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Abstract. Earthen building materials offer an environmentally sustainable alternative to
conventional materials because they are locally available, minimally processed, and waste-free.
However, they have not been comprehensively implemented because their technical data is
highly variable, and they are not fully represented in building codes. To address these hurdles,
this paper presents an environmental assessment and a policy repair review, including an
environmental embodied impact analysis, and a discussion of the regulatory development
required for earthen construction. The results of the environmental assessment show that earthen
wall assemblies significantly reduce environmental impacts by 62-99% when compared with
conventional assemblies such as timber frame and concrete blocks. Additionally, the policy
discussion provides recommendations to overcoming materials variability and regulatory
organizational collaboration. Overall, this paper highlights the importance of environmental and
policy measures that could be used by policy makers and earthen building advocates in their
endeavours to catalyse the representation of earthen building materials and methods in
mainstream construction.

1. A brief history of unsustainable architecture

Throughout history, human building practices followed the path of building shelters out of locally
abundant materials, where the building components were always mined and curated from the nearby
environment: earth, stone, trees and grasses. The evolution of these various shelters was developed in
different cultures by improving materials, energy, water, and waste solutions, adjusting from generation
to generation to meet new needs and opportunities [1,2].

It is only in the last few centuries that our relationship with buildings has changed. Cementitious
materials started playing a vital role in the ancient world: the Egyptians obtained cementitious material
by burning gypsum; the Greeks used lime by heating limestone; and the Romans developed hydraulic
cement by adding crushed volcanic ash to the lime [3]. These techniques were re-developed and patented
in western Europe as “Roman Cement” (in 1794) and “Portland Cement” (in 1824) [2,4].

These last developments, accompanied by the industrial revolution, changed the way building
materials were produced and the techniques used for construction. Started as a wave in Western Europe,
these highly-processed building materials and methods are still spreading into less-developed parts over
the world. Thousands of new building products have been developed and replaced local traditional
materials in ways that minimize labor and allow an increase in the pace and amount of construction.
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Nevertheless, these modern building practices require the extraction, transportation, and heavy
processing of (often toxic) building products in ways that contribute to the consumption of large amounts
of non-renewable resources, contributing to the deterioration of our global environmental [5].

In terms of building materials standardization, conventional modern construction materials, mostly
made of steel reinforced concrete, wood, and synthetic insulation, are being implemented in the majority
of modern buildings while meeting a wide variety of building codes and standards. Therefore, in light
of the environmental impacts specified above, these building codes and standards (that were initially
developed to ensure individual safety and public general welfare) are currently neglecting larger,
ecologically-based risks to natural systems upon which everyone’s safety and health ultimately depend
[6]. Nonetheless, due to an increased interest in sustainable and green building practices, additional non-
mandatory regulatory and rating systems have been developed that support materials and resources
considerations in projects, as shown by the growing numbers of L.E.E.D™ certified projects [7,8].

2. Why earth? The case for earthen building materials and methods

Parallel to the interest in sustainable and green building practices, there has been a growing interest
in ecological and natural building materials and methods [8]. These are defined as minimally processed
and locally available materials that enhance their local environment and economy, rather than only
mitigating negative impacts [9]. Examples of natural building materials include natural fibers like straw
and hemp, and earthen materials like sand and clay. Specifically, earthen materials exhibit various
advantages; they provide high thermal inertia and offer better structural capacity in compression. As
opposed to trees and crops, earth is usually abundant in and around the construction site. As opposed to
cellulose-based materials, it has better resistance to fungi, insects and rodents. Furthermore, it allows a
diversity of forms and styles, from sculptural monolithic assemblies to modular components [11].

Earthen architecture can be defined as building materials and methods in which clay is used as a
binder [10]. It is also often referred to as a traditional and/or vernacular building material and method
[12]. However, some earthen building techniques were developed in the past few decades (e.g.,
compressed earth blocks), while others were used traditionally and currently receive a new architectural
interpretation (e.g., rammed earth) [13,14]. More specifically, in recent decades, material science has
come to know much more about how clay works as a natural binder in building materials. Therefore,
earthen building materials are recently suggested to provide a natural concrete alternative, namely a low-
carbon, clay-based concrete [10].

