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EARTH-BASED CONSTRUCTION:

A CRITICAL REVIEW

ABSTRACT

This paper presents a critical review of the literature on selected earth-based construction technologies pu-
blished between January 2020 and July 2022 and indexed in Scopus. Publications on rammed earth, mudbricks
and earth sheltering were reviewed and key research areas were identified, including, but not limited to the
performance of unstabilized and stabilized earth partitions, the application of various stabilization materials,
including waste, plant fibre and cement, characteristics of heritage earth structures, seismic vulnerability, life
cycle analysis (LSA), and hygrothermal properties. It was concluded that a greater overlap between these
areas could enhance the state of the art on earth-based technologies. Very little interest in earth shelters was
observed, as the literature focused primarily on rammed earth and mudbrick.

Keywords: rammed earth, earth shelter, mudbrick, earth construction

STRESZCZENIE

Niniejszy artykut przedstawia krytyczny przeglad literatury na temat wybranych technologii budowlanych
opartych na ziemi opublikowanej migdzy styczniem 2020 a lipcem 2022 roku, ktéra zostata zaindeksowana
w bazie Scopus. Zapoznano si¢ z publikacjami dotyczacymi ziemi ubijanej w szalunkach, cegly suszonej
i schrondéw ziemnych oraz zidentyfikowano kluczowe obszary badawcze, takie jak: efektywno$¢ stabilizowa-
nych i niestabilizowanych przegrod ziemnych, wykorzystanie réznorakich materiatow stabilizujacych, w tym
odpadow, wtokien roslinnych oraz cementu, charakterystyka ziemnych obiektow zabytkowych, podatno$¢ na
wstrzasy sejsmiczne, analiza cyklu zycia (LCA) oraz wlasciwos$ci hydrotermiczne. Stwierdzono, ze wigksze
przenikanie si¢ obszaré6w badawczych mogtoby poszerzy¢ stan wiedzy na temat ziemnych technologii budow-
lanych. Zaobserwowano réwniez nikte zainteresowanie schronami ziemnymi, jako Ze literatura byta skupiona
glodwnie na ziemi ubijanej w szalunkach i na cegtach suszonych.

Stowa kluczowe: ziemia ubijana w szalunkach, schrony ziemne, cegta suszona, budownictwo ziemne

1. INTRODUCTION

Earth-based construction technologies have accompa-
nied humanity since the beginning of civilization. Due
to their low technological complexity and ease of use,
they minimize the number of industrial processes nec-
essary to produce building partitions, thus reducing
embodied energy and emissions, as demonstrated by
Pacheco-Torgal and Jalali (2012), who compared CO,
emissions from mudbrick and rammed earth and with

those of reference materials: fired brick and aerated
concrete blocks. They found that the two earth-based
materials yielded 22 and 26 kg CO,/t, respective-
ly, fired brick produced 200 kg CO,/t, while aerated
concrete blocks produced 375 kg CO,/t. Earth-based
construction materials are also attracting increasing
interest from researchers who develop and advance
them, extending their range of applications.
Sustainable development, as formulated by
Brundtland (World Commission on Environment and
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Development, 1987), can be seen as a broad goal,
with numerous strategies that can be used to attain
it. Two major and mutually opposing strategies of
achieving it are green growth and de-growth (Sand-
berg, Klockars and Wilén, 2019). While the former
employs technological advancement to reduce energy
and material consumption and recycling while essen-
tially keeping the amount of energy and resources in
circulation at a given time quite high, the latter is
about reducing the demand for them altogether while
eschewing certain comforts and living standards.
Earth-based construction technologies can be seen as
fitting both approaches and thus as potential contri-
butions to overall global sustainability. For instance,
the Sirewall system employs carefully prepared,
reinforced and stabilized rammed earth and was
used to construct the tallest rammed earth structure
to date — a telecommunications tower that is part
of the Telenor Head Office complex in Islamabad,
Pakistan, and stands 100 feet or around 30.5 m tall.
Conversely, when not stabilized, earth can be used
to construct buildings using pre-industrial tools and
practically without electricity or fossil fuels, relying
on careful design and material composition solutions
— that require careful testing (Kelm and Diugosz-
-Nowicka, 2011; Fabbri and Morel, 2019) — to
increase its durability and strength (Minke, 2012).
Earth-based materials were also found to perform
well in sustainability-focused building life-cycle
analysis (LCA), with promising results for sun-dried
bricks versus fired clay bricks presented by Dabaieh
et al. (2020). A holistic analysis by Ben-Alon et al.
(2021) also supported the use of natural materials in
construction, earth included, in an LCA comparative
study of natural and conventional building materi-
als, showing that straw clay and insulated rammed
earth outperformed all other materials for all the six
climates they analysed. The large-scale application
potential of rammed earth and mudbrick was also
explored, indicating varying potential for emissions
and embodied energy reduction depending on the
desired technological and material uniformity which
may affect building functional performance and
design potential due to limiting the usable palette of
structural solutions (Barnas, 2021, p. 147). One of
the major advantages of using earth-based technol-
ogies is their local availability, which significantly
cuts down on emissions and energy consumption
associated with transport, as observed by Arrigoni
et al. (2018), who came to this conclusion in their
investigation of the use of recycled concrete aggre-
gate as an additive to rammed earth. Unstabilized
rammed earth was also given an A+ rating when
used for external walls in commercial buildings in
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the BRE 2008 Green Guide used in BREEAM certi-
fication (BRE, 2008).

