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Abstract

After being almost abandoned in Europe at the end of the Second World War, raw earth is currently regaining the interest of civil engineers and architects
worldwide. Raw earth (unfired earth) displays very interesting thermo-hygro-mechanical properties, which can contribute to the reduction of the
environmental impact of buildings not only during construction but also during service life. Nevertheless, one of the main reasons preventing dissemination
of raw earth into mainstream construction practice is the lack of commonly agreed protocols for assessing engineering performance. In this context, the
RILEM Technical Committee 274-TCE is critically examining current experimental procedures to propose appropriate testing methods that could be
adopted as standards. The present paper summarizes the main challenges faced by the committee and describes some of the existing procedures for
measuring the engineering properties of earth materials. The main issue identified by the committee is that laboratory protocols do not accurately
reproduce field conditions. The representativeness of laboratory samples is also questionable due, for example, to different degrees of material
homogeneity with respect to the field. Finally, the paper identifies some possible routes to reduce the discrepancies between laboratory testing and field
conditions in relation to the thermo-hygro-mechanical characterization of earth materials.
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due to: a) the different geological characteristics of the sites
from where the earth is sourced and b) the different
construction techniques, which can vary depending on soil
types and manufacturing tools.

1 Introduction

Humans have used raw earth in various forms during
millennia for the construction of dwellings. After the Second

World War, however, the use of raw earth was almost
abandoned in industrialised countries due to the diffusion of
concrete and steel. This tendency has been inverted only in
recent decades when earth building has started to regain the
interest of architects, engineers and policy makers because of
its ecological prerogatives. Earth is an abundant and
recyclable material, which generates little construction
waste. Earth is also less energy-demanding than conventional
building materials such as, for example, concrete and steel
[1,2].

Nevertheless, one of the main reasons preventing the
dissemination of raw earth into mainstream construction
practice is the absence of internationally acknowledged
standards for assessing the thermo-hygro-mechanical
performance and the durability of the material. A good
understanding of these two aspects requires taking into
account the large variability of earth materials which is mainly
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Among the different construction techniques, the most
common ones are adobe, cob and rammed earth [3]. Adobe
bricks are manufactured from wet earth which is moulded
into a frame and then dried to the sun. Cob consists instead
of a monolithic wet earthen mixture, which is ladled in
courses onto a foundation. Finally, rammed earth is the
product of compacting consecutive soil layers (ideally at the
optimum water content to maximise density) within a
formwork by using a manual or pneumatic rammer. A recent
variation of rammed earth consists in the fabrication of
compressed earth blocks that are subsequently assembled in
the form masonry structures. The above descriptions are
however rather general and manufacturing protocols can
strongly vary in function of climate, location and skills. Other
construction elements are also gaining popularity including
extruded raw earth bricks and prefabricated rammed earth
panels.
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Besides the above differences, a number of similarities exist
between different earth building methods. Firstly, all earth
walls are relatively thick (30 to 50 cm) and are separated from
the underlying ground by a foundation that prevents capillary
rise. Moreover, all earth materials are composed of distinct
soil fractions including silts, sands and possibly gravels which
are bound together by a clayey matrix that provides cohesion.
The connections between these different constituents are not
perfect and small voids are embedded within the material
forming a porous network that enables gas or liquid flow. Raw
earth is generally classified as a porous material with relatively
low resistance to vapour and water transfer. The high water
affinity of clays, and possibly embedded fibres, also facilitates
the capillary condensation and adsorption of water inside the
porous network. This combination of moisture transport,
condensation and sorption mechanisms confers a marked
hygroscopic nature to earth materials and a great ability to
regulate indoor relative humidity. Furthermore, the
exchanges of latent heat that occur during the
condensation/evaporation and adsorption/desorption of
pore water can strongly enhance the thermal inertia of the
material.

The high hygroscopicity of raw earth has also an impact on the
mechanical properties as a consequence of the interaction
between the pore water and the clay fraction. This interaction
can result in swelling or shrinkage [4,5] and can cause the
reduction of strength and stiffness. A common way to reduce
the adverse effect of water on mechanical behaviour and
therefore to enhance the durability of earth materials consists
in the addition of hydraulic stabilisers such as cement or lime
[6], which however increases the environmental impact [7].
Recent research has therefore focused on the development
of alternative binders, from cow dung [8] to geo-polymers [9],
with lower energy/carbon footprints than conventional
hydraulic ones. Stabilisers may also generate adverse effects
on the behaviour of raw earth when exposed to fire, frost-
thaw and wetting-drying cycles due to a modification of the
binding fraction and the consequent change of the porous
structure.

Some of the most important open questions about the design
of effective earth building materials relate to: a) the optimal
characteristics of earth mixtures and b) the assessment of
material performance in relation to sustainability, strength,
seismic resistance, thermal behaviour, moisture buffering
capacity and durability.

