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Abstract

Based on the RILEM Technical Committee 274-TCE work, this paper is a discussion of the remaining engineering challenges faced by earthen architecture.
The assessment of earth material performances requires the development of appropriate procedures and standards. This is discussed in particular for the
characterisation, hygrothermal behaviour, mechanical behaviour, and durability of earth materials. One other important challenge, since one of the main
advantages classically put forward, is its ecological performance, is a proper assessment of life cycle assessment of earth materials, elements and buildings.
Moreover, the paper develops why the approach to earthen construction must be different compared to the dominant construction materials, to preserve
its ability to contribute to the ecological transition in the construction sector. In particular, the needs of using local soils, with an architectural approach
coping with the limits of the materials, and developing an architectural optimisation to preserve the earthen materials multifunctionality rather than
selecting a sole property to be maximised. Lastly, the findings of the paper can be used to develop a holistic approach to earthen construction to foster the
development of new earthen architecture projects.
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1 Introduction disappear, depending on the availability of resources and
social changes. Earth built heritage reflects the outcome of

Earth is a building material excavated from the subsoil, which this long evolution.

can be defined as an accumulation of parent material
weathering products and biota degradation products. Earth is
utilised by mankind since the Neolithic time all over the world.
Wattle and Daub, Earth Plasters, Earth Mortars, Cob and then
Adobe techniques were used in the Neolithic time. Rammed
Earth appeared during the Iron Age, Compressed Earth Blocks
(CEBs) and Light Earth emerged during the 20" century. These
techniques have spread from their territories of birth and
have been adopted by other groups of people. When
adopted, people get more and more familiar with the
construction techniques and they adapt it to their natural
environment and with their needs. These construction
cultures are not immutable, they appear, evolve, expand and

Various modern building techniques are used with earth, to
build monolithic walls (cob, rammed earth), to produce bricks
(adobe, CEB), as infill walls (wattle and daub) or as plasters or
mortars (Figure 1). Earthen architecture had a rebirth since
the last 6 — 7 decades necessitated by the crunch on natural
and energy resources and to provide better indoor comfort.
Nonetheless, the earth building sector faces many challenges
to be considered as a contemporary construction material.
Earth construction will play an important role in the modern
paradigm of sustainable buildings of the 21 century if the
stakeholders adopt earth construction processes able to meet
social demand, with low environmental impact and at an
affordable cost.

* Corresponding author: Jean Claude Morel, E-mail: jeanclaude.morel@entpe.fr




A. Fabbri et al., RILEM Technical Letters (2021) 6: 150-157

150

Earth condition Components Earth construction
while casting techniques
Bricklaying Mortar
implemented wet Pﬁ{ bearing
Wall coating Plaster
implemented wet }‘ﬂ[ non-bearing
Plastic state Infilling Wattle and Daub
We < W, < W, # implemented wet Pﬁ{ non-bearing
Monolithic wall Cob
implemented wet }»{ bearing
Masonry unit Adobe
implemented after drying }4[ bearing
Monolithic wall Rammed earth
Partially saturated state implemented maist %# bearing
Wi, = Woer Masonry unit Compressed Earth Block
implemented after drying }»ﬂ[ bearing
Liquid state Insulation Light Earth
‘ W, > W, }‘{ implemented wet/after drying %4{ non-bearing

Figure 1. Earth construction processes classification, adapted after [1]. Where Wn is the manufacturing water content, Wp and W, the water
content of Atterberg limits, respectively the plasticity index and liquid limit, and Wopr the optimum water content.

The first RILEM Technical Committee (TC) on earth as a
construction material was the TC 164-EBM (1994-1999)
focused on Compressed Earth Blocks (CEB). It was a milestone
in the field notably with the development of procedures that
are now integrated into some standards, [2], e.g XP P13-901
[3]. At that time, the international context would limit earthen
architecture to low-income countries. Meanwhile, a very
limited amount of scientific journal papers were published
annually. Currently, earthen construction has gained
momentum internationally among researchers including in
high-income countries so that the second TC (274-TCE) on
earth construction would include the variety of techniques
described in Figure 1. The exponential growth of scientific
publications on earthen architecture was noticed by some
authors [4]. Naturally, an objective of the second TC was to
summarize the state of the art in the field of materials and
structures under the RILEM STAR book. Following this work,
this paper is a discussion on the remaining challenges of the
TC that can provide a perspective for future work to
overcome the remaining obstacles against the development
of earthen constructions, in the field of engineering.

