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Physical and mechanical properties of clay—sand mixes to assess the
performance of earth construction materials
Elsa Anglade, Jean-Emmanuel Aubert, Alain Sellier, Aurélie Papon

LMDC, Université de Toulouse, INSA/UPS Génie Civil, 135 Avenue de Rangueil, 31077
Toulouse cedex 04 France

Abstract

The reduction of CO2 emissions has become an important parameter in the choice of construction
materials. Earth guarantees a low environment impact due to the reduced need of energy for its
processing and transportation and also provides natural hygrothermal comfort. To facilitate the
design of earthen constructions, the development of models is necessary. This paper aims to
provide a database of experimental results that could be easily used for developing models based
on the competition between positive effect of capillary pressure on material cohesion and negative
effect induced by matrix shrinkage restrained by aggregates. Mechanical and thermal tests were
carried out on three reconstituted soils composed of pure kaolinite and three contents of fine sand
(0, 30 and 60%), as well as different water content configurations (fabrication water content and
after drying at 50% RH). The thermal properties analyzed included thermal conductivity and
specific heat capacity. The mechanical properties studied encompassed the tensile (three-point
bending test) and compressive strengths, Young’s modulus and Poisson’s ratio (using video
correlation). Moreover, an original test was developed for measuring sample shrinkage during
drying. Specifically, the results clearly showed that while shrinkage is divided by 5 for the maximal
sand content, tensile strength is reduced by half. Therefore, these results allow to assess the
balance between benefices and disadvantages of capillary pressure induced by clay drying on
earth construction materials, which is of first interest to assess cracking risk in a structure.

Keywords: earthen materials, mechanical properties, thermal properties, reconstituted soil

1 INTRODUCTION

The construction sector ranks among the largest economic activities in the world, while also being the largest
consumer of energy. According to the French Ministry of Ecology, Sustainable Development and Energy, residential
and commercial buildings were responsible for 44% of the French energy consumption in 2011 [1]. Several solutions
have been explored to limit the energy consumption of construction activities, including the use of materials with a
low environmental impact.

Earth has been used as a construction material for thousands of years. According to Minke [2], approximately 30%
of the world’s population was living in earth buildings in 2009. Earth is locally available in large quantities and
guarantees a low environmental impact due to the reduced transport of the material and the low energy needed for
its transformation and recyclability. Earthen materials are also well-known for their high capacity for storing humidity
and heat. According to several authors [3]-[6], the hygroscopic properties of earth allow to regulate the relative
humidity of a building and to sustain a comfort humidity level without using a ventilation system. The thermal
conductivity of earth, which is ranging from 0.3 to 1 W/(m.K) [7], [8], is not low enough to consider this material to
be a good insulator. However, Jeannet and Pollet [9] demonstrated how the thermal inertia of earth can maintain a
comfort temperature inside a building below 25 °C for several weeks while the external temperature exceeds 30 °C.

Despite the good thermal and hygroscopic properties of earth, its use as a construction material is limited by the
lack of regulations and the high variation of mechanical properties that depend on the location of the construction.
In order to deem an earthen material suitable for construction, a long experimental campaign is required [10]. To
reduce the length of this process and thus facilitate the choice of earth as a material of construction, it could be
interesting to use a model based on homogenization procedures that is able to predict the mechanical and thermal
properties of a soil according to its composition. This model would be able to determine the suitability of an earth to
be used as a construction material. To develop such a model, a complete database of the properties of soils with
different compositions would be necessary.

Numerous experimental studies have been undertaken on earthen materials to determine their mechanical and
thermal properties. Compressive strength, Young’s modulus and tensile strength have all been determined for many
soil compositions, seeking to assess the mechanical properties of earth. To explore compressive strength, tests
have been made on samples obtained with different methods and in various shapes and sizes, Miccoli et al. [11]
analyzed cob samples, Morel et al. [12] tested compressed blocks and Avila et al. [13] contributed an exhaustive
literature review of experimental campaigns focused on unstabilized rammed earth. The results are rather
heterogeneous, with the compressive strength ranging from 0.5 MPa to 4 MPa, depending on the testing procedure
and the composition of the material. Young’s modulus is typically measured as the slope of the elastic part of a
stress-strain curve [14]-[18]. However, the method of measurement of the strain of the sample can differ from one
study to another. For example, Toufigh et al. [16] and Kosarimovahhed et al. [17] calculated the strain from the
displacement of the platen of the press during a compressive test, while Champire [18] measured the strain through
video correlation and Linear Variable Differential Transformer (LVDT) placed on the sample during a triaxial test.
These different approaches have led to a large dispersion (60—1000 MPa) of Young’s modulus values available in
the literature. As for the tensile strength, few authors have measured it; most have used the Brazilian test, obtaining



values between 0.1 and 0.5 MPa [11], [16], [19]-[21]. These different mechanical tests have highlighted the fact
that earth composition and the fabrication methods have a substantial impact on the results.