Questions about the optimal characteristics of earth mixtures
have been partly answered by current recommendations,
guidelines and standards. For example, the BS1377 standard
defines an admissible range of particle grading for rammed
earth construction while other research works, e.g. [10],
recommend proportions of clay (15-30%), silt (10-30%) and
sand (50-75%) for adobe blocks. In general, the clay content
should be sufficiently high to ensure acceptable levels of
stiffness and strength while the expansive fraction should
remain below 50% of the total clay content to avoid cracking.
The analysis of existing buildings also indicates that particle
size distribution cannot be used as the only parameter to
discriminate between earth materials [11-13] and that no

objective rule currently exist to assess suitability for building
based solely on granular properties.

Questions about the assessment of material performance are
more difficult to answer given the diversity of test procedures,
which are often tailored to specific materials or external
actions. This difficulty has recently led to the establishment of
the RILEM technical committee TCE 274 which has the
mission of defining accurate, repeatable and reproducible
performance-oriented testing protocols that could, in the
future, be adopted as international standards. The results of
this work will be presented in upcoming publications while
this paper intends simply to provide a summary of the main
challenges faced by the committee together with a brief
description of existing procedures for measuring the
engineering properties of earth materials.

The paper is divided in three parts: the first part deals with the
study of hygroscopic and thermal performance, the second
part is dedicated to the assessment of mechanical behavior
and the third part analyse the main factors that affect
durability.

2  Assessment of hygrothermal performance
2.1 Main hygrothermal material parameters

In civil engineering, the hygroscopicity of a material is defined
as its ability to act as a passive humidity regulation system. For
that purpose, the velocity at which water molecules are
adsorbed is at least as important as the total amount of water
molecules that can be adsorbed. The term “hygrothermal” is
commonly used to denote the couplings between mass
transfers of water phases, including their phase changes, and
heat transfer. These two concepts are thus linked together,
and a material with good moisture buffering capacities will
also show good hygrothermal properties.

The main equations of hygrothermal couplings are nowadays
quite well known by the scientific community, and their
detailed and comprehensive descriptions are provided in
many papers, including [14] and [15]. Briefly, if local
equilibrium is assumed, the conservation equations that drive
the hygrothermal couplings can restricted to a system of
three partial differential equations, two of them based on
mass balance equations, and one on the heat balance. These
relations are driven by three main groups of parameters. The
first one is the thermal parameters, which are identified as
the thermal conductivity, denoted by A, and the heat
capacity at constant pressure, denoted by C,. For convenient
purpose, these parameters can be replaced by the thermal
diffusivity (a = 1/C,) and effusivity (e = /AC,). The second
one is the mass transport properties, that are the vapour
diffusion coefficient, 8, and the permeability to liquid and
gas. Finally, the last one would be the sorption-desorption
curves, which will give the water content (w) of the material
in function the relative humidity (¢) for a given temperature
(T'), and that allows to determine the water storage capacity,
& = 0w/0d¢, and eventually the evolution of water content
with temperature at constant relative humidity (i.e. y =
0w /0T). The measurement of all these parameters is not
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trivial, since they can be strongly influenced by both
temperature and relative humidity.

2.2 Measurement of material properties

2.2.1 Thermal properties

The values of the dry thermal conductivity of earthen
materials reported in literature is quite scattered (values
between 0.2W/m/K and 2W/m/K were measured), and no
clear tendency can be found with dry density [16-27].
Similarly, the measured increment of thermal conductivity
with water content seems strongly dependant on the tested
material and on the test protocol. One explanation of these
differences may the variability of the material, but another
one may be the large number of testing methods. The most
common ones are the “Guarded Hot Plate”, which is a steady-
state method recognized by a number of international
standards (for example, [28], [29] and [30]) to measure the
thermal conductivity and, the transients methods, like
“Needle Probe”, “Line Source” or “Hot Wire” described in the
international standards [31] and [32] and the “Plane Source”
or “Hot Disk” described in the international standard [33].
These latter can be used to estimate both the thermal
conductivity and the heat capacity. However, to date, no
study clearly indicates the impact of these methods on the
obtained results for earthen materials.

Finally, the “Differential Scanning Calorimetry” is one of the
most common techniques to measure the heat capacity of
materials [34-36], but fewer studies have been realised with
this apparatus on earthen materials. One of them have been
realised in the 80s by [17]. It showed values in the range of
1500 kJ/m3/K for dry earth, and a linear variation with water
content.

2.2.2 Vapour permeability

Water vapour permeability is commonly measured according
to the "wet cup" or "dry cup" methods using the standard EN
ISO 12572. Basically, the experimental protocol used for these
two tests consists in placing the sample on top of a cup whose
relative humidity is controlled by a saline solution. For the wet
cup, a potassium chloride solution is commonly used, leading
to a relative humidity level of 85% at 23°C. For the dry cup,
silica gel may be used, but potassium acetate solution (RH
level, 25% at 23°C) was found to provides better stability of
relative within the dry cup [37]. To seal the samples to the
cup, a vapour-tight aluminium tape is often used, because it
does not adsorb a significant quantity of moisture itself [38].
The assemble is then put in a chamber at controlled relative
humidity and temperature. The difference in vapour pressure
between the cup and the chamber, denoted by Ap, and
equal to the difference in relative humidity multiplied by the
vapour pressure at saturation (equal to 28 mbar at 23°C),
creates a flow of vapour through the sample.

