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30.1 Introduction

In recent years, there has been a renewed interest in earthen building materials for
restoration/repair of historic and cultural heritage buildings and for use as a low-
energy material in sustainable architecture (Aymerich et al. 2012). The renewal of
the use of soil as a building material is related to the significant reduction of the
environmental impact due to the use of local raw materials and simple manufac-
turing processes and energy-efficient (Minke 2000, 2009). In addition, earth-based
materials allow better balance and thermal control and internal acoustic compared
with conventional building materials. This is due to their performances in terms of
moisture absorption/desorption, heat storage capacity (hydrothermal regulation) and
sound transmission properties (Minke 2000, 2009; Binici et al. 2009). Currently,
building owners and architects also choose earth as a building material because of
the advantages in terms of aesthetics and sanitary quality of air (Rohlen et al. 2013).

Earth construction was influenced by the geographical situation and the local
cultures. So many construction methods exist: adobe, compressed earth brick, cob and
rammed earth. In Normandy, the most common technique is cob which is a mixture
of raw earth and natural fibres (usually wheat straw). The cob building technique
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consists in the construction of a massive wall, often bearing, implemented by piling
earth—fibre balls in plastic state, possibly by using formwork, compacted with the
fork and the stick then cut to the wall. In order to ease mixing, largest elements
are removed. Fibres allow to maintain the cohesion and to limit the shrinkage on
drying (Galdn-Marin et al. 2010). Usually, the mixed water content is between 10
and 20% in order to obtain a compact paste (which does not crumble). Typical soil
used in cob contains about 30% gravel (2/20 mm), 35% sand (0.063/2 mm) and
35% silt (0.002/0.063 mm) and clay (<0.002 mm = 2 wm) with a variation of these
parameters of more or less 10% (Akinkurolere et al. 2006).

In this study, straw fibre was used. Different cob formulations were made to
evaluate the influence of different parameters (type of soil and fibre content). This
study was conducted in CobBauge project which is an Interreg programme financed
by European Union.

30.2 Materials

30.2.1 Soils

For this study, three different soils from the Lieusaint quarry (Normandy) were
chosen: a sand (soil 1), ared clay (soil 2) and a silt (soil 3) (Fig. 30.1). Geotechnical
properties of soils are presented in Table 30.1.

According to fines content, soil 1 has the largest percentage of coarse grains. Soil
1 will be used to form the material skeleton. Given their high fines fraction (<80 pm),
soils 2 and 3 (between 70 and 90%) will act as binders between grains of soil 1. So
two mixtures of soil 1, 2 and 3 were made: soil 1 with soil 2 (mix A) and soil 1
with soil 3 (mix B). The mass proportion retained is 2/3 of soil 1 and 1/3 of soil 2
or 3. This allows to have two mixes with a similar particle size distribution with a
small difference between 0.3 mm and 80 wm (Fig. 30.2). The two curves are typical

(a) _ (b) _ _ _ (c)

Fig. 30.1 Soils used for the study: sandy soil 1 (a), red clayed soil 2 (b) and silty soil 3 (¢)
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Fig. 30.2 Particle size distribution of the three soils and the two mixes

of traditional cob (Akinkurolere et al. 2006). Indeed, these two mixes have 26% of
gravel, 35% of sand and 39% of silt and clay.

30.2.2 Natural Fibres

The use of natural fibres has different advantages when used as reinforcing materials.
First, these fibres are widely available and cheap. Moreover, their use in construc-
tion will be new opportunities for agricultural materials. On the other hand, their
valorisation allows a reduction of the environmental impact compared to mineral or
polymeric fibres due to their renewable and biodegradable aspects, CO, emissions
neutrality and low-energy products.

Furthermore, the addition of randomly distributed fibres into a material provides
isotropic strength (Kumar et al. 2006). Fibres prevent cracking propagation dur-
ing traction after initial deformation (Elizabeth and Adams 2005). Increasing fibre
content allows to reduce cracks amount caused by shrinkage and to raise hydraulic
conductivity of compacted soil (Millert and Rifai 2004; Tang et al. 2010).

As traditional cob, wheat straw was used in this study. Wheat straw comes from
Laulne (Normandy). Wheat straw properties are presented in Table 30.2. Variability
of wheat straw length is explained by its agricultural development but, also, its
industrial processing and the harvest method.