Moreover, the study of Bui et al. [22] demonstrated the relevance of water content and type of clay on the
mechanical properties of earth. Earth is mainly composed of clay, sand and water. Each type of clay reacts
differently in the presence of water, which would have an impact on the performance of the material. The mechanical
results largely depend on composition, method of fabrication and testing procedure. If experimental data are to be
used in a homogenization procedure, all these parameters must be thoroughly examined.

Many authors have measured the thermal properties of earth. For instance, Laurent [23] proposed a relation
between thermal conductivity and earth density, having determined the thermal conductivity of eleven soil
compositions. This relation has been questioned by Hall and Allinson [24], who demonstrated that density is not the
only factor affecting thermal conductivity. Laurent [23] also highlighted a link between the water content of earth
and thermal performance.

Even though numerous experimental campaigns have been carried out to this day, as illustrated in the literature
review of Fabbri et al. [25], it is difficult to find a soil for which the entire composition is known, including the
fabrication water content and the type of clay, and for which its mechanical and thermal properties have been
measured. Furthermore, most studies have only analyzed mechanical or thermal properties separately. This study
proposes a complete experimental campaign on specific reconstituted soils, including mechanical and thermal tests.
For reasons of applicability of homogenization methods, a material with a clear difference of scales between the
matrix constituents and the aggregates is required. Moreover, a narrow sand distribution is also needed to assume
that the sand grains have the same size in the model. All the parameters which can influence the properties of
earth, such as type of clay, clay content or water content, should be well known. Real earthen materials usually do
not present all these characteristics. That is why this study on reconstituted soils is proposed.

In a first part, this article details the materials and procedures used in the experimental campaign. A second part
describes the results, compares them to those found in the literature and finishes with a discussion of the results.
A final part presents the conclusion and perspectives of this work.

2 MATERIALS AND PROCEDURES
2.1 Materials

The material used in this study is a reconstituted soil composed of clay, sand and water in different proportions.
Clay and sand were carefully selected to create a material that reacts with water as little as possible and that can
be easily modeled.

Clay is a material that can easily transition from a viscoplastic state to a brittle state in function of its water content.
In earth construction, clay ensures the cohesion of the material and the cohesion between sand grains in particular.
For this reason, a minimum of clay content is required to guarantee an adequate building material. Clay has a sheet-
like structure where the surface properties of the sheets influence the organization and shape of the particles and
their interaction with water [26], [27]. Expansive clays, such as smectites, have significant surface charges, which
facilitates the occurrence of water between the sheets. This type of clay can induce important variations of volume,
swelling or shrinkage in the presence of water, which can result in cracking when used as a construction material.
Kaolinite, on the other hand, undergoes few surface charges and is a clay with relative low reactivity to water.

In this study, we decided to use the less hydro-sensitive clay, the kaolinite, to limit volume variation of the samples
due to water content. A pure commercial sample of kaolinite was used (supplier specifications: >99% kaolinite, real
density = 2.6 g.cm). The grain size distribution (Fig 1) was determined by using sedimentometry in accordance
with the NF EN ISO 17892-4 standard [28]. The chemical composition of kaolinite given by the supplier is detailed
in Table 1.

If the sand grains are to be considered as inclusions, as per the homogenization theory, the size of the grains needs
to be several orders greater than the clay particles. The silica sand selected for the samples has a relatively uniform
grain size (200—-400 pm; Fig 1) and is approximatively ten times bigger than the clay particles. While this particle
size distribution does not match the distributions recommended by several guidelines [10], [29] since the sand
grains are quite small, it complies with the matrix-to-inclusion difference of scale required to test homogenization
procedures. As the particle size distribution will affect the mechanical properties of this reconstituted soil, differences
between the mechanical properties of real soils and the one analyzed in this paper might exist. The chemical
composition of sand is shown in Table 1 (dry bulk density = 1.55 g.cm3, real density = 2.6 g.cm?). Its water
absorption (2.9%) was measured in accordance with the NF EN 1097-6 standard [30].
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Fig 1. Particle size distribution of the components of this reconstituted soil.

Table 1. Chemical composition of kaolinite and sand.

i:‘:é}“é%?l SiO2 Al203 Fe203 MgO K20 Na20 TiO2 Ca0 1203

Kaolinite (%) 48 - 50 35-37 0.6-0.8 0.2-04 19-23 0.1-0.2 0.04-0.06 0.09-0.11
Sand (%) >99 - 0.02 - 0.5

- 0.025 0.01 0.95

Three different mixes of clay and sand were studied with two water content configurations: at the mixing moisture
state and after stabilized drying at 50% of relative humidity and 20 °C. The first mix, composed of only clay (0S),
was used to obtain the characteristics of the clayed matrix only. The second mix contained 30% of sand (30S) and
the third 60% of sand (60S). Table 2 summarizes the composition of the three mixes. In these three mixes, the sand
content is low enough to deem the clayed matrix as continuous (another assumption of homogenization theory).