The test analysis consists in matching the mass variation of
the cup assembly (wet or dry) denoted by G and the mass
flow of vapour through the sample, which is equal, at first
order,to A6, Ap# /d, where dis the thickness of the sample,

A its cross section and Ap7 is the difference in partial
pressure of vapour between the two faces of the samples.
ApZ is not rigorously equal to Ap,, due to diffusion within
the cup and/or convection phenomena at the sample
surfaces. To take that into account, the EN [SO-12572
standard provides a correction assuming that the transport of
vapour within the cup is only made by diffusion (no
convection). However, many studies had investigated that the
water vapour permeability obtained from such experiment,
even after this correction, show a significant dependency on
the sample thickness [37], [39]. To avoid this problem, and to
determine the “real” water vapour permeability it is
necessary to do a second correction which consider the effect
of film moisture resistances at sample surfaces. The general
expression of the vapour diffusion coefficient then becomes:

8y =—"— (1)

A APV_E

where f stands for the cumulate effect of the surface films
and air layer resistances. The empirical estimation of this
parameter can be done from the analysis of the variation of
1/G with the sample thickness while assuming that only the
surface films and air layer resistances would remain if the
thickness of the sample tend to zero [37,40].

The measure of §, is commonly made at 23°C and 1bar.
However, its value varies with temperature and gas pressure.
Classically, this variation is assumed to be similar than the one
of §,. This assumption seems to be validated by most of the
construction materials, since the ratio between &,(T) and
8,(T), namely the vapour resistance factor denoted by ,
was found to be independent of temperature on materials
such as compacted earth [41], hemp concrete [42], aerated
concrete, calcium silicate board, and ceramic bricks [43].

Let us finally underline that these previous developments
where made under the assumption that no vapour advection
and no liquid water transport occur within the material and
that &8, do not vary with water content. It is quite clear that
these assumptions are not true, but the assessment of their
impact still need to be done.

2.2.3 Liquid water and air permeability

The permeability characterizes the ability of a fluid mass to
move through the porosity of a material. It is classically
written as the product between the intrinsic permeability and
the relative permeability coefficient.

The intrinsic permeability depends on the geometry of the
porous network, and it should not depend on the fluid which
filled the porous material. It is however not practically the
case. Indeed, a difference up to one order of magnitude can
be observed between gas and liquid water intrinsic
permeability. It is commonly attributed to the differences
between water/solid and gas/solid interactions, and slip
effects during gas permeability measurement [44]. However,
most of the studies on earthen materials have only focused
on liquid water permeability.

The relative permeability is a coefficient between 0 and 1 that
depends on the volumetric proportion of the pore space
occupied by adsorbed and/or condensed water molecules.
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The estimation of this latter is particularly complex, in
particular for low saturation ratio, and no clear studies have
been made yet on its estimation for earthen materials.

A classic way to measure the liquid water permeability of
saturated soils is to use an oedometer with the variable
hydraulic load method, which is notably described in the
French standard NF X 30-442. This method is however almost
never used for earthen materials, for which water absorption
experiments are preferred. One of them, which is described
in the British standard BS 3921, consists in measuring the
Initial Rate of Suction (IRS) by immerging a sample in water to
a depth of 3mm during 1min. For its part, the European
standard EN 1015-18, prescribe the use of the A-Value (or its
volume counterpart the sorptivity), which is the total amount
of water absorbed (in kg) per the surface in contact with
water (in square meters) and per the square root of the
immersion time (in seconds). Due to the lack of accuracy of
the IRS measurements, the A-Value is commonly preferred.
But, even for this latter, significant variability of experimental
protocol exists. In particular, the analysis of the studies [45],
[46], [47], [48] and [49] underlines significant differences on
the sample geometry, its conditioning and the weighting
frequency. Finally, absorption tests do not directly give the
permeability of the material, and if some relations exist to link
the A-Value to water diffusion and/or permeability
coefficients, like the one proposed by [50], their accuracy for
earthen material have not yet been proven.

2.2.4 Sorption-desorption curves

Several methods exist to estimate the isothermal sorption-
desorption curves [51], but the two most widely used are the
desiccator and dynamic gravimetric vapour sorption
methods.

The experimental protocol of the desiccator method is
defined in the international standard ISO 12751. The sorption
stage consists in successively putting a previously dried
sample in several environments of increasing RH and constant
temperature. The sample is periodically weighed and it stays
within a given environment until mass constant. The
desorption stage consists in successively putting a sample
previously equilibrated at 95%RH (at least) in several
environments of decreasing RH until mass constant and at
constant temperature. The RH of the environments is fixed by
equilibrium with saturated saline solutions.

The dynamic gravimetric sorption method, commonly called
the DVS (dynamic vapour sorption) method, consists in
measuring uptake and loss of moisture by flowing a carrier gas
at a specified RH (or partial pressure) over a small sample
(from several milligrams to several grams depending on the
device used) suspended from the weighing mechanism of an
ultrasensitive recording microbalance. Variations in the gas's
RH are automatically calculated by the device when the target
condition in mass stability is reached. A sorption-desorption
loop can thus be made in approximatively 1-2 weeks for
earthen materials, while a period of 2-4 months is necessary
if the desiccator method is used. On the other hand, the
desiccator method can test several specimens at the same

time, and it is the only way to test specimens with high levels
of heterogeneity like earth-fibres mixtures. A good
consistency was observed by [52] with these two methods on
compacted earth samples and earth plasters if the same
method is used to estimate the dry mass.

