. Indeed, the 
kaolinite platelets can easily go to a house of card structure when the 
paste is at a pH at 7 [12,44,46], which is the case here. This attraction 
between edges and faces leads to the creation of flocs that entrapped 
water and can form a resistant microstructure at lower solid volume 
fraction. The initial version of YODEL provided by Eq. (1) is compared 
with measured yield stress values using the rheometers for a percolation 
threshold of 0.3ϕm for kaolinites and of 0.48ϕm for illites and mont-
morillonites in Fig. 4. 

Here again, it is remarkable that the YODEL model is able to predict 
the yield stress of all tested clays with the same pre-factor m1 value and 
microstructure descriptions parameters only related to the liquid limit 
values. These experimental observations pave the way to a simplified 
and generalized use of the YODEL model in the case of clay binders. It 
can be suggested that working with a paste with high solid volume 
fraction can help to overcome the impact of the variability on yield stress 
definition. 
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Fig. 2. Yield stress evolution of clay pastes measured with (a) fall cone and (b) rheometer as a function of their solid volume fraction. The dotted lines are the 
predictions of the YODEL. 
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Fig. 3. Yield stress evolution of clay pastes measured with (a) fall cone and (b) rheometer as a function of ϕ/ϕm.  
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4.3. Hardened state properties. 

In Fig. 5, the compressive strength of the different clay mortar 
samples is plotted as a function of their respective dry density. For a 
given clay group, a correlation between the compressive strength and 
the dry density exists. The mechanical resistance decreases with a 
decreasing in density. This general observation is well-known in the 
earth construction field [35,36,78]. However by comparing the different 
clay binder, no general trends can be seen, leading to the possibility that 
other parameter might act on the compressive strength value. 

This other parameter can be the binder activity. The literature has 
exposed that soils with high activity are more cohesive than soils with 
low activity [10,20,24,38]. Looking at the results in Figs. 4 and 5, this 
parameter could explain why kaolinites show a lower compressive 
strength than montmorillonites, even if they have a higher dry density. 
Following this hypothesis, the MBV of all micromortar samples has been 
measured and used to divide the compressive strength (Fig. 6). As ex-
pected, the binder activity has an impact on clay micromortar 
compressive strength. All micromortars show a general trending curve, 
even if clays can easily be sorted by type. As montmorillonites have a 
high MBV, when this value is used to divide their compressive strength, 
the obtained results are low and seem more likely to follow their low dry 
density. In opposition, kaolinites have a low MBV value and a low 
compressive strength. The illites relationship between MBV and 
compressive strength still gives high results, as their compressive 
strength is high enough to not drop with their MBV value. 

The dry density of the sample and the particle density can be used to 
determine the porosity (n) and the theoretical solid volume fraction (n =

1 − ρd/ρs, where ρd the dry density of the sample and ρs the absolute 
density of the powder). Knowing that the porosity is related to the solid 
volume fraction (ϕ = 1 − n), it can be expected that a same general 
relationship between solid volume fraction, compressive strength, and 
MBV exists, as the one exhibited with the dry density. To confirm this 
hypothesis, the theoretical solid volume fraction of each mix (assuming 
a water saturated material) has been calculated thanks to the water to 
solid ratio, as shown in Section 3.2 (Fig. 6b). Results showed a good 
accuracy until a certain value of solid volume fraction. This difference 
can be explained by how the theoretical solid volume fraction is deter-
mined. By working with dense suspension, it is supposed that water fills 
all the pores leading to the known relationship between solid volume 
fraction, water content, and particle density [53]. However, when the 

solid volume fraction becomes too high, the pores between particles 
might not be fully saturated, leading to an underestimated porosity and, 
consequently, an overestimated solid volume fraction. This assumption 
is confirmed as the mixes showing a drop in compressive strength have a 
theoretical solid volume fraction higher than their dense solid volume 
fraction. Knowing that this limit can be exposed at the maximum 
packing where all particles are hydrated, and thus where Eq. (1) is valid, 
having a mix with higher solid content might significate that all pores 
are not filled with water, leading to this overestimation of the solid 
volume fraction disconnected to the porosity. In the end, it can be 
suggested that, by knowing the water to solid ratio, the particle density, 
which are the data needed to calculate the theoretical solid volume 
fraction, and the MBV of a clay micromortar, it becomes possible to 
anticipate its compressive strength after drying at 105 ◦C. This rela-
tionship seems to be true as long as the solid volume fraction of the paste 
is below ϕm. 

A parallel can be drawn with concrete technology for which the 
compressive strength can be predicted from the binder activity (class of 
cement) and a term linked to the porosity of the cement paste 
(commonly linked to the water to cement ratio). The results shown here 
demonstrate that the compressive strength of the earth mortar is the 
product of the clay activity (MBV) by a function of the porosity, which is 
directly related to the dry density of the material. 