Table 2. Composition of the three mixes analyzed.

Mixes 0Ss 30S 60S
Kaolinite (%) 100 70 40
Sand (%) 0 30 60
Mixing moisture content w (%) 30 21 12

2.2 Procedures
2.2.1Sample preparation

Depending on the test, two different sample shapes were used: a cylinder (height = 10 cm, diameter = 5 cm) for the
compressive tests and the measurement of Young’s modulus, and a prismatic sample (15 cm*15 cm*5 cm) for
assessing thermal conductivity, shrinkage and tensile strength (Fig 2). First, sand and clay were mixed manually to
create a homogenous mix. Then water was added and the whole material was mixed with a mixer. After putting the

material in an airtight box for 24h to allow water diffusion in the smallest pores, both samples were created by
compaction in a metallic mold (pressure = 1 MPa).

15cm

Fig 2.Cylindrical and prismatic samples used to determine the mechanical and thermal properties of this
reconstituted soil.
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To determine the required water content to manufacture the samples, a Proctor compaction test was carried out in
accordance with the NF P94-093 standard [31]. We compared the ratio between water content and clay content
that corresponded to the highest dry bulk density for the three mixes. As the ratio was close to 0.3 for all mixes, we
decided to keep the ratio constant in order to obtain an identical clayed matrix, which was useful for comparing the
model (see Table 2 for the water content of each mixes).

Once the samples were created, half of them were tested immediately (saturated samples) while the other half were
left to dry in a climatic chamber with a controlled temperature of 20 °C and relative humidity of 50%. The samples
were weighted every day to keep track of water loss. Once the mass variation was lower than 2% for more than
three days, the samples were tested. Each of the tests was performed on three samples for each sand and water
content.

2.2.2 Geotechnical and physical characterization

Several geotechnical and physical tests were conducted to characterize the three mixes. First, the Atterberg limits
of the three reconstituted soils were determined in accordance with the NF EN ISO 17892-12 standard [32]. Then,
the bulk density of each mix was determined by: (i) measuring the sample dimensions with a precision caliper and
deducing the volume of the sample from these dimensions, and (ii) dividing the corresponding weight (for the two
different sample shapes) by this volume. While the samples were built to be perfectly cylindrical and prismatic, this
was not always the case. Consequently, we expected to obtain scattered results, especially for the prismatic
samples, which had more defects than the cylindrical samples.

We measured material porosity using a mercury intrusion porosimeter on small pieces of cylindrical and prismatic
samples, in accordance with the ISO 15901-1:2016 standard [33]. The pressure in the cell decreases until a vacuum
is created, but dried samples are required to that end. For this reason, the material was dried at 105 °C before
testing and measuring the porosity of saturated samples was not possible. After the vacuum has been reached, the
pressure in the cell increases gradually up to 400 MPa.

The sorption isotherm was measured with a dynamic vapor sorption (DVS) analyzer. A small, dried fragment of a
sample is placed on a weighing machine to measure weight loss as the relative humidity of the DVS progressively
evolves. First, the relative humidity increases from 0% to 97% (in 10% steps) to determine the sorption curve. Then,
the relative humidity decreases (also in 10% steps) to determine the desorption curve. As was the case with the
porosity test, small fragments from the cylindrical and prismatic samples were dried at 105 °C before testing.

2.2.3Mechanical properties
Compressive strength

Measurements of compressive strength in earth samples can be greatly affected by the shape of the sample and
the interface between samples and press platens [34], [35]. Several studies have shown the differences between
cylindrical and prismatic samples for compressed earth blocks and rammed earth [36], [37]. Maniatidis and Walker
[37], for example, demonstrated that the compressive strength measured on a cylindrical sample of reconstituted
earth was higher than the strength measured on the prismatic sample. The presence of angles in the mold reduces
compaction efficiency during sample fabrication, thus reducing the strength. To limit the negative effect of the
angles, the samples used for the compression test were cylindrical. Sample slenderness was adjusted to 2 to limit
friction with press platens. As the material is heterogeneous, the samples should be five times larger than the largest
grain size for the material to be considered as homogenous [38]. In this study, the sand was very fine, and the
cylinders were 10 cm high and 5 cm in diameter.

The compression tests were performed with a hydraulic press. As there is no existing standard for testing this type
of material, the NF EN 13286-53 standard [39], which concerns the fabrication of cylindrical samples for testing
road material, was used for the fabrication of the samples, while the NF XP P 13-901 standard [29] for compression
tests of compacted earth blocks was adapted to this case. As sample slenderness was equal to 2, there was no
specific bracing system. The press was controlled by force, with its speed being set to 0.02 kN/s to limit the effect
of velocity during the test.