An important topic related to sorption and desorption curves
is the hysteresis (that is the non-reversibility) on the water
content which is commonly observed when the material is
submitted to cycles of RH. This phenomenon is quite common
and has been widely studied by many authors for a large
variety of materials, [53, 54]. But no clear evidence of the
necessity to use such level of complexity to properly model
the hygrothermal behaviour of earthen materials has been
proofed yet. In particular, as it is shown in Fig.1 for an earth
plaster, if moderate cycles of relative humidity are performed,
the hysteresis becomes almost null.

2.5 1 Cycle between 0%RH and 97%RH
4--Cycle between 18%RH and 75%RH

0 20 40 60 80 100
RH (%)

Figure 1. Influence of the amplitude of the sorption-desorption cycle
on its hysteresis. The test is made with the DVS method on the earth
plaster referenced as P1in [52].

Finally, the sorption-desorption isotherms are known to be
impacted by temperature. This effect was studied in [52] on
compacted earth and earth plasters. It led to the conclusion
that it can be neglected if the range of temperature variation
remains limited (lower than 40°C).

2.2.5 Assessment of the hygroscopic buffering
potential

Two main tests which are used to estimate the hygroscopic
potential of earthen materials are the maximal absorption
value and the moisture buffering value (MBV).

The maximal adsorption value is defined in the DIN standard.
It consists in the measurement of the mass uptake after 12h
at 80%RH of samples initially stabilized at 50%RH.

The protocol of the MBV test has been originally defined
within the framework of the NordTest project [55]. It
indicates the amount of moisture transported in or out of a
sample during isothermal daily cycles. The most used cycle in
literature data consists in 8-h time steps at 75% RH and 16-h
time steps at 33% RH. The sample tested is isolated on all its
sides except one, and the MBV, in kg/m?/%RH, is calculated
as the mass variation during the cycle per unit of surface area
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of the open surface divided by the difference between the
lower and the higher relative humidity of the cycle.

Reviews on the buffering capacity of hygroscopic building
materials have been recently published, either using maximal
absorption value [56] or the MBV test [57]. The studies both
underlined the good to excellent moisture buffering potential
of earthen materials.

Finally, let us underline that all the existing tests on
hygroscopic materials only focus on the adsorption of water,
while it is not the only gaseous component which can be
adsorbed at the pores surfaces of earthen material. Indoor
pollutants are mainly gaseous or solubilised compounds: CO,,
NOx, volatile organic compounds (VOCs), formaldehyde,
phthalates, polycyclic aromatic hydrocarbons (PAHs),
tetrachloroethylene [58]. The experimental methods to
evaluate the contribution of earthen materials to 1AQ are
typical developed in the analytic chemistry field. The
retention capacity could be evaluated on samples exposed to
the different sources of pollutants (alone or in mixture)
through the characterisation of kinetics and adsorption
isotherms (chromatography), retention factor, diffusion and
emission. Furthermore, as concentration of pollutants
depend on the temperature, these characteristics have to be
considered relating to the thermal properties of earthen
materials.

the hydro-mechanical

3 Assessment of

performance

The previous section underlines how earth is sensitive to
water and how the coupling with the thermal behaviour is
crucial. Similarly, water has a high impact on the mechanical
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behaviour of the earth-based materials. See for example the
impact of relative humidity in Fig. 2 (adapted from [11-13]).
The same kind of relation have been observed between
compacted earth strength and water content ([59-62]).

Therefore, all the mechanical tests on earth must be
performed with a procedure to manage water (liquid or
vapour). Usually tests are performed on “dry specimens”
which has two main drawbacks. Indeed, the definition of dry
state varies following authors. They all proceed by putting the
specimens in an oven until the stabilization of their weight.
However, the set temperatures of the oven vary between 40°
C to 105°C. Heating the sample at 105°C will modify its
behaviour and will drive away the material strength from the
actual value in a building. On the other hand, too low
temperatures would not give reproducible results, since they
could be impacted by the humidity of the room in which the
oven is. Therefore, the best way would be to test for a given
range of RH and not in the “dry state”. In that case, the test
must be as short as possible not to allow a sharp change in the
RH inside the sample. Ideally, the testing device should be in
a monitored environment with a RH and a temperature
control.

In this paper, we are deliberately considering specimens
manufactured in laboratory. So that we will address the
process of manufacturing the specimen in order to be
representative to the actual materials on site. We will not
address the tests on specimens issued from actual material in
use, for example, Compressed Earth Blocks (CEB) or rammed
earth samples cut from existing walls. There are a number of
references [6,45,60,63,64] dealing with this and no consensus
is emerging from this, mainly due the variation of the shapes
of the samples.