2 Characterisation

Historically, the formulation and the manufacture of earth
construction materials have been done empirically based on
local traditional construction practices, often orally passed
down from generation to generation by the builders who
were also mostly farmers, who exploited earth for agriculture.
Those builders learnt to adapt to the constraints of local
materials and, in particular, to the properties of the local soils,
without the need for scientific analysis and tools. The
formulations used were the result of the experience gained at
the construction site by the builders. But the sector of building
materials and products has changed and today is based on
standards, control, performance and modelling. In this logic,
researchers are trying to rationalize the formulation of earth

building materials or to understand and predict the behaviour
of these materials through the characterization of raw
materials.

Analysis of literature data shows that there are several
characterization techniques in many fields: physics,
geotechnics, chemistry and mineralogy. Deep knowledge of
the characteristics of the raw materials is essential for
optimizing the performance of earth materials but also for
improving the understanding of the phenomena. The most
measured property of the earthen materials is the particle
size distribution. However, some studies show that it plays a
role in the behaviour of earth materials, and is always not
essential to get the grain size distribution of earth [5,6]. In
addition to its ease of implementation, the use of this
characteristic is often done to copy the approach adopted for
industrially manufactured construction materials for whom
the quality of the material is determined by its standard
composition. But, this approach can be considered as a bias.
This point is developed in the discussion section.

Actually, for all the properties studied in the TC, the most
important is to know the nature and proportion of the active
phase (namely the clay minerals that are the binder) of earth
materials. For that purpose, the particle size distribution
(which only gives the proportion of fines particles
independently of their nature and whose denomination
"clay" can lead to confusion) must, at a minimum, be
completed by the measurement of geotechnical and chemical
properties such as the Atterberg limits, the methylene blue
value or the cation-exchange capacity [6]. The objective of
these techniques is to assess the reactivity of the clays active
phase, which depends on the type of clay and its proportion
in the material. A thorough mineralogical characterization
would allow measuring these parameters but this
characterization is complex and still relatively rare in the
studies found in the literature [7].
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Finally, it was noticed that there is also an even more global
scale of analysis: the field tests [8]. Field tests have the
advantage of being easily performed, without significant
costs. Therefore, results are obtained within a short period,
which is very useful in the construction site. Nevertheless,
they should be performed and results analysed by
experienced professionals because they are mainly gathered
by comparison. A perspective for future researches would be
to assess scientifically the current field tests based on
empiricism by developing appropriate models and lab
experiments that would confirm their relevancy.

3 Hygrothermal

The characteristics of the indoor air are very important for the
building's occupants because they can significantly influence
comfort, health, and people’s productivity. On the one hand,
extremely low levels of relative humidity (RH), below 30%,
may cause eye or skin irritations and dry the nasal mucous
membranes, resulting in a higher risk of respiratory infections.
On the other hand, high levels of RH may lead to the
development of fungus, which can cause allergies as
manifested by asthma and rhinitis [9,10] and the emission of
volatile organic compounds is favoured [11]. Also, it is
important to emphasise that the development of bio-
contaminants (moulds, mites among others) is conditioned
upon the level of RH: the capacity of earthen materials to limit
bio-contaminants could be evaluated through the
characterisation of its hygroscopic behaviour. In that context,
the fact that due to their microstructure, earthen materials
have commonly a good to excellent hygroscopicity (based on
their Moisture Buffering Value [12,13] is an asset that must be
properly characterized. The main equations of hygrothermal
couplings are nowadays quite well known by the scientific
community (for example [14,15], and they can be
summarized by the diagram of Figure 2.

Flow of Heat
(conduction, advection)

Flow of air
(diffusion and advection
of dry air and vapor)

Evaporation
Desorption

Condensation
Sorption

Flow of liquid water <

Figure 2. Diagram of heat and moisture transfers within an earthen
wall.