This paper presents the results of an integrative
literature review intended to identify, examine and
present key developments in research on selected
earth-based construction technologies and chart
potential avenues for future investigation (Torraco,
2005) as based on relevance measured by citation
numbers.

Goal of the paper

The goal of this study was to examine the latest
developments in research on selected earth-based
construction technologies, specifically rammed
earth, mudbrick and earth sheltering, with a focus
on how these technologies may aid in attaining sus-
tainability, and to identify major themes, research
trajectories and knowledge gaps for future investi-
gation.

Methods

This review was performed following the methodol-
ogy used previously by Radziszewska-Zielina et al.
(2022) to review the literature on brownfield adap-
tive reuse projects, following general review guide-
lines by Snyder (2019). This methodology features
the use of an internationally recognized and search-
able reference indexing database — Scopus — to
search for articles using a preselected set of key-
words and confining the results to a specific date
range. In this study, the Scopus search engine was
used to search for the keywords ‘rammed earth’,
‘adobe’, ‘mudbrick’, ‘mud brick’ and ‘earth shelter’
and the resulting articles were screened for compli-
ance with the investigation’s subject. Unrelated ar-
ticles were removed from the pool. The remaining
articles were then sorted by relevance measured by
the number of citations and arranged into thematic
categories and their major findings were discussed,
with key themes and research trajectories identified
and presented (ill. 1).

Scope

The aim of the study was to present the latest in
earth-construction-focused and associated sustaina-
bility research. Therefore, the literature search was
limited to research and review articles published
between January 2020 and July 2022 — which cor-
responded to a date range of 2020 and 2022, July
being the month the study was performed — and
were indexed in the Scopus reference database. The
thematic scope included all matters that could po-
tentially relate to earth-based construction and its
application in achieving sustainability, especially



sustainable cities, including, but not limited to,
materials science, architecture, civil engineering,
urban planning and chemistry. To gauge interest
among researchers, the number of articles pub-
lished in the years 2000-2022 (July) was also ex-
amined, along with their relevance, as measured by
the number of citations, while articles from before
2020 were not reviewed per se. The articles were
not divided by place of publication. The literature
reviewed was not sorted by applicability to specific
climate zones.

Literature review

As this study is in itself a literature review, it has
been presented further in the paper. Similar re-
views to this one were presented by, among others,
Medvey and Dobszay (2020) and Ghasemalizadeh
and Toufigh (2020). However, they were mostly fo-
cused on singular technologies, such as stabilized
rammed earth, to the exclusion of other materials
such as adobe. Gomaa et al. (2022) presented a re-
view focused on digital manufacturing techniques
for earth construction, while Venkatarama Reddy
et al. (2022) investigated relevant legal codes and
standards applicable to the field. A material-focused
review of literature on fibre-reinforced adobe was
conducted by Salih, Osofero and Imbabi (2020),
with a similar review presented by Ramakrishnan
et al. (2020).

Recent reviews were found to be highly spe-
cialized, namely focusing only on singular aspects
of a given material or its application. An absence of
more generalized reviews that would assess the field
of earth construction as a whole was found. Likewise,
there appeared to be no recent reviews that compared
research on multiple earth-based technologies. These
are gaps this review was aimed to address.

2. RESULTS

Interest trends (2000-2022)
The Scopus referencing database search engine was
used to search for the keywords specified in the pre-
vious section, returning a total of 7,075 document
results, with publications dated between 1868 and
2023. To gauge trends in interest in the subject un-
der investigation, the search results were limited to
the period between the year 2000 and July 2022.
The total number of articles published during this
period and indexed in Scopus was 6,646. The num-
ber of articles published in each year has been pre-
sented in illustration 2.