Axial compressive stress (0y,) (MPa)

4 |
I T

0.005 0.01
Axial strain (&xy) (-)

v

Figure 2. (a) Sharp decrease of compressive strength with Relative Humidity for 3 different earths used in vernacular rammed earth architecture;
(b) Typical stress-strain behaviour of earth during a compression test on cylindrical specimen of aspect ratio of 2, vertical axis x, with one cycle at

2 MPa with strain measured locally; from [11-13].

3.1 Procedure to manufacture specimens for

laboratory testing

Earth, before being a construction material is a soil, either
compacted or moulded. It can be easily manufactured in a

classical laboratory of civil engineering. However, it is
important to manufacture specimens that are representative
of the actual material used in the building. To achieve this aim,
several studies (e.g. [65-67]) have pointed out that it is
necessary to take into account two key parameters. The first
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one is the manufacture water content (or RH, since they are
linked together, see Fig. 1). The second is the dry density of
the specimen. In conclusion, the sample manufactured in the
laboratory should have the same dry density as the actual
material on site, and should have approximately the same
manufacture water content. These studies tend to proof that
it not necessary to know exactly the in situ energy of
compaction, or the in situ moulding process if the dry density
is equal in laboratory and in situ. The shape of the specimen
will be defined following the performance to be tested.

3.2  Main material mechanical parameters

Before defining the mechanical parameters, it is crucial to
define the framework in which the mechanical performances
of earth are considered. Since early 1990s [68], the most
appropriate approach seems to be the one developed for
unsaturated soils. However, this approach deals with a certain
degree of complexity and for example requires performing
triaxial tests to determine the hydro-mechanical behaviour. In
geotechnical engineering, soils are usually confined due to the
weight of soils above a given depth, whereas earth walls in a
building are not. Moreover, the designers currently need
appropriate design parameters to expand the market of
earthen construction. Therefore, there is balance to be found.
As we are in the early age of engineering design of earthen
structures, it is still necessary to oversize such structures in
the mechanical point of view and therefore allowing to design
with simple mechanical parameters.

3.3 Measurement of material properties

3.3.1 Compressive strength

This is the main mechanical parameter because usually the
architectural design not involve deliberately tensile stresses in
earthen materials. The specimens should be tested following
the framework of continuum mechanics with a specimen size
enabling to have negligible side effects to ensure that the
strain and stress tensors are homogeneous within the
specimen. In that case, it is possible to get the stress by the
force sensors at one end of the specimen and the strain from
extensometers clipped on the specimen. The strains are not
useful to determine the compressive strength though.

In addition to the dry density and water content issues, a key
challenge remaining at this stage, when measuring the
compressive strength, is the size of the specimen. As for soil
mechanics, a slenderness ratio of 2 would be optimum in
terms of friction (confinement from the press platen), in
terms of gradient of dry density and in terms of volume
enabling to test the full content of earth (including gravels or
small stones). As it is underlined by [69], compression tests on
samples of smaller slenderness ratio would lead to unrealistic
results. However, if the manufacture of samples with a
slenderness ratio of two is quite easy for rammed earth or
cob, it is more complicated for compacted earth blocks and
adobes. To date, if some proposals have emerged, like the
superposition of half-blocks bound by a mortar [70] or the
indirect estimation from a 3-point bending test [71], no
consensus have been reached.

3.3.2 Stiffness parameters

During the compression test, it is possible to get accurate
strains using local measurement methods. It could be
extensometers clipped on the sample or non-contact sensors
or using photogrammetry [13]. It is not possible to get
accurate data from the displacement sensors of the press due
to deformability of interface between the specimen and the
press platens [63]. Earth materials may follow the Hooke’s law
in a very limited domain of small stresses (approximately less
than 5% of the compressive strength). Therefore, the only
way to measure an elasticity module is to apply cycles during
the compressive tests (Fig. 2b).

3.3.3 Shear behaviour

The first attempt to give an accurate rheology of compacted
earth was made by Myriam Olivier in 1995 [72]. It was
followed by several works (for example [62,73,74]), which led
to the development of law of behaviours of increasing levels
of complexities (poro-elasto-plastic, anisotropy of the plastic
criterion, damage etc...). Even if these studies are of main
interest for the future of earthen constructions and the
optimisation of their design, in practice, such level of
complexity is not yet considered. Currently, the limits of the
shear stresses are commonly given by Mohr-Coulomb
criterion, which is defined by two parameters, the cohesion
and the friction angle. To measure these parameters, testing
procedures from two different origins can be found in
literature. The tests primarily designed for brick masonries,
namely triplet test [75], push over [76,77] and diagonal
compression test (DCT) [78,79], and the tests from
geotechnical engineering, namely the direct shear test (DST)
also called shear box test [80,81], and the triaxial test [75, 82-
85]. The analysis of the data reported in literature for rammed
earth does not give a clear tendency, whatever the testing
protocol considered. Indeed, cohesions between 30kPa and
600kPa and friction angles between 35° and 75° are found,
with no sound correlations with dry density and/or water
content. This lack of correlation may be due to the role of the
interface between the rammed earth beds, which are
classically not considered since the plain shear behaviour is
estimated considering the material as homogeneous.

For adobe and CEB masonry, the tests to assess the shear
behaviour of the interfaces are similar to the test designed for
the baked brick masonry [86-88].