The associate key parameters are the hydric storage capacity
(or sorption/desorption isotherms), the vapour effective
diffusivity (or p-value which is the ratio between the kinetic of
diffusion of vapour in free air and within the material), the
liquid water apparent permeability for mass balance equation
plus thermal conductivity and heat capacity for the heat
balance equation. In some particular configurations, it might

also be necessary to know the air apparent permeability.
However, one of the main current challenges is the proper
determination of these parameters and their evolutions with
temperature and water content. In particular, the work
realised under the framework of the RILEM TC 274-TCE
underlines the lack of a consensus on a procedure: to
measure dry mass, while this latter is crucial for the
determination of at least sorption-desorption capacity, dry
density, thermal conductivity, and heat capacity. Similarly,
different protocols currently coexist for almost all
hygrothermal parameters (which is due to the lack of
dedicated standardized procedures, see section 7), which
complicates comparison between measurements. It follows
that quite scattered values for these parameters can be
observed in the scientific literature. For example, limiting
ourselves to CEB of similar density, dry thermal conductivity
between 0.2 W/(m.K) and 1.6 W/(m.K) can be found as well
as p-values between 6 and 14. It is however difficult to know
if this fact is due to real strong variations in earthen materials
or to the difference in the experimental methods used to
estimate these parameters (or both). On the other side, some
consensuses are starting to emerge. It is now acknowledged
that the measurement of vapour diffusion should consider
the film moisture resistance at the sample surface [16,17].
Anyway, when they are submitted to performance tests like
the Moisture Buffering Value tests, unstabilised earth
materials commonly exhibit good to excellent hygroscopic
properties.

Finally, it was found that the acoustical properties of earth
building materials have been poorly studied and only a few
references could be found, a similar conclusion was made by
[18]. Hence, this is a field open to further research that should
gain interest shortly.

4 Mechanical behaviour and seismic resistance

Unlike conventional construction materials, at present, the
majority of the raw earth-based building materials do not
have defined standard protocols or codes (see section 7.0).
Therefore, the testing procedures for studying the behaviour
of materials in compression, tension and shear were reviewed
in the TC STAR book. The TC work itself was focused on the
compression test procedures.

As there is a lack of established testing methodology for
earth-based building materials, the standard testing
procedures available for burnt clay bricks or concrete are
generally adapted. Though, both these materials resemble
similar functionality, the correction factors, specimen
conditioning and correlations used for burnt bricks may not
have similar relevance for earthen blocks [19]. This might be
due to the differences in the intrinsic property of raw
material, variability of soil mix, and manufacturing
methodology. Most of the  existing regional
standards/documents for earth-based building material does
not account for all the parameters. Therefore, while testing
the significance of specimen conditioning, aspect ratio,
specimen capping, rate of loading, specimen shape, size and
orientation at test, shall be carefully examined and reported.
Along with the classic testing procedures, new developments



A. Fabbri et al., RILEM Technical Letters (2021) 6: 150-157

153

such as the RILEM test for earthen blocks and interface shear
test for rammed earth has been introduced. One of the main
challenges is the choice of the specimen to be tested. There is
a conflict on the size that must be a few ¢cm to be cheap and
easy to test and the size closer to 50 cm to be representative
of the in-situ material. For example, in the case of CEB is it
relevant to test the block alone? Or isn’t better to test a few
blocks masoned together? The procedure with two half
blocks stacked together with a mortar is chosen by the TC
because it is certainly an optimisation of the size of the sample
enabling an assessment of the masonry compressive strength
with the same mortar. Strictly thinking the compressive
strength is not of the CEB alone. It is very challenging to test
the CEB directly with a lab press [20]. So that there is ground
for new researches on that matter for CEB and extruded
blocks. In the case of rammed earth where the biggest grains
may have a diameter higher than 5 cm, the size and weight of
a representative sample may be more than 100kg, so that
using smaller sample for lab test generate a scale effect that
is still not well known. The lack of current data is on the
modelling that would take into account appropriate lab-
tested material parameters.

The seismic performance of a structure depends on the
dynamic and static characteristics of the materials and the
structure. The structure has a satisfying seismic behaviour
when the intrinsic resistances of the structure and the
materials are higher than the effects caused by the external
actions (e.g. earthquake). The dynamic characteristics
(natural frequencies, mode shapes, damping) are the key
parameters to determine the seismic actions applied to the
structure. Some of the static characteristics (Young’s
modulus, Poisson’s ratio, density, structure geometry)
influence the dynamic characteristics, others (such as
compressive strength, tensile strength, shear strength)
determine the performance of the structures under seismic
excitations. It has been shown that the mechanical behaviour
of earth materials is currently not linear elastic, and the
mechanical strengths of earth materials are lower than that
of conventional materials (concrete, steel). Moreover, the
predominant natural frequencies of earth buildings are
usually in the range in which the design seismic forces are high
[21-23], which is not favourable for the seismic design of earth
buildings. Therefore, to evaluate the seismic performance of
earthen structures, advanced methods should be used.
Indeed, the classical linear static analysis is not suitable; the
non-linear static, response-spectrum modal and non-linear
dynamic analyses are recommended [24-27]. One of the
challenges of earthen structures in the seismic zones is the
application of reinforcement techniques that satisfy different
criteria: technical, economic and environmental. Although
several seismic strengthening techniques have been
discussed [28-34], further investigations on this topic are still
necessary. In practice, the reinforcement techniques which
are currently applied for conventional structures are also
usually proposed by the engineers to apply for earth walls: the
insertion of reinforced concrete beams and reinforced
concrete columns; however, the significant difference in the
stiffness between earth materials and the concrete may
cause the damages during the dynamic excitations. The