An important characteristic of natural fibres is the water absorption. Indeed, this
characteristic will influence, on one hand, the mix in the fresh state (absorption of
available water) and, in the other hand, the long-term behaviour (change in fibre
volume and fibre/soil interface modification). The water absorption coefficient was
determined by fibres’ immersion in water during several periods (1, 5, 15 min, 1, 4,
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Table 30.2 Characteristics of straw fibres obtained in this study

Diameter Density Length (cm) Initial water | Tensile Young
(mm) (g/crn3) content (%) | strength modulus
(MPa) (MPa)

1-4 1.182 + 15-50 8.4 28.83 £ 1734 £ 327
0.073 7.61
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Fig. 30.3 Fibre water absorption coefficient through immersion time

24 and 48 h). After this, fibres were spun with a centrifuge at a speed of 500 rounds
per minute for 15 s. Results show that straw water absorption coefficient is high (see
Fig. 30.3). Indeed, absorption mean value at 24 h is 309% (each value is the average
of six samples).

30.2.3 Formulations and Samples’ Preparation

Two mixes A and B were used in this study. In order to study the influence of fibre,
several mass fibre content were used: 1, 2 and 3%. The straw length used was 5 cm.
Thus, fibres were cut to the required length, added randomly and mixed until getting
a homogeneous composite. According to usual method, the water content used (18%
for mix A and 16% for mix B) is 6% higher than mixtures Proctor optimum contents
(between 11.7 and 12.1% for mix A and between 9.6 and 10.2% for mix B). All
samples were stored at 20 & 2 °C and 50 £ 5% relative humidity. Samples were
removed from the mould after 2 days to have sufficient initial strength to stand alone.
Initial mass (after manufacture) and mass after unmolding were measured in order
to know the water content over time.
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30.3 Methods

30.3.1 Thermal Conductivity

Concerning thermal conductivity, transitional method is often used for heterogeneous
materials with high moisture content. For this method, a heat source is installed in
soil and the soil temperature variations are recorded during measurement. As this
method requires a short measurement time (a few minutes), change of the whole
soil matrix/fibres/water (influence by the heat source—shrinkage for example) over
time caused by measurement can be negligible. The hot-wire method is one of the
most commonly used methods for measuring thermal conductivity of unsaturated
soil (Tang 2005).

In this study, KD2 Pro device (Decagon Devices, INC) was used with TR-1 sensor.
The standard used was ASTM D5334-08. Measurements were made on a cylindrical
sample with a diameter of 152 mm and a high of 152 mm. For each sample, the
experimental protocol consists of drilling 9 holes of the same sensor size, coating
the sensor surface with a thermal paste and, then, install sensor in the hole before
starting the test. Between each measurement, a minimum of 3 days is needed to dry
(one day) and homogenise (two days) samples.

30.3.2 Hygrometric Properties

Dynamic vapour sorption is a gravimetric technique for measuring vapour interac-
tions with solids. In this study, a ProUmid SPSx- 1 sorption/desorption analyser was
used. According to NF EN ISO 12571, it is necessary to use at least four different
atmospheres between 30 and 90% relative humidity. Here, for a greater accuracy,
eighteen measurement points were made between 5 and 90% relative humidity for
sorption and desorption.

For the fibres, samples of 2.5 cm length were used. For cob samples, they were
approximately 40 x 40 x 30 mm in size obtained from cylindrical samples @150 x
H60 mm. Samples were dried at 50 °C, then put in an airtight container containing
silica gel in order to cool samples without letting the samples absorb moisture.

30.4 Results and Discussion

30.4.1 Thermal Conductivity

Results for thermal conductivity are presented in Figs. 30.4 and 30.5. These results
show that thermal conductivity is linked to water content as found in previous stud-
ies (Tang 2005). Indeed, thermal conductivity decreases during drying. This can
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Fig. 30.4 Thermal conductivity changes of mix A with various fibre contents according to the
water content during drying
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Fig. 30.5 Thermal conductivity changes of mix B with various fibre contents according to the
water content during drying

be explained by the fact that water evaporates and is replaced by air which has a
lower thermal conductivity than water 0.025 W m~! K~! instead of 0.6 W m~! K~!.
Howeyver, it has to be noted that, above a water content of around 6%, the thermal
conductivity decrease is lower (see Fig. 30.4 and 30.5). This can be due to shrinkage
which increases slightly the sample dry density, therefore slightly increases the ther-
mal conductivity. This leads to a competition between two phenomena (drying and
shrinking) which have opposable effect on thermal conductivity. This explanation
can be better seen in the case of mixture B. With 2% of fibre, there is less shrinkage,
so the thermal conductivity decreases regularly from the beginning.