It is worth noting that, as the MBV is related to the specific surface 
area of soil particles, it can thus reflect the particle size distribution and 
the particle shape, which directly influence the pore structure. Indeed, 
according to Van Damme et al. [79], the origin of the strength (so-called 
cohesion in their work) of earth-based materials is due to capillary forces 
that are strongly linked to pore geometries. This statement could explain 
why the MBV seems to be strongly linked to the compressive strength of 
earthen materials. 

4.4. Application 

The fresh and hardened state properties of clay binders seem to be 
highly related to their solid volume fraction. The general trends found 
can help to tackle the variability of clay to provide a robust binder. 
However, this work has still been performed on a known binder and 
defined micromortar. To confirm these results, the yield stress and the 
compressive strength of several unknown sludge have been compared in 
the same way as the rich clay ones (Fig. 7). The yield stress has been 
calculated thanks to the fall cone test on sludge paste with three 
different water content. A relationship between particles size and yield 
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stress has already been exposed in literature [80] and models developed 
for yield stress suspending fluids can be used to predict the effect of these 
inert particles [81]. This model has been used to confirm the correlation 
between yield stress of the paste and the yield stress of the paste of the 
micromortar computed from micromortar yield stress thanks to the 
Mahaut et al. model [69] (Fig. 7a). Results show that these models seem 
to be applicable with a good accuracy to rich clay binder and mortar. 
The small dispersion observed between experimental values can be the 
consequence of the particle size of the sand fraction. With a small par-
ticle size for inert particles, the model becomes less accurate as smaller 
particles can be in the range of the particle size of the paste. 

In further work, it could be interesting to work at the different scales 
of particles size as commonly done in concrete science [82–84]. How-
ever, by comparing results from sludge and clay paste, no difference can 
be seen in the yield stress evolution when solid volume fraction is 
normalized by ϕm. 

To look at the hardened state correlation exposed in Section 4.2, the 
MBV has been taken into account (Fig. 7b). It is observed that micro-
mortar, unknown sludge and known clay micromortars present a similar 
behaviour. It can be noted that all sludge fall on the theoretical trend 
line, suggesting that they are water saturated. Additionally, it is worth to 
mention (not plotted here) that, as in Fig. 6. (a), all points of the 
compressive strength/MBV versus dry density graph fall on the same 

curve. 
It can thus be suggested that a sorting <300 μm allows highlighting 

the key parameters that could master the variability of the fine fraction. 
Finer sieving might not be mandatory. This application on sludge con-
firms that key parameters allowing mastering the variability of the earth 
are the binder's activity, determined through the MBV, and the dry 
density of the material. Other binder characteristics do not seem to in-
fluence these properties. It also confirms that models used for cement 
paste and concrete seems to be applicable on earth paste and mortar. 

5. Conclusion 

Thanks to its low environmental impact and its high availability, 
earth is a promising building material. However, as its composition is 
linked to its geological history, the mineralogical and geotechnical 
properties of earth highly varies. This variability creates a high devia-
tion in fresh and hardened properties of the final earth concrete prod-
ucts. To reduce the amount of parameters, this work focused only on the 
fine fraction of the earth, the clay, and highlighted some key parameters 
allowing the prediction of earth binder properties, at fresh and hardened 
state. 

At fresh state, for a solid volume fraction higher than 0.75 ϕ/ϕm, 
YODEL model is able to predict the yield stress of all tested clays with the 
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same pre-factor m1 value and microstructure descriptions parameters 
only related to the liquid limit values, whatever the considered clay 
group. However, below this fraction, the behaviour of the clay materials 
is dependent on the clay mineralogical nature. The main difference 
between kaolinites and other clays tested seems to be the consequence of 
the ϕp. Kaolinites shows a ϕp much closer to ϕm in comparison with other 
clays. The relationship between paste yield stress and mortar yield stress 
seems to confirm following model developed for concrete field. At 
hardened state, two parameters seems to control the behaviour of the 
material when it is dried at 105 ◦C. The dry density of the mix, which is 
directly linked to the material mix-design when the solid volume frac-
tion of the material is below ϕm; and the clay activity, which can be 
determined thanks to the methylene blue value. By getting these two 
parameters, it becomes possible to anticipate the compressive strength 
of a clay micromortar. More information on the fine fraction does not 
seem important to get for these properties as same trends can be seen on 
sludge with unknown properties. However, even if the variability of 
earth binder starts to be tackled to provide a robust mix design, the 
impact of other fractions composing earth-based concrete still need to be 
better understood to use excavated earth as raw material for robust 
construction material. 
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