3.3.4 Tensile strength

The tensile strength of earth material is commonly estimated
through direct traction test [82] or using the Brazilian test
[89]. These studies lead to a ratio of approximately 10,
between the tensile and the compressive strength. In
consequence, earth is usually considered as a non-tensile
material especially for structures with weak joints like
rammed earth, or small block masonry (adobe or Compressed
Earth Block units). If the design cannot avoid tensile stresses,
then it is necessary to reinforce the structure. The
reinforcement approach should take into account the specific
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hygrothermal and mechanical behaviour of earth, which
would lead to prefer timber to concrete or steel. For adobe
and CEB masonry, the tests to assess the tensile strength of
the interfaces are similar to the test designed for the brick
masonry [87,88,90,91].

4  Durability of earthen materials

4.1 Main environmental
durability

agents affecting

Research on the durability of earth buildings has gained
significant momentum over the last two decades. The
number of Scopus indexed articles containing all three words
“durability”, “earth” and “buildings” in the title or abstract
was less than twenty in the year 2000 but has steadily
increased to about two hundred in the year 2018.

The main environmental actions that affect the durability of
earth buildings are water, ice, wind, fire, solar radiation and
chemical agents. The durability of earth buildings is also
affected by their interaction with the biosphere, and in
particular, by the actions of insects, burrowing animals and
plant roots, though this aspect is outside the scope of the
present paper.

Table 1 summarizes the overall impact of water, ice, wind,
fire, solar radiation and chemical agents on the durability of
earth buildings and provides a brief description of the physical
mechanisms through which each of these environmental
actions operates. Past research has not focused equally on all
six actions of Table 1 but has privileged those with the most
adverse impact on the durability of earth buildings
worldwide. Therefore, the largest share of research has been
devoted to the effect of water or humidity, e.g. [92-95] while
fewer studies have considered the effects of ice [96-98], fire
[99], wind [100-102], solar radiation [103,104], and chemical
agents [105].

Inspection of Table 1 indicates that earth buildings are most
vulnerable to the action of water and ice. Water is particularly
detrimental for unstabilised earth while ice tends to
undermine predominantly stabilised earth. Both actions of
water and ice tend to produce a fast advancement of damage,
which often impedes the timely detection of deterioration
processes and the consequent implementation of
countermeasures. Overall, water has a more adverse impact
on durability compared to ice mainly because it is ubiquitous
while ice only occurs in cold climates. Moreover, the
preponderance of earth buildings in areas characterized by
temperate climates has so far offered relatively little
opportunity to assess vulnerability to frost.

Table 1 also shows that stabilised earth buildings are
particularly vulnerable to fire because high temperatures can
produce a loss of inter-granular cementation and can
therefore rapidly damage stabilised earth materials.
Nevertheless, blazes remain exceptional events, which
explains the moderate overall impact of this environmental
action on the durability of earth buildings.

Throughout their service life, buildings are also exposed to the
action of wind and solar radiation in the same way as they are

exposed to the action of rainwater. Nevertheless, despite the
high likelihood of all these actions, the level of structural
vulnerability to wind and solar radiation remains significantly
lower compared to water. Wind poses a moderate threat only
to unstabilised earth structures that may be sensitive to
surface mechanisms such as erosion and abrasion. Similarly,
the effect of solar radiation is often limited to an unaesthetic
discoloration of photosensitive binders like in the case of
polymer-stabilised earth. This change of appearance,
however, rarely evolves into a more serious embrittlement of
the cementing fraction. Importantly, the damages caused by
wind and solar radiation progress rather slowly and can
therefore be counteracted by regular maintenance of the
building envelope.

Finally, earth buildings exhibit a relatively low vulnerability to
chemical agents such as dissolved ions or salts. Vulnerability
may become significant only if the earth is stabilised with
chemically sensitive binders (e.g. cement) or is reinforced
with corrodible materials (e.g. steel), and if specific
environmental conditions are present on site. These specific
environmental conditions consist in the presence of unusually
high concentrations of pore water salts and/or exceptionally
high levels of alkalinity/acidity. The progression of the
damage caused by chemical agents is normally slow, thus
allowing the execution of remedial works if necessary.

The above six environmental actions can undermine the
durability of earth structures through physical mechanisms
that may be grouped into different classes based on
similarities between them. The largest class includes
deterioration mechanisms that originate from a loss of inter-
granular bonding, which in turn produces a reduction of
cohesive strength and, hence, material damage. This class of
mechanisms is relevant to both unstabilised and stabilised
earth but the nature of the inter-granular bond is different in
the two cases. In the case of unstabilised earth, the bond is
governed by capillarity and is negatively affected by an
increase of pore water. Instead, in the case of stabilised earth,
the bond is governed by chemistry and is negatively affected
by the occurrence of thermo-chemo-mechanical processes.
Another relatively large class of deterioration mechanisms is
characterized by the occurrence of cracking/spalling of earth
walls. This may be caused by either swelling/shrinkage or by
the confined expansion of gas (vapour) or solid phases (ice or
salts) inside material pores. Finally, a less common class of
deterioration mechanisms involves the erosion of the wall
surface due to the mechanical impact of meteoric
precipitation or wind, especially if carrying suspended
particles.