timber structures which have higher flexibilities than
reinforced concrete or steel structures are suggested to be
suitable for the reinforcement of earth buildings [35]. The
wooden slabs - with the lightweight and the high flexibility
which can dissipate the seismic energy - are recommended
for earth buildings. Moreover, the association of earth and
wood materials in a building is favourable for the
hygrothermal behaviour and the passive design of the
building. The reinforced concrete slabs are not recommended
for earth buildings in the zones of high seismic risk, due to the
high mass and the incompatibility of the stiffness. The
quantitative evaluations on the relevancy of these different
structural types are interesting for further investigations. The
connection between the earth wall and the structural frame
(timber/reinforced concrete/steel) is a complex topic that
needs to be considered and improved. The behaviour factor
of earth buildings is an important parameter in the seismic
design (Eurocode 8 — CEN 2004, [36]) which has not yet been
investigated and presented in the literature. To determine the
relevant behaviour factor, further studies, by experiments
and numerical modelling, will be necessary.

5 Durability

The durability of earth buildings subjected to the action of
water, ice, wind, fire, solar radiation and chemical agents
depends on the degree of structural exposure and the
relevant chemo-physical mechanisms. In general, liquid water
appears the most detrimental of all the above environmental
actions, not only because it reduces the capillary cohesion of
the earth [37] but also because water can penetrate the
material through multiple routes, e.g. rainfall, foundation rise,
ambient humidity and utility leakage (Figure 3). Water can
also be very damaging when present in solid form as the
repeated expansion of pore ice, during freezing-thaw cycles,
can produce spalling of earth structures. The threat posed by
ice is highest immediately after construction when the earth
is very moist, but it reduces with time becoming often
negligible during service life when the water content
equalizes at relatively low levels as proven by many
vernacular structures. Some studies have also shown that
freeze-thaw cycles can produce a localised hardening of the
earth material [38].

Earth buildings are relatively resilient to wind as proven by the
good state of many historical structures in windy regions of
the world (Figure 4). Wind induces relatively minor damages,
which can be regularly amended through the periodic
maintenance of the building envelope [39]. Earth walls also
exhibit good resistance to fire and their durability might even
improve after exposure to high temperatures, in the same
way as firing enhances the mechanical properties of clay
bricks [40].

Solar radiation has normally a beneficial effect on the
durability of earth buildings as it promotes evaporation of
pore water with a consequent increase of capillary cohesion.
Solar radiation may, however, undermine earth materials
that have been stabilised employing organic binders, which
are sensitive to photodegradation [41]. In this case, solar
radiation can cause a range of damages going from a simple
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surface discolouration to more serious degradation of
intergranular bonds. In general, earthen materials are
chemically inert and the durability of unstabilised earth
buildings is largely unaffected by chemical exposure, apart
from the possible occurrence of localized cracking caused by
the precipitation of salt crystals inside the pore water.
Chemical degradation can instead be very severe in stabilised
and steel-reinforced earth buildings due to the dissolution of
intergranular bonds and/or the corrosion of rebars [42].

Currently, there are no international testing standards for
measuring the durability of unstabilised earth materials,
which is typically assessed in the laboratory according to
different procedures in different parts of the world [43].
Moreover, distinct procedures have been developed to assess
the impact of each environmental agent, which has
contributed to the proliferation of experimental protocols
and the consequent lack of a universally accepted measure of
durability. Some of these protocols are complicated, time-
consuming and require equipment that is unavailable in
conventional engineering laboratories. A possible way to
overcome this disparity of experimental approaches may
consist in differentiation between weathering protocols,
which reproduce the effect of each environmental agent on
the material, and durability protocols, which adopt a
standardised procedure to measure a representative material
property regardless of previous weathering history [4].
Relatively simple durability protocols may be chosen to
maximise accessibility by practitioners and to facilitate
acceptance as testing standards.