Young’s modulus E and Poisson’s ratio v

Young’s modulus is calculated from the strain—stress relation. Strain measurement is difficult and can lead to
scattered results. Mollion [40] compared the Young's modulus obtained when the strain is determined by the
displacement of the press (global) and when it is determined by gauges placed at the center of the sample (local).
The friction between the sample and the experimental setup induces a large difference between local and global
Young’s modulus. To determine the Young’s modulus of a sample, the strain must be measured at a portion of the
sample where friction phenomena is nonexistent. Moreover, Young’s modulus should be measured with loading-
unloading cycles. If these two criteria are not respected, the precision of the results will be lower e.g. in the study
of Kouakou et al. [41], the displacement of the platen was measured without using loading-unloading cycles).

In this study, the strain—stress relation for each mix was determined with video correlation acquired during a
compressive test with three unloading/loading cycles (Fig 3). During these cycles, the load progressively increased
until 33% of the compressive strength was reached, subsequently decreasing until 10% of the compressive strength
was reached. The hydraulic press was tested by force for the dried samples (speed = 0.02 kN/s) and by
displacement for the saturated samples (speed = 0.5 mm/min). A different approach for saturated samples is
necessary because of their low compressive strength, which is difficult to obtain with enough precision with a test



by force. A polytetrafluoroethylene plate has been used on the top and bottom of the sample to limit the friction
between the material and the press. Using this approach, it was also possible to determine the radial strain of the
sample and to deduce from it the Poisson’s ratio of the material.

Young’s modulus and Poisson’s ratio were determined with the slope of the strain—stress relation during the cycles,
while tangent moduli E; were determined with the slope of the strain—stress relation before the beginning of the
cycles.

Cameras

Fig 3. Video correlation set-up

Tensile strength

While there is no existing standard for measuring tensile strength, three-point bending tests and Brazilian tests are
often used in the literature [38]. We opted for a three-point bending test, using the same hydraulic press employed
in the compressive test. The press was controlled by force with a speed of 0.02 kN/s. The samples were prismatic
blocks (15 cm*5 cm*5 cm) obtained by cutting the rectangular samples (Fig 2) in three parts with a diamond saw.
The two lower contact points were placed at 1 cm from the border of the samples (Fig 4).

F

7.5cm

13 cm

[

Fig 4. Boundary conditions of the three-point bending test.

15 cm

Shrinkage

The standard commonly used to determine earth shrinkage, NF P 94-060 [42], requires a material with a water
content close to the liquid limit of the soil. This standard was not relevant for the present study since the main
objective was to produce cohesive samples allowing the determination of all studied properties with the same clayed
matrix (with the same fabrication method for all the mixes). The water content of the three mixes was thus closer to
the plastic limit than to the liquid limit. A new and simple measurement device is proposed to measure linear
shrinkage in one direction (Fig 5).

A 15 cm*15 cm*5 cm prismatic sample was manufactured by compaction, using a similar approach than the
compression test. The shape of the sample was chosen so that a thermal conductivity test could be carried out after
drying. The measurement device designed for this specific study consisted of three fixed borders and a moving
one. All the borders, including the bottom of the device and the moving border, were covered with
polytetrafluoroethylene to ensure that no friction would occur between the sample and the fixed and moving parts
of the structure. As illustrated in Fig 5, the sample was smaller than the box to easily place the sample inside. Once
it was centered, the moving border was put in contact with the sample with two mechanical displacement sensors
maintaining this position. The sensors applied a small force through their springs in the middle of the sample (height-
wise). These mechanical sensors can measure a displacement with a precision of 0.005 mm. The measurement
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device was set up on a weighing machine to simultaneously measure displacement and weight loss without needing
to move the device. The whole system was conserved in a climatic chamber at 50% of relative humidity and 20 °C.
Once the displacement and weight variation between two consecutive days was lower than 2%, the measurement
was terminated.

18 cm

Fig 5. Shrinkage measurement device.

2.2.4Thermal properties
Thermal conductivity

There are two different methods to determine the thermal conductivity of a material, which can lead to different
results: the guarded hot plate and the hot-wire method [38]. Here, we measured thermal conductivity with the
guarded hot plate method in accordance with the NF EN 12667 standard [43]. Prismatic samples were prepared
with earth compaction to respect the dimensions recommended by the standard. Since dried and saturated tests
were made for each composition, it was necessary to take water loss into consideration during the test. To limit
water loss, all the samples were wrapped in cling film. A variation of mass lower than 1% was noticed during the
test. The temperature of the hot plate was set to 25 °C and the temperature of the cold plate was set to 15 °C. The
measurement was terminated when the variation of conductivity was lower than 1% for 90 min.

Specific heat capacity

Specific heat capacity can be measured by means of differential scanning calorimetry (DSC). The NF EN ISO 11357
standard [44] was used to determine the specific heat capacity of each mix. The material was used in its powder
form. The particles were manually ground with an agate mortar until they were smaller than 40 um and dried in an
oven at 40 °C for one week. The specific heat capacity of the saturated mixes was determined from the specific
heat capacities of the dried mix and water at 20 °C, according to the following expression [23]:

c(w) = Cary T W* Cyater (2.1)

With c(w) the specific heat capacity of a material containing water, cq,, the specific heat capacity of the same
material dried and c,,qter = 4.181]J/(g. K) the specific heat capacity of water.