Despite their benefits, earthen building materials and methods remain mostly unrealized in the
mainstream construction industry from various reasons. First, the literature lacks aggregation of
technical data that could quantify the performance of earthen materials for different climate and seismic
conditions [15,16]. Second, there is a broad and often mistaken perception of these materials as being
low-tech and having poor overall performance [8,17]. Lastly, one of the main barriers that is especially
evident in the case of cob and earthbags is the lack of complete and user-friendly codes and regulations
that could give rise to the conventional implementation of, for instance, affordable homes [6,18].

These concerns are broadly echoed in the literature. Woolley (2006) concludes that public policy
incentives, particularly formal codes and regulations, should be developed for earthen materials,
accompanied with financial incentives, in order to give rise to real-estate investments. Similarly, Swan,
Rteil, and Lovegrove (2011) suggest that future research should a) aggregate the existing experimental
engineering studies; b) provide analytical and numerical insights that could facilitate the design process
and allow the inclusion of earthen materials in building codes; and c) provide a life cycle analysis of
earthen construction assemblies.

3. Performance-based assessment of earthen building materials vs. conventional assemblies

The performance of a building material describes its functioning in terms of declared characteristic
properties. Depicted though levels, classes or short descriptions, these performance parameters can
portray the main features of earthen materials as opposed to conventional assemblies.



Table 2. Technical performance of earthen materials as opposed to conventional materials
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4. Environmental embodied impacts of earthen construction vs. conventional assemblies
Environmental LCA has become a common tool that is used to evaluate building products and processes.
It is considered a powerful tool for the evaluation of and contribution to sustainable building
development. [37]. However, LCA progress is slower in the building sector than other industries,
especially due to buildings’ complicated production process. Although the environmental LCA of
earthen materials has not been comprehensively studied, it has been argued extensively that earthen
materials and methods can potentially require less energy and emit less Green House Gasses (GHG),
due to their self-sustaining, socially sustainable, cradle-to-cradle life cycle, as shown in Figure 1 [34].

Only a few studies have enumerated the environmental impacts of earthen building materials,
including the LCA of adobe bricks [38,39], rammed earth [40,41], and earthen plasters [42,43]. Though
significant, these studies are not comparable with conventional assemblies, due to the location and
process-specific data used. To address this limitation, this study compares the environmental impacts of
different earthen construction techniques to benchmark conventional techniques.

The presented LCA was implemented following the 1SO Standard 14040 and 14044 format and
methodology [44,45], using the SimaPro software [46], the US-LCI database [47] where possible, and
Ecolnvent [48] processes that are globally applicable otherwise. Six wall assemblies are compared: 3



earthen walls (cob, rammed earth, and light straw clay) and 3 conventional walls (timber frame, insulated
and uninsulated concrete block). The functional unit used is 1 square meter of a single-family housing
wall, located in warm-hot climates in the US, defined as IECC climate zones 1 through 4 [49]. The
system boundaries consider embodied environmental impacts, including the extraction and processing
of raw materials, manufacturing, storage, and transporting to the construction site.

Figure 1: Cradle to cradle life cycle diagram of earth as a building material (edited from Schroeder, 2016)

The Life Cycle Impact Assessment (LCIA) includes embodied energy demand, global climate
change impacts, air acidification, and human health (HH) air particulate pollution. The impacts were
assessed using CED (Cumulative Energy Demand) factors for fuels and sources of energy [50] and the
TRACI (Tool for Reduction and Assessment of Chemicals and Other Environmental Impacts) for
inventory emissions [51]. The wall details are all typical and comparable in terms of building
performance. Weight distribution was calculated for each of the earthen wall components: straw, sand,
clay-rich soil, and clay plaster. The cob and rammed earth walls were assumed to have an average 460
mm thickness [52,53], and the light straw clay wall a 300 mm thickness [54]. Clay-rich soil was assumed
to contain 50% clay and the study accounts for a scenario in which this soil is not available on site and
thus is processed and transported from a quarry. The LCA of the benchmark wall assemblies was
assessed using existing LCI results for lumber and plywood sheathing [55,56], gypsum board [57],
fiberglass batt and rigid polystyrene insulation [58], Portland cement stucco [59], and concrete blocks
[60]. These LCIs were selected according to their corresponding system boundaries of cradle to gate and
geographical context of North America.