A very limited number of experimental studies have been
undertaken to quantify the long-term durability of full-scale
buildings exposed to weathering [44]. These studies have
confirmed that stabilised earth exhibit lower erosion rates
than unstabilised ones. Most importantly, they have shown
that the cumulative erosion, measured over several years, is
relatively small and may be deemed acceptable even for
unstabilised earth structures if one takes into consideration
the average service life of buildings.

Figure 3. Structural collapse due to inappropriate refurbishment
(cement bases, plaster, Rockwool insulation and gypsum board,
among others) of a vernacular rammed earth house subjected to
water accumulation at the wall base, Lyon, France.

'] TR
§

Figure 4. Paderne Castle (12th century) in Algarve, Portugal.

6 Codes and standards on earth construction

Any engineered construction demands guidelines for the
production of materials, construction of the structural
elements, thermal comfort and durability of the
structures/buildings. Even though earth construction exists
since the dawn of civilisation, there is a lack of universally
accepted standardisation on the material production and
construction methods as compared to the standards available
on conventional materials such as concrete, masonry, steel,
etc. There are attempts in the recent past to develop codes of
practice and normative standards for modern earth
construction, which can facilitate the building professional to
design and construct modern earth buildings. The
specifications and information on the earth construction in
these regional and national standards differ widely and do not
cover all the techniques or all the technical features of the
material. There is a need to take stock of the existing
information on the earth construction standards and propose
comprehensive and universally applicable ones. For
developing global standards on earth construction, there is a
need for the common terminology for different types of earth
construction techniques and earthen materials, as it is
currently lacking [45]. Appropriate international standards for
lab testing are then required. Both to homogenize the
scientific data, gathered on the material, at an international
scale but also to provide the quality control and the
verifications necessary in a performance-based approach,
[46].

For example, for the structural design of rammed earth,
compression tests are particularly important, as one of the
most significant parameters, for structural designers, is the
compressive strength, [47], see section 4. In that case, the
inaccuracy of existing codes can also be a problem. In
particular, the safety factor considered is generally too high, 3
to 8 in the MOPT (1992) [48] in Spain for rammed earth for
example, and then can lead to an underestimation of the
load-bearing capacity of earth walls, which cause a low
economic efficiency, [49]. Moreover, building codes
sometimes have compressive strength specification values
that are unreachable without stabilization [50], increasing the
environmental impact of the material. Hence, without the
support of regulatory institutions, which sometimes do not
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want to take responsibility, building designers usually have to
create their own method for each building, leading to a
complex approval process. Besides discouraging designers,
this can also create additional costs [51].

7 Environmental potential of earth-based
building materials: Key facts and issues from a Life
Cycle Assessment perspective

Current earth construction, derived from ancestral vernacular
techniques, is being rethought to be better adapted to today's
technical and economic constraints. It is possible to simplify
the approaches in two schools of thought. The first is to use
unstabilised earth, playing on the architecture to achieve a
relevant building. The second tendency, criticised by [52] is to
use stabilizers, mainly cement and lime, to increase strength
and water stability [53-55]. However, these evolutions
generate environmental impacts that have to be investigated
using Life Cycle Assessment (LCA). Existing literature
performed on the LCAs or life cycle approaches applied to
various earthen construction techniques have been
examined, to seek key factors improving their environmental
impacts. As the different articles use different methods to
calculate impact indicators, the comparisons only focus on
Cumulative Energy Demand (CED). Transports, as well as
stabilizers, are found very influential on CED. Climate, nature
of local soil, and geographical context are very influential on
functionalities of buildings, mix design and transports,
themselves influencing CED.

According to design choices detailed above as well as local
context and expected usage, earthen constructions are not
always better than concrete constructions, especially if the
expected usage requires high mechanical performances [52].
All references comparing walls material to conventional
materials at the building scale, find better environmental
performances of earthen walls compared to fired brick walls.
However, a full comparison between earthen construction
and conventional materials should also account for the use
phase: combining LCA models with thermal and durability
models is a key research issue. Furthermore, the choice of
material is far from being the only issue in LCA of buildings, no
universal solution can be recommended without specifying
expected usage conditions and their implementations in the
form of functional performances in a local context.