3 RESULTS AND DISCUSSION
3.1 Geotechnical and physical characterization
3.1.1 Atterberg limits and Proctor tests

The Atterberg limits of the three reconstituted soils and the corresponding standard deviations are presented in
Table 3. Regarding the liquid limit (w;), we noticed that the ratio of water content (w) to clay content (cl) was notably
similar for all the mixes. This assertion also holds true for the plastic limit (wp). Liu and Tong [14] analyzed soils
with different kaolinite clay contents and obtained slightly different results. This difference might result from the
presence of silt in their soils, which can influence material consistency. This could imply that the fine particles, which
constitute the clayed matrix in this study, are responsible for material consistency and that the presence of sand
has no impact on it. In this table, the plasticity index I,,, which is the difference between liquid and plastic limits, is
given.



Table 3. Atterberg limits of the three mixes (0S, 30S and 60S).

0S 30S 60S

w (%) 30 21 12

wy, (%) 646+39 432+15 257+14
w/cl 0.65 0.62 0.64
wp (%) 354+30 238+21 156+1.1
wp/cl 0.35 0.34 0.39

Ip (%) 292+49 194+29 102+25

The results obtained from the Proctor tests are given in Fig 6 and Table 4. The maximal dry bulk density was
obtained when the water content (w) was close to the plastic limit of the mix, which is consistent with the
observations from other studies that used the plastic limit as the fabrication water content [15], [41], [45].

5 10 15 20 25 30
Water content [%]
|— 0S —-— 308 60S — Saturation cmvel

Fig 6. Proctor curves of the three mixes (0S, 30S and 60S).

Table 4. Dry bulk densities obtained with Proctor compaction tests.

0S 30S 60S
Yaproctor (- Cm_g) 1.48 1.66 1.91
Wproctor (%) 25.4 21.0 12.1

3.1.2Physical characterization

The dry bulk density y4, the saturated bulk density y,,, the real density y, and the porosity n of each mix are
presented in Table 5. The average values and standard deviations obtained from the cylindrical and prismatic
samples were similar. For this reason, Table 5 only presents the results from the cylindrical samples. It was not
possible to obtain samples from the corner of the bricks to determine whether it exists defects resulted from the
shape of the mold. As expected, the density of the samples increases with the sand content. The porosity increased
linearly with the clay content of the mix. Moreover, the pore sizes observed with the porosimeter (Fig 7a) are
approximately 100 nm, which is the same magnitude as clay. These two elements might indicate that the porosity
is mostly located in the clayed matrix (clay and water). Previous studies have measured the porosity of raw earth
bricks with mercury intrusion porosimetry [46]-[48], obtaining porosity values between 21 and 35%. The pore size
distribution of these measurements is not similar for all the soils, with the pore size varying between 100 nm and
10 pm.

Table 5. Physical characteristics of the samples.

0S 30S 60S
Ysar (g-cm™) 1.80+0.01 196+0.01 214+0.01
Ya (g.cm™3) 150+ 0.02 172+003 192+ 0.01
Ve (g.cm™3) 2.6 2.6 2.6
n(%) 43.7 +0.7 36.6 £0.9 30.6 £0.9
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Fig 7. Pore size diameter (a) and sorption isotherms (b) of each mix (0S, 30S and 60S).

Fig 7b illustrates the sorption and desorption curves of the three mixes. The hysteresis phenomenon between the
sorption and desorption curves is low. This behavior might be explained by the tight pore size distribution (Fig 7a),
which highlights a good connection between the pores. Moreover, the maximal moisture content is higher for the
mix containing more clay, indicating that the clay is able to interact and absorb more water than the sand. Some
authors have measured the sorption and desorption curves of earth bricks [4], [46], [49], where the maximal mass
moisture content of their soils ranged between 3 and 6%. The results of this study were not different (Fig 7b) except
for the mix containing 60% of sand, which is lower. As previously evidenced by McGregor et al. [4], the difference
in maximal moisture content between two soils can also be explained by the type of clay, which greatly affects water
absorption on earthen materials. With an expansive clay, such as smectite, the water absorption of earthen material
will be more important than with a non-expansive clay, such as kaolinite used in this study.

3.2Mechanical properties
3.2.1Compressive strength R,

The mechanical properties measured in this experimental campaign and their standard deviation are summarized
in Table 6. As shown in Fig 8a, the compressive strength (R,) of the dried and saturated samples linearly increased
with the sand content and the density of the samples. This evolution can be explained by the presence of sand in
the material which increases the resistance of the material. Moreover, it was observed that the strength of the
material was higher for dried samples than for wet ones. The standard deviation was low, indicating that the
fabrication protocol did not significantly affect the compressive strength of the material.