A steady, overall rise in the number of publica-
tions on the subject under study during the period
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was observed, with the lowest number being 65 arti-
cles published and indexed in 2000, and the high-
est being 536, indexed in 2021, which is also the
all-time highest number. A relatively steady rise in
articles published could be observed throughout the
period, with a significant spike (486) recorded in
2012. The average number of articles published in
the last five full years (2017-2021) was 441 articles
per year. The number for the first seven months of
2022 was 287, which means that the positive trend
can be expected to continue.

The latest literature (January 2020 — June
2022): number of publications
A total of 1,332 articles were published in the peri-
od under investigation. When sorted by subject area,
the highest number of articles was published in En-
gineering (478), with other subject areas with more
than 200 articles published being Computer Science
(248), the Social Sciences (222), Materials Science
(218) and Medicine (205). As this study focused pri-
marily on sustainability, articles in the field of Medi-
cine and related fields were not investigated in detail.
It was observed that the use of the keyword
‘adobe’ produced unwanted results related to
Adobe Inc. and broadly understood image process-
ing, which skewed the results towards unrelated
Computer Science articles. However, removing
‘adobe’ from the search resulted in a drastic drop
of document results down to 374 documents,
leading to the removal of articles that referred to
mudbrick exclusively using the term in questions.
This was deemed inadmissible in the light of the
term’s popularity. Likewise, filtering out subject
areas using the search engine’s functionally could
potentially eliminate key multidisciplinary studies
such as that of Anysz et al. (2020), which explored
the application of explainable artificial intelligence
in assessing the compressive strength of rammed
earth components, and thus leaned very heavily
into Computer Science. As the problem presented
could potentially render some of this study’s results
unreliable, the articles were manually screened for
concordance with the review’s main theme, and
therefore any interpretation of this study’s quanti-
tative results should factor in this caveat and their
use as an initial tool.

Relevance, most-cited articles

In terms of relevance as measured by the number
of citations, the article with the highest number of
citations from a non-medical field was a study by
Gu and Chen (2020), who investigated the addi-
tion of cement, waste phosphogypsum, fly ash and
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quicklime as applied to rammed earth, reaching 84
citations as of the writing of this paper. The article
with the second-highest number of citations (29),
by Li Piani et al. (2020), discussed the dynamic be-
haviour of adobe bricks in compression and how
fibres and water content affected this behaviour.
The vast majority of articles were cited less than
20 times, with only 9 articles having citations with-
in the 20-29 range as of the writing of this study.
These articles mostly explored sustainability-relat-
ed aspects such as the addition of various wastes
such as tire fibres (Zare et al., 2020) or paper and
pulp (Muiioz et al., 2020), mixing in plant materi-
als (Olacia et al., 2020) into adobe brick, as well
as providing an overall characterization of rammed
earth’s mechanical and physical properties (Avila,
Puertas and Gallego, 2021). A study on the seismic
vulnerability of adobe housing and the reduction
of this vulnerability (Preciado et al., 2020) and the
previously mentioned article by Anysz et al. were
clear thematic outliers in this group.

Articles with citations in the 10—19 range were
much more numerous (37) and focused on a greater
variety of subjects. The first was decision-making
support tools, specifically in the architectural conser-
vation of the Ming Great Wall, and the application
of MCDA (multi-criteria decision analysis) methods
in this process (Du et al., 2020), or the development
of a decision tool for soil suitability in using earth-
based technologies for construction (Rojat et al.,
2020). The second distinctive subject was damage
to earthen structures, i.e., caused by wind-driven
rain (Luo et al., 2020), or methods of repairing it in
a conservation context using microbially induced
carbonate precipitation (Liu et al., 2020). One inter-
esting outlier was an exploration of the use of earth
as a construction material in a circular economy, as
proposed by Morel et al. (2021).

A substantial number of studies in this group
concerned heritage sites, apart from the above-
mentioned studies by Du et al. (2020) and Liu et
al. (2020), there were also general studies where
earthen materials were one of the components under
study, such as in the article by Fierascu, Doni and
Fierascu (2020), which explored historical wooden
and masonry buildings, and by Zhao et al. (2020),
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which investigated a range of heritage sites in China
in terms of their thermal environments. Another
interesting study was presented by Sumerente et
al. (2020), who analysed the seismic performance
of buildings in the Peruvian Andes by simulating
their behaviour using Monte Carlo simulation and
a Probability Damage Matrix. Most other articles
continued the major research trajectories from
the group with citation numbers within the 20-29
range, especially investigating various admixtures
that can be used to stabilize earthen materials,
including plant fibres (Ige and Danso, 2021), and
soil mineral compositions on mechanical properties
(Narloch et al., 2020).