It certainly would be useful to seek solutions with the best
environmental performances in a local context, accounting
for the nature of the soil, the building’s functional
requirements as well as geographical and cultural
specificities. Such an approach would ensure lower
environmental impacts but represents a drastic change in
current construction practices. Whereas today building
materials are standardized to fit with construction working
practices, this paradigm shift would require adapting
construction working practices to the local material and
context. As earthen construction is today, in many countries
of the world, a re-emerging technique, and new professional
practices are yet to be established, it seems possible to make
this paradigm shift happen. This requires the development of
numerical tools able to provide optimised environmental

solutions according to specific local constraints such as
availability and characteristics of local material, usable
techniques, or climate. Certainly, in the current context of the
need to substantially reduce building-related greenhouse gas
emissions, there is still strong potential in earth construction
techniques for both research and building practice.

8 Discussion and perspectives for future work

The last two decades have seen an exponential growth of
peer-reviewed papers on earthen architecture. In this
context, the RILEM Technical Committee 274-TCE has
completed one of its objectives which was to elaborate a
literature review, the state of the art on testing and
characterisation of earth-based building materials and
elements (STAR book framework of the RILEM). By
assembling the state of the art on earth construction in the
field of materials and structures, the aim was to facilitate the
share of knowledge and foster the construction of modern
earthen architecture and the proper refurbishment of
existing assets. This work shows that there is already a
relevant amount of knowledge in the field, however, in
practice earthen constructions are still a niche market. That
said, some authors have shown that the barriers against the
development of earthen constructions are not only technical
but also social, organizational, political and economic,
whereas the scientific literature is mostly limited to technical
challenges [56]. There would be ground for clarification on
that matter, notably concerning the interrelation of the
technical barriers and the architecture and management of
projects in the context of circular economy [57,58]. This is
crucial to achieving the aim of the ecological transition in the
field of the built environment for low rise buildings. In
particular, the earth constructions have the potential to be
excellent in frameworks like the circular economy [56], the 18
nature contributions to people, and the 17 UN sustainable
development goals [59]. Those frameworks should be used to
engage the construction sector in a true ecological transition
and to stop greenwashing.

From the engineering point of view, the challenges of the R&D
on earthen buildings are different from the classical
challenges of industrialised materials because the
optimisation of earthen materials is to preserve its
multifunctionality rather than selecting a sole property to be
optimised. The still open challenges are the need for the
preservation of the variety of earthen materials, techniques
and architecture because it is a means to minimize the impact
on the environment and secure a possible optimisation of the
constructions. Prioritising the use of local soils (in unstabilised
earth construction) is key and that is why there are varieties
of earth compositions used as construction materials. So that
we should always prioritise the material multi-performance
against the material composition.

The establishment of comprehensive regulations and codes
for earth material is an absolute necessity both to help
designers and to develop the field of earthen construction,
[60].
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The new global standards should address the following
generic items:

1. Earth selection, composition/grading

2. Moulds and machinery

3. Production or manufacturing techniques
4. Testing & quality control
5

Structural design guidance including earthquake
resistance design

o

Construction methodology and construction procedure

7. Thermal performance, hygroscopicity and moisture
buffering

8. Durability, maintenance and limitations

Although a basic application of codes designed for other
materials is irrelevant, it may be also possible to rely on
existing codes not specifically dedicated to earthen materials.
In Europe, for example, the Eurocodes, based on a semi-
probabilistic design concept are commonly used by designers
[49]. The Eurocode 0, which describes the basis of the
structural design, is supposed to give guidelines for the design
of all types of materials. Thus, before creating a specific code
for earth material, the assessment of the possibility to design
earth building by using Eurocode 0 could also be investigated.

Although the sharp increase in scientific publications, the
amount of data and knowledge on earth is still limited in all
fields and far less than the industrial materials like concrete,
steel or even baked bricks among others. Due to the urgency
of the agendas of the mitigations of the key societal
challenges like global warming, biodiversity collapse, shortage
of decent dwelling for million people, obstacles against a truly
circular economy, it seems to us preferable to focus the
studies on appropriate testing procedures, modelling,
reduction of the cost of the manufacture, to support a straight
transfer to the field, rather than trying to improve the
material performances with new additives that would
increase the negative impacts on the environment without
assurance of reaching the excellence of engineering
properties of industrial materials that have been already
optimised for decades.
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