4.2 Measurement of durability

There are very few measurements of the durability of full
scale earth walls exposed to natural climate over a prolonged
period of time. Albeit rare, these measurements are
extremely useful as they show the simultaneous effect of
different environmental actions, such as those of water, wind
and solar radiation. The effect of ice and chemical agents
might also be included in field experiments depending on the
ambient conditions at the test site. The only action that is
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rather exceptional, and that is therefore typically excluded
from field studies, is the action of fire. In reality, the absence
of detailed investigations at field scale on the effect of ice, fire
and chemical agents is one of the main reasons why the
impact of these three actions is still relatively unclear.

In one the few published field experiment [106], the authors
measured the erosion of unstabilised and stabilised uncoated
rammed earth walls exposed to the wet climate of Grenoble
(France) for a period of 20 years. The final erosion depth was
about 6.4 mm for unstabilised walls and about 2 mm for
stabilised walls, which corresponds to annual erosion rates of

0.32 mm/year, in the former case, and 0.1 mm/year, in the
latter case. Another field study [107] measured the erosion of
an unstabilised uncoated rammed earth wall built on the
campus of the Massachusetts Institute of Technology (USA)
and exposed to the wet climate of the North-eastern coast of
the United States. During nine years of exposition, the wall
surface showed an erosion depth comprised between 5 mm
and 7 mm, which corresponds to an annual rate between 0.55
mm/year and 0.77 mm/year.

Table 1. Description of main environmental actions affecting the durability of earth buildings.

Vulnerability to action
Type of Mechanisms of action — — Likelihood Speed of | Overall
action Unstabilised | Stabilised of action action impact
earth
Loss of inter-granular capillary bonds caused by water Medium
infiltration due to rainfall, capillary rise, condensation or to
utilities leakage. Low
Water High High High
ate Erosion caused by direct rainfall or splash back. (depend  on e e s
Cracking/spalling caused by repeated swelling-drying type/content
due to wetting-drying cycles. of stabiliser)
Cracking/spalling caused by repeated phase change of Medium
pore water due to freeze-thaw cycles. . . . .
Ice . . Medium High to High Medium
Loss of inter-granular chemical bonds caused by
deterioration of stabilisers. Low
Loss of inter-granular capillary bonds caused by water
evaporation.
Loss of inter-granular chemical bonds caused by High
deterioration of stabilisers. Medium to
Medium
Fir rackin, llin hrink ing. L High Medium
ire Cracking/spalling caused by shrinkage due to drying (depend  on ow igl ediu
Fracklng/spalllng caused by pore vapour pressure type/content
Increase. of stabiliser)
Loss of hygrothermal inertia due to mineralogical
transformations.
Erosion ir ies an i mplifi
Wind 0sio ctalused by air eddies and vortlces amplified by Medium Low High Low Low
the abrasive effect of suspended particles.
lar L f inter-granular chemical n
So§ ‘ 0ss .o |. ter-granula c.n.a ical bo .ds ca.u.sed by Medium High Low Low
radiation deterioration of photosensitive polymeric stabilisers.
High
Corrosion of steel reinforcements caused by chlorides or to
carbonation. Medium .
Chemical | 0% of inter-granular chemical bonds caused by (depend  on | Medium
agents deterioration of cement due to sulphates or acidic type/content to Low Low
g environments. of  stabiliser Low
Cracking/spalling caused by swelling due to sulphates or and if earth is
alkaline environments. steel
reinforced)

The difference of erosion rates between [106] and [107] is
probably due to dissimilarities between earth materials,
construction methods and measurement techniques rather
than climate. The climate at the two test sites is in fact rather
similar and exhibits an average annual precipitation around
1000 mm with an average temperature in August little above
20 °C and an average temperature in January barely above
0°C, with frost commonly occurring during winter.

The results presented in [106] and [107] are also comparable
to earlier estimations of the erosion rate of unstabilised
uncoated adobe walls in New Mexico (USA) in [108], which
indicated a reduction in thickness of 1 inch over 20 years. This
corresponds to an average annual erosion rate of 1.27
mm/year, which is considerably higher than the rate
observed in [106] and [107]. This difference may be possibly
explained by the lower density of unstabilised adobe
compared to well-compacted rammed earth and/or by the
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relatively severe climatic conditions, characterised by
thunderstorms with high winds and large hail, that prevail in
some areas of New Mexico.

In summary, the above field studies indicate that the erosion
rate of uncoated unstabilised earth walls may be relatively
small between 0.32 mm/year, for well compacted rammed
earth, and 1.27 mm/year, for poorly compacted adobe. Given
the slow advancement of the erosive process, the adverse
impact of environmental actions on structural durability could
be limited by means of a regular maintenance of the building
envelope. This conclusion is also supported by some
examples of ancient unstabilised earth buildings still in use
across the world. The most emblematic example is the
UNESCO World Heritage site of Taos Pueblo in New Mexico
(USA), which is a complex of adobe houses dating back almost
1000 years ago and still inhabited by about 150 people (Fig.
4). The Taos Pueblo houses are durable enough to have lasted
through centuries, though they need regular maintenance to
prevent the progressive erosion of the earth structure. This
maintenance mainly consists in the application, every year, of
a fresh sacrificial layer of mud over the external walls surface.