The impact assessment results, shown in

Figure 2, illustrate that all earthen wall systems have significantly lower environmental impacts as
opposed to the benchmark wood and concrete block assemblies. Embodied energy demand of earthen
walls is reduced 62-71% from that of conventional construction; embodied global climate change
impacts are reduced 85-91%; embodied air acidification is reduced 79-95%; and embodied particulate
pollution is virtually eliminated. These comparative results depict the environmental urgency of using
earthen materials.

Specifically, transportation distances and amount of straw have the strongest effect on the
environmental impacts of the different earthen walls. Among the earthen walls, light straw clay accounts
for the least energy demand and global climate change impacts, due to its smaller thickness, as well as
the absence of the sand and soil that require truck transportation. The rammed earth wall, with the same
thickness as cob, results in fewer environmental impacts than cob for all impact categories due to its
absence of straw that requires large amounts of chemicals for production. For the same reason, light
straw clay has the highest impacts in terms of air acidification, following by cob, due to the straw



production-stage emissions of methane (CH4), sulphur dioxide (SO2), and nitrogen oxides (NOX),
associated with the use of pesticides and fertilizers.
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Figure 2: Environmental embodied impacts comparison among the different wall systems (Source: authors)
5. Required Improvements to Earthen Building Policy

5.1. The Importance of Earthen Codes and Standards

The importance of earthen building materials standardization lies in both technical and sociocultural
realms. In terms of their technical significance, standards for earthen materials gather accurate design
values as well as provide a common frame of reference for the user community — a lingua franca of
sorts. Technical performance tests could be compiled to obtain a more reliable understanding of the
material’s properties based on a statistical analysis which can lead to the refinement of, and confidence
in, design values. This, in turn, could lead to a broader integration of the material in the construction
community. Such integration, coupled with advocacy, can lead to broader social acceptance of what was
previously considered a marginalized vernacular construction method [61]. While approximately a third
of the world population lives in earthen structures, in both developing and developed countries, the
existence of appropriate codes is of importance. However, current building codes are based on heavily
processed materials such as concrete and steel products, earthen techniques that cannot fulfil heavy load
bearing and high insulation requirements were excluded [62].

5.2. Challenges and Suggested Solutions to the Development of Earthen Codes and Standards

In order to embed earthen building materials in building standards and codes, their performance should
be assessed through the work of universities, laboratories and professional organizations. To date,
earthen building materials and methods are still considered nonconventional and their standardization is
in its earliest stages; design, construction, testing protocols and technical terminology, even among
experts, is fragmented and requires further evolution. However, in this context, even conventional
construction materials such as steel, timber, and reinforced concrete were once unconventional and
unproven materials and their acceptance was achieved through decades of testing, analysis, and
experience. Codes and standards development has been described as “a long and onerous” process
(Mottram 2017). Particularly for materials having few existing precedents, the task is daunting and meets



resistance at many steps. The following lists many of the challenges and possible strategies to
overcoming these.

5.2.1. Overcoming Materials Variability. One of the main challenges to the emergence of earthen
materials standards is their high variability and reliance on local construction methods. Additionally,
earthen materials are often locally sourced and processed or mixed on site. Such variation effects both
the construction process (e.g., workability, drying time) and the performance of the building outcome
(e.g., structural, thermal, durability). For instance, in an experimental study of cob technical
performance, specimens were collected from local builders, resulting in a high coefficient of variation
among the different mixtures [32]. In terms of building standards, this high variability could reduce
characteristic strength values that could result in inefficient utilization of the material. This, in turn,
could potentially lead to unrealistic required building element dimensions and higher environmental
and monetary costs. Furthermore, due to their variability, and in order to verify their code compliance
and desired performance, natural materials require frequent field tests.

The challenge of material variation could be addressed by various strategies. By using wood as an
example for a natural building material with large variability, we can identify the ways in which we
developed both prescriptive and performance standards for timber. While the number of wood species
is great, the main strategy used in timber standardization is to group species according to their structural
properties and appearances, prescribing uniform grade-use data for each group. Similar to timber codes
and standards, a homogenization approach grouping different species or ‘classes’ of clay materials
should be developed for earthen materials to ensure adherence with format and objectives of
conventional standards.

5.2.1. Establishing Collaborative Standardisation Framework to Overcome Financial Challenges.
Earthen building materials are non-commodified systems that have no ‘industry association’. Often,
they cannot be developed into products and cannot be patented. This leads to a lack of financial support
and advocacy of nonconventional and vernacular materials at code and standards organizations and
committees, whereas established conventional building materials representation is often compensated
by their organization [66]. Additionally, national standard-writing organizations with limited resources
and volunteer committees have little incentive to address technology that is often considered marginal.