Moreover, results show that a higher fibre content leads to a lower thermal conduc-
tivity as seen by (Ledhem et al. 2000). Indeed, straw fibres have a thermal conduc-
tivity between 0.055 and 0.065 W m~! K~! compared to soil thermal conductivity.
Figure 30.6 shows the evolution of thermal conductivity at the equilibrium (in storage
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Fig. 30.6 Thermal conductivity versus dry density of mixes with various fibre contents

conditions at 20 £ 2 °C and 50 =£ 5% relative humidity) according to dry density of
the two mixes. An addition of fibre introduces an additional porosity and, thus, leads
to a lower dry density of the soil/fibre mix. Results show that this porosity decreases
thermal conductivity as seen by (Laurent 1986) Values obtained for mix A (0.72 £
0.08 W m~! K~! with a density of 1560 kg/m?) and for mix B (0.91 & 0.07 W m~!
K~! with a density of 1580 kg/m?) with 2% fibre content are similar to characteristics
observed in a nineteenth-century cob house (0.76 & 0.12 W m~! K~! with a density
of 1660 kg/m?) (Laurent 1986).

30.4.2 Hygrometric Properties

Results for hygrometric properties are presented in Figs. 30.7 and 30.8. Firstly, these
results show that values of standard deviation are lower for RH < 50% than for RH >
50%. The results for the fibre-free mixtures A and B show that the water content of
the mixture A varies between 0.2 and 3.7% and that of the mixture B varies between
0.2 and 2.8%. Mixture B thus has a lower hygroscopic capacity than mixture A. This
difference is probably due to the clay activity which is more important for mixture
A. Indeed, since the clay activity is proportional to the specific surface area, a larger
surface area means greater adsorption of water molecules.

These results also show that increasing fibre content increases the material hygro-
scopic capacity. Values obtained for RH = 90% show that, compared to mixes without
fibre, the water content increase is equal to 3.5, 7.5 and 9.9% for an addition of 1,
2 and 3% fibre for mix A and 3.2, 7.1 and 11.1% for mix B. These results show
that the water content increase seems to almost linearly depend on the fibre con-
tent. This phenomenon can be explained by the greater sorption/desorption capacity
of wheat straw fibres compared to mixes A and B (Fig. 30.9). These results show
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Fig. 30.7 Sorption/desorption curves of mix A with various fibre contents
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Fig. 30.8 Sorption/desorption curves of mix B with various fibre contents
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Fig. 30.9 Sorption/desorption curves of wheat straw, mix A and mix B
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that hygrometric properties of cob can be almost determined knowing soil and fibre
sorption/desorption curves.

30.4.3 Thermal Conductivity Versus Hygrometric Properties

Cob sorption/desorption curves allow to establish the influence of ambient hygrome-
try on material characteristics. Indeed, thermal conductivity has been followed during
drying of mixes A and B. The influence of relative humidity (RH) on the thermal
conductivity was thus determined and is presented in Table 30.3 for a decrease in RH
from 90 to 50%. Results show that the RH decrease leads to a decrease of thermal
conductivity around 20-30% for mix A and around 10-22% for mix B. Behaviour
differences between mixes seem to come from clay activity. Indeed, clay activity is
linked to specific surface area and, therefore, a lower clay activity leads to lower
water content variations. Since thermal conductivity varies with water content, a
lower water content variation results in a smaller change in thermal conductivity. It
should also be noted that thermal conductivity evolution between 90 and 50% RH is
greater for fibre materials than non-fibre materials. This is due to the fact that water
content variation is similar for each formulation of each mixture and that thermal
conductivity decreases as the amount of fibre increases.

30.5 Conclusions and Perspectives

In this study, thermal behaviour and hygrometric properties of cob formulations were
presented. Results obtained show that thermal conductivity decreases when fibre
content increases. This is due to material lower density and to fibre conductivity.
With 3% fibre content, thermal conductivity is 0.65 £ 0.09 W m~! K~! for mixture
A and 0.59 & 0.05 W m~! K~! for mixture B. Concerning hygrometric properties,
results show that knowing each component hygrometric properties will allow to
predict cob properties. Knowing hygrometric properties allows to determine cob
behaviour variation during the building life.

Thanks Authors thank the Interreg VA France (Channel) England programme financed by the
European Union.
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