Field studies provide an accurate estimation of the durability
of earth buildings but they are rare due to high financial costs
and lengthy execution times. For this reason, laboratory tests
have also been developed to measure the durability of earth
materials at the scale of small samples.

The majority of tests has been designed to measure the
durability of earthen materials to water. In this category,
three main families of experimental procedures can be
identified. The first family, which is described in the Australian
earth building handbook (HB 195) [109], assesses the
resistance of the material to the erosion caused by water
impact and includes the accelerated erosion test, the geelong
drip test and the Swinburne erosion test. Another test that
could be included in this family is the wearing test described
in the American standard ASTM D559-03 [110], even if in this
case erosion is not induced by the impact of water but rather
by the stroke of a wire brush . The second family of
experimental procedures assesses instead the resistance of
the material to the exposure to excess water and includes: a)
the wet-dry appraisal test described in the Australian earth
building handbook (HB 195) [109], b) the contact test, suction
test and dip test described in the German standard DIN
18945:2013 [111] and c) the swelling/shrinkage test
described in the French standard XP-P13-901 [70]. The last
family assesses the occurrence of material collapse caused by
wetting and includes uniaxial and confined compression tests
on soaked specimens. For all the above tests, however, no
clear correlation has so far been made between laboratory
test results and the in-situ durability of the material [109].

Figure 4. Ancient unstabilised adobe dwellings inhabited by a native American tribe of about 150 people at Taos Pueblo in New Mexico (USA).

Different tests have also been proposed to investigate the
durability of earth materials to other environmental actions.
This proliferation of empirical procedures has however
complicated the formulation of testing standards which can
be embraced by construction practitioners and building
authorities worldwide. A possible way to overcome this
limitation may consist in replacing the current plethora of
experimental protocols with a single standardised durability
test, such as for example an abrasion/erosion test, which

could be used regardless of the particular environmental
action under consideration. The specific effect of each
environmental action could then be taken into account by
subjecting the samples to distinct accelerated ageing
processes (corresponding to the different actions listed in
Table 1) before being tested. The choice of the test would
therefore be separated from the choice of the environmental
action, which would simplify empirical procedures and
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facilitate the formulation of internationally accepted
experimental protocols.

5  Concluding remarks

This paper has emphasized the lack of standard experimental
protocols for assessing the engineering performance of earth
materials and the associated difficulties in selecting design
parameters. An illustrative example is provided by the
measurement of dry mass, for which no consensus exists yet
despite the importance of this parameter for determining key
material characteristics such as adsorption-desorption
capacity, dry density, thermal conductivity, heat capacity,
strength and stiffness. Similarly, different laboratory
protocols exist for the determination of moisture

conductivity, moisture buffering capacity and water
durability, which complicates comparison between
measurements.

Laboratory procedures may also not be representative of field
conditions. The relative homogeneity of laboratory samples
may not reflect field conditions and test procedures may be
very different from the actions experienced by buildings
during service life [112]. An illustrative example is given by the
measurement of the unconfined compressive strength, which
is commonly determined on samples with densities and water
contents that are unrepresentative of field conditions.
Similarly, water erosion tests appear too severe and can be
hardly used to discriminate between earth materials [113].
The irrelevance of current experimental protocols to field
conditions is partly the consequence of the scarcity of studies
at the building scale. These studies, if available, would help
understanding the mechanism through which external
actions affect buildings and would therefore allow the
development of accurate laboratory procedures. Moreover,
whenever field data are available, it remains difficult to draw
sound conclusions, mainly because of the lack of accurate
monitoring of environmental actions.

On a more positive note, consensus is starting to emerge
about the experimental procedures of some categories of
laboratory tests. For example, it is now acknowledged that
the measurement of vapour diffusion should take into
account the film moisture resistance at the sample surface
and that the determination of moisture buffering capacity
must follow standard wetting-drying protocols that limit
damages to the material. It seems as well possible to achieve
consensus about the procedures for measuring strength or
stiffness and about the importance of controlling
temperature and humidity during mechanical tests on
unstabilized earth. Conversely, laboratory procedures for the
measurement of the tensile and shear strength of earth
materials are still being developed and it is not possible at this
stage to draw conclusions about the suitability of protocols.

Finally, with reference to the measurement of durability,
distinct experimental procedures have been proposed for
different environmental actions (e.g. the actions of water,
frost, fire, wind), which has led to a large number of testing
protocols and a consequent lack of standardisation. This
difficulty might be overcome by abandoning the unique

correspondence between testing protocols and type of
action, so that a single experiment might be used to
characterise the durability of earth samples exposed to
different environmental agents. In this respect, however, the
development of accelerated ageing procedures, which can
replicate in the laboratory the protracted action of
environmental agents in the field, remains a challenge.
Among the different environmental agents, water is the most
detrimental one to durability. This is particularly true for
unstabilized earth, though the recent development of
unconventional binders may give rise in the future to
durability issues also for stabilised earth.
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