One way to overcome this situation is to have existing experts organize in a way that can produce
valuable exchange of experience and technical documents. For instance, in the case of the New Zealand
earth building standards, the Earth Building Association of New Zealand (EBANZ), with the
participation of local engineers and architects, first developed a set of guidelines in 1991. Thereafter,
New Zealand Standards (NZS) took responsibility for the project and joined together with Standards
Australia in 1993 to develop a joint standard with an enlarged committee [67]. The collaboration was
discontinued in 1997 mainly due differences in seismic requirements, yet the exchange of information
and expertise was valuable. One year later, NZS published the New Zealand earth building standards
(NZS 4297, NZS 4298, NZS 4299), which comply with the local Building Code. Simultaneously,
Standards Australia developed The Australian Earth Building Handbook (HB-195 2002) and the Earth
Building Association of Australia (EBAA) developed the Building with Earth Bricks and Rammed Earth
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earthen materials must begin with synthesis of the existing engineering data, as well as documentation
and enhancement of local practices. Such synthesis requires using consistent test procedures in materials
test studies, as well as proper documentation and analysis of results. To date, researchers studying
earthen materials have adopted different established test methods — some for concrete materials, others
for masonry units, and even others for masonry assemblies — and their attendant specimen geometries.
These result in a considerable range of reported data that cannot be directly compared. In some cases,
test method selection results in a bias in reported properties. For example, it has been shown that
different studies report the compression modulus of cob material to vary by an order of magnitude
depending on the test method used [65].

5.2.3. Establishing Clarity and User Friendliness in Earthen Building Codes. “Usability” of a
standard, as the word implies, must be based on the needs and expectations of the user. An alternative
to presenting design examples is to develop navigation flow charts for design standard provisions or
typical design cases (for instance, as provided in [68]). These serve to improve ease of navigation but
are also a tool the standard authors can use to ensure clarity and completeness. Development of a
design work flow chart can identify provisions which are incomplete, lead to ‘dead ends’, or result in
complex iterative procedures.

Additionally, the purpose of the code or standard should be clearly defined in order to reduce
complexity and to refine its scope. For instance, a very specific scope statement is included in the New
Zealand Earth Building Standards: The objective of this Standard is to provide for the structural and
durability design of earth buildings. The Standard is intended to be approved as a means of compliance
with clauses B1 and B2 of the New Zealand Building Code (NZS 4297). A more general suggested
example may be an object to codify existing knowledge in order to ensure structural safety, as well as
to address common design situations while providing means of compliance with building codes and
supporting innovative design.

When considering earthen materials that are often nonconventional and vernacular, the user
community might be further removed from the standards development process, increasing the risk of
misinterpretation. This might lead to the standards simply not being applied at all. On one hand, the
opportunity afforded by nonconventional materials for starting with a “blank page” when developing
standards should be used to mitigate unnecessary complexity. On the other hand, existing codes and
standards as well as committee constitutions that prove successful should be used as exemplars to avoid
excessive complexity that results from “re-inventing the wheel”.

6. Conclusions and Required Future Steps

Earthen building materials and methods offer a prominent solution to conventional highly processed
materials. However, despite their advantages, earthen materials and methods have not been
comprehensively implemented because their technical data is inconsistent, and they are not
comprehensively represented in building codes. To address these hurdles, this paper begins with a
comparative synthesis of the technical performance of earthen materials as opposed to conventional
assemblies. Thereafter, the paper presents an environmental LCA that enumerate the environmental
urgency of earthen materials, showing that the earthen walls save 62-71% of embodied energy demand,
reduce 85-91% of embodied global climate change impacts, 79-95% of embodied air acidification and
98-99% embodied particulate pollution. Lastly, a discussion of the regulatory development required for
earthen construction is presented, including main challenges and recommendations to overcoming these,
including ways to overcome challenges of materials variability, collaborate between advocates and
organizations, integrate traditional expertise with state-of-the-art knowledge, and establish language and
scope clarity. The study presented in this paper contributes to the development of environmental and
policy measures that could be used by policy makers and advocates in their endeavours to catalyse the
use of earthen materials in mainstream construction projects.
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