Table 6. Mechanical properties.

0Ss 30S 60S
Rc MPa 0.11 + 0.02 0.22 +£0.01 0.33 £ 0.02
Rt MPa 0.052 + 0.003  0.060 + 0.003 0.121 + 0.022
Saturated E MPa 35+ 18 20+ 8 18+ 3
E; MPa 194+ 8 35418 16+0.2
v - 0.24 £ 0.01 0.39 + 0.12 0.46 + 0.01
Rc MPa 0.99 £ 0.18 1.16 £ 0.13 1.28 £0.10
Rt MPa 0.40 + 0.06 0.37 £ 0.08 0.23 +£ 0.02
E MPa 262 + 32 832 + 100 1191 + 69
Dried E; MPa 108 + 42 784 + 331 938 + 299
v - 0.30 + 0.02 0.34 + 0.04 0.40 + 0.02
& % 3.66 +£0.21 2.68 +0.23 0.76 £ 0.11
Am % 24.19 + 0.41 18.26 + 0.22 11.1+0.24
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Fig 8. Evolution of the compressive strength of the samples as a function of sand content (a); experimental data
(from the dried samples) and literature review comparison of compressive strength as a function of dry bulk
density (b).

Numerous studies [12], [41], [45], [50] have shown that the compressive strength increases with the density in soils
with similar components. Fig 8b illustrates the relation between compressive strength and dry bulk density for
different types of soil, comparing the experimental data of this study with data from four other studies. Ouedraogo
et al. [51] and Laborel-Prérenon et al. [52] chose the same method of fabrication as us but using samples 5 cm
high, while Bamogo et al. [53] and Aubert et al. [35] used compressed bricks of various dimensions. We observed
that the results vary significantly for similar densities. The compressive strength values obtained in this study are
lower than those obtained by others, which could be explained by the composition of the samples (pure kaolinite
and the uniform grain size distribution of the sand).

The compressive strength varied significantly with the moisture content (Table 6). The presence of water in the
pores induces capillary pressure (or suction), enhancing the cohesion of the material. The lower the water content,
the smaller the pores filled with water and the higher the capillary pressure. If the water content is too high, the
suction will not be strong enough to ensure cohesion and the compressive strength will decrease. Bui et al. [22]
and Laou et al. [46] studied the effect of water content and suction on the compressive strength. Their results
highlighted a strong correlation between strength and suction.

3.2.2Young’s modulus E and Poisson’s ratio v

Many studies have measured Young’s modulus E during compressive tests [14]—[17], [19], with the results showing
significant dispersion (30—1000 MPa) [13]. The dispersion can be explained by the variability of earth compositions,
the moisture content and the shape and size of the samples. Alternatively, the heterogeneity of the results can
result from the lack of a standard to measure the Young’s modulus on raw earth. Consequently, the measuring
protocols can vary significantly from one study to another. The first difference concerns the loading path, with some
authors opting for a simple compressive test [16], [17], [46], [54] to measure the modulus and others opting for a
cyclic compressive test [54]. The second difference lies in the strain measurement approach: in some studies, a
strain gauge was employed directly on the samples [54], while in others the displacement of the platen of the press
was measured [16], [17], [46]. Champire et al. [54] measured the Young’s modulus of three different earths using
video correlation, obtaining values ranging from 1 to 5 GPa. In this experimental study, the order of magnitude of
the Young’s modulus was ranging from 0.3 GPa to 1.2 GPa (Table 6) for dried samples, which was smaller than
their results. However, the general behavior of the material was similar. Fig 9 illustrates the evolution of the axial
and radial strains in a saturated sample containing 60% of sand as a function of the stress. The high values of the
axial and radial strains highlight the significant deformation of the saturated samples during the test.
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Fig 9. Evolution of the axial and radial strains (60S saturated sample) as a function of the stress.

The relevance of the water content on the properties of the material can be observed in Table 6 and Fig 10a. A
significant difference between dried and saturated samples can be noticed. The values of the Young’s modulus of
wet samples are so low that analyzing the differences between the three mixes does not seem relevant, while a
comparison is possible for the dried samples. Asfer in the compressive strength, the Young’s modulus increases
with the sand content.

The Poisson’s ratio is ranging from 0.25 to 0.45 (Table 6). In Fig 10b, it is observed that the Poisson’s ratio increases
as a function of clay content, but the water does not seem to impact in a specific way this property. Few authors
have measured Poisson’s ratio v, with results in the literature ranging from 0.15 to 0.45 [11], [19], [21]. The results
of this study are thus consistent with these observations.
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Fig 10. Evolution of Young’s modulus (a) and Poisson’s ratio (b) of the samples as a function of sand content.

3.2.3Tensile strength R,

The tensile strength (R;) of earth is difficult to measure directly, which explains the scarcity of experimental results
in the literature. However, some authors have determined the tensile strength of earth materials using Brazilian
tests [11], [16], [19], [20], [55], [56]. The values obtained are all lower than 0.52 MPa [11] and the ratio between the
tensile and compressive strengths varies between 0.1 and 0.2. In this study, the ratio ranged between 0.2 and 0.5,
depending on the water content of the sample. This large difference might highlight the necessity to experimentally
determine the tensile strength of earth, since it cannot be easily linked to the compressive strength.

The results summarized in Table 6 and illustrated in Fig 11 indicate a low tensile strength. In the dried samples, the
strength decreased as the sand content increased; the opposite phenomenon was observed in the saturated
samples. It is clear that the sand content reduces the cohesion of the material.
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3.2.4 Shrinkage €, and mass loss 4m

Fig 12 shows the shrinkage behavior of the three mixes as a function of water content. For the sake of comparison,
the relative water content, defined as the ratio of water content to the initial water content, was used. In the graph,
shrinkage is defined as the relative length of the sample, which corresponds to the ratio of length variation in the
measured direction to the initial length. It is worth noting that the shape of these curves is similar to the clay
shrinkage curve defined by Chertkov [57] and is consistent with the results obtained by Bahar et al. [45]. The
shrinkage is linear until it reaches a plateau, with the end of the linear portion of the curve corresponding to the air
entering the pores. The curves also indicate that the samples continue losing water when the shrinkage is over. In
Fig 12, the mix containing the highest content of clay presents the highest shrinkage. This phenomenon can be
explained by the fact that the presence of sand grains inside the clay limits the possible shrinkage.
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Fig 12. Shrinkage curves for the three mixes (0S, 30S and 60S).

Final linear shrinkage values and their associated standard deviation are reported in Table 6. The shrinkage
increased as the sand content decreased, as observed in [45] and [58]. The order of the magnitude of the observed
shrinkage is consistent with other values found in the literature (Table 7). However, considering the high number of
the parameters affecting earth shrinkage, such as the molding water content, the clay content, the type of clay and
the particle size distribution of the sand, it is difficult to compare the results obtained from different studies (which
analyze different soils with various methodologies) without a model that takes into account all these parameters.
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Table 7. Linear shrinkage values found in the literature.

Ref. Type of clay cl (%) w (%) € (%)
Present study kaolinite 40-100 12-30 0.76-3.66
Heath et al. [59] nd 25-38.1 nd 7-10
Walker et al. [58] kaolinite 20-90 nd 0.4-12.8
Bouhicha et al. [60] nd 21-40 19-28 4-8
Sangma et al. [61] nd 14.25 31.7-40 3.18-5.21

3.3Thermal properties

The thermal conductivities (1) and specific heat capacities (c) for the three soil compositions and their standard
deviation are presented in Table 8. Thermal conductivity measurements were not scattered between the three tests
series, indicating that sample fabrication does not have an impact on thermal conductivity; this parameter was
mainly affected by the composition of the material.

Table 8. Thermal properties.

0S 30S 60S
Veat g/lcm® | 1.80 + 0.01 1.96 +0.01 2.14 +0.01
Saturated 2 W/(mK) | 1.15+ 0.08 1.34 4+ 0.06 1.00 + 0.09
c JgK) | 2.04+0.10 1.84 +0.19 1.29 + 0.01
Ya glcm® | 1.50 + 0.02 1.72 + 0.03 1.92 + 0.01
Dried 2 W/(m.K) | 0.40 + 0.01 0.54 + 0.02 0.70 + 0.08
c JgK) | 1.01+0.14 1.14 + 0.25 0.88 + 0.01

Many authors have measured the thermal conductivity of earth in different forms, adobe [7], [62], [63], rammed
earth [23], [24], [64], [65], cob [66], and with different measurement devices, transient-state measurements with hot
wire [62], [63], [66] or surface probes [23], [65] and steady-state measurements with a guarded hot plate [7], [24],
[49], [51], [64]). Fig 13 illustrates thermal conductivity as a function of dry bulk density measured in some of these
studies using a guarded hot plate (for samples with low water content). The results from this experimental campaign
(for dried samples) are plotted in the same figure, showing that their magnitude is consistent with the literature with
the guarded hot plate. The thermal conductivity of dried samples seems to increase with the dry bulk density.
Moreover, the dried bulk density seems to be linked to the porosity (Table 5) of the material: the more porous a
material is, the lower its thermal conductivity. Laurent [23] noted a similar results with the 10 different rammed earth
he has analyzed.

Table 8 also describes the evolution of thermal conductivity as a function of water content. The thermal conductivity
is higher when the degree of saturation is higher, but the pattern seems to be different for all the analyzed mixes.
Hall and Allinson [24] showed that thermal conductivity increases linearly with the degree of saturation of a sample,
with the slope of the linear relationship varying with the density of the sample. This linear evolution cannot be
confirmed by these results because only two degrees of saturation have been tested. However, it can be noticed
that the increase of the thermal conductivity between the dried samples and the corresponding saturated samples
is lower for the samples without sand than for the samples containing 30% of sand. This confirms the statement of
[24]. However, the conductivity of some sands may be lower than that of water [67]. Therefore, the addition of a
large amount of sand can theoretically decrease the thermal conductivity of some mixtures, which could explain the
behavior observed of saturated samples.
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Fig 13. Thermal conductivity of earth samples measured with a guarded hot plate.

Several authors have measured the specific heat capacity of earth, finding values that range between 0.800 and
1.200 J/(g.K) [5], [8], [23], [49], [62], [66], [68]. The values obtained in this study (Table 8) are consistent with these
measurements. The evolution of the specific heat capacity of the dried samples does not seem to follow a notable
evolution as a function of the sand content. For saturated samples, the specific heat capacity values depend on the
water contents of fabrication, which was to expect as they were determined from the results of the dried samples
and Equation (2.1).

3.4 Discussion

The results confirm the negative impact of increasing sand and water contents on the thermal conductivity.
However, they increase the thermal inertia which confirms the interest of earth material for the design of eco
environmental constructions.

Concerning the mechanical properties of dried samples, when sand content increases, compressive strength and
Young's modulus tend to increase and shrinkage decreases. Thus, these properties are improved as expected.
However, simultaneously, the tensile strength decreases which means that this material performance is lower. Even
if the presence of sand seems to benefit to the compressive strength, the Young’s modulus and the shrinkage, it
reduces significantly the tensile strength. The reason could be related to the balance between shrinkage reduction
and tensile strength reduction which affects the mechanisms of cracking of earthen materials. During the drying,
the sand restrains the clay shrinkage resulting in a stress concentration around aggregates, so the benefit of
capillary pressure on local tensile strength of the matrix is partially removed at the macro scale by this micro
mechanism inducing crack initiation around aggregates.

4 CONCLUSION

This study deals with the characterization of three reconstituted soils containing kaolinite and fine sand in different
proportions. The mechanical and thermal properties of the material, with two different moisture contents, were
determined to assess the coupling effects of sand and water on the performance of earth construction materials.

Regarding the thermal properties of the material, the measurements of its thermal conductivity and specific heat
capacity confirm previously published data for dried samples. Earth cannot be deemed a good insulating material
solely on the basis of its thermal conductivity, which is ranging from 0.4 W/(m.K) without sand to 0.7 W/(m.K) with
60% of sand. The ability of earth to provide thermal comfort is possible because of its thermal inertia, which is
positively affected by the increase of density and specific heat capacity.

The mechanical characterization highlighted how the composition of earth, and especially the sand and water
content, affects the properties of the material. First, for dried samples (RH 50%), as the sand content increases
from 0 to 60%, the compressive strength increases from 0.99 to 1.28 MPa, the Young’s modulus increases from
0.3 to 1.2 GPa and the tensile strength decreases from 0.4 to 0.23 MPa, showing the negative impact of sand on
tensile strength during drying. Secondly, the water inside the material interacts with the clay, also affecting the
compressive strength and tensile strength. For example, for the mix containing 30% of sand, the compressive
(respectively tensile) strength varies from 0.22 (respectively 0.06) MPa at the fabrication water content to 1.16
(respectively 0.37) MPa after drying at 50% RH. These observations are consistent with data found in the literature.

A new measurement device was developed to measure earth shrinkage on a sample with the same fabrication
water content as the samples used for other tests. The device measures the unidirectional shrinkage of a brick with
two mechanical sensors. The final shrinkage values, ranging from 3.66% without sand to 0.76% with 60% of sand,
are consistent with the data obtained in the literature (on earth samples containing mostly kaolinite). It should be
noted that shrinkage is largely affected by the type of clay present in the material and that results can vary
significantly from one earth composition to another. The capillary pressure of the micropores increases when the
material dries and enhances the cohesion of the material. However, the sand by limiting the shrinkage may produce
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stress concentrations in the vicinity of aggregates leading to damages in the clayed matrix which reduces the
apparent tensile strength of the mix.

Since the earth composition was entirely known in this experimental design, the variability of the material was solely
a result of the fabrication process. We chose a specific composition (clay and sand) to facilitate using the
experimental results in a model based on homogenization procedures. Such a model could be used to predict the
performance of a material depending on its composition. However, seeing as earth is composed of many different
types of clay and sand in various proportions, this experimental campaign is not sufficient to predict the behavior of
all earth types. Undertaking a campaign with other types of clay, sand and water contents would complement the
experimental data obtained in this study. The standard deviation was quite low throughout the study, indicating that
variability is limited when the composition of the material is well known. In a next stage, we will seek to develop a
homogenization model able to predict the variability of the properties of a material depending on the variability of
its composition. Such a prediction would be useful to define the earth composition variability for which the properties
of the material are suitable for construction.
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