It should be noted that out of all the articles
found, only 1 discussed earth shelters, and indirectly
so0, as it concerned primarily excavation techniques
and architecture carved from rock in Iran (Mangeli et
al., 2022). Rock shelters are a subset of earth shelters
and due to differences in material, cannot be justifi-
ably equated with traditional earth shelters in which
a building’s envelope, which can be constructed of
any material, is covered with soil.

Major research directions

When investigated from a perspective of identifying

major research trajectories, the literature could be di-

vided into the following categories:

— Performance of unstabilized (earth-only) mate-
rials and technologies, involving compressive
strength and durability testing;

— Effects of adding stabilizers to earth-based mate-
rials, in the form of cement, plant fibres or waste
products;

— Seismic vulnerability of adobe and rammed earth
buildings;

— Material characterizations of heritage buildings
in a given region;

— Life cycle analyses and comparative studies;

— Thermal characteristics evaluations.

A summary of the research directions identified over
the course of the review, along with sample studies

for each direction, has been presented in Table 1.
The literature on earth shelters, due to the minus-

cule number of studies, was not factored into the

analysis.
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Direction

Citation

Problem

Findings summary

Performance of
unstabilized materials

Traoré et al.,

freezing-thawing
resistance of rammed

cement-stabilized earth found to have greater frost and

2021 scaling resistance
earth &
o effect of vertical . . .
Mirjalili, . . precompression increases in-plane lateral resistance of walls,
. loading on in-plane . . . .
Eslami and lateral stiffness is enhanced as vertical precompression

Morshed, 2020

cyclic behaviour of
adobe walls

increases

Performance of stabilized materials, stabilization materials

Shrestha et al.,
2020

simple ways of
strengthening rammed
earth structures

major causes of failure of rammed earth structures analysed,
reinforcement using wooden dowels was proposed and tested

Pavan, Ullas

shear behaviour of

three types of CSRE (cement stabilized rammed earth)

and Nanjunda cement-stabilized bonding tested, specimen with cement slurry at interface
Rao, (2020) rammed earth displayed highest shear strength

Meybodian, natural reinforcements palm mesh, plastic mesh, palm rope and reed reinforcements
Eslami and in traditional adobe tested, EB palm meshes with rhombus arrangement and

Morshed, 2020

walls

diagonal NSM reeds found to be the strongest

Losini et al.,

natural additives
and biopolymers as

lack of management of new waste and by-products a major
issue, biopolymers show promise as they enhance ductility,

2021 stabilizers reviewed plasticity, viscosity and cohesion
Abdulla, mechanical properties . - . o .
Cunningham of straw fibre- precompression plays significant role in avoiding cracking
4 Gilli i d adob under load, unit-to-mortar interface showed lower tensile
31(1) 20 e, remtoreed adobe strength to the masonry unit itself
masonry

Seismic vulnerability

Bui et al., 2020

out-of-plane behaviour
of rammed earth walls
under seismic loading
simulated using the
finite element method

concrete bond beams can prevent overturning modes and
reduce out-of-plane drift

Li, Noori and
Altabey, 2021

assessment of seismic
performance of adobe
walls

bottom walls found to be prone to shear failure; wall
acceleration response and lack of synchronization found to
be main failure factor

confined adobe

Khan, Ahmad masonry structures £ vertical columns sienificantly improved test
and Ahmad, tested for seismic use ot vertical columns signthcantly improved tes
e . performance
2021 vulnerability using
a shake table
vulnerability

Brando et al.,
2021

assessment of
historical dwellings in
Cusco, Peru

seismic vulnerability assessment model implemented, and
vulnerability curves calculated, proposal of large-scale
preventative retrofits
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Tibetan Autonomous
Prefecture, China

Direction Citation Problem Findings summary
hygrothermal . . Lo .
erformance of no differences in hygrothermal properties in relation to
Jiang et al., famme d earth in the other studies, with lower overall water vapour permeability,
2020 better temperature buffering, thermal stability and moisture

buffering

rammed earth
degradation under
soluble salts attack

Luo et al., 2021

mixed salt with Na,SO,:CaCl, at a 1:1 ratio caused a sharp
drop in strength, high degree of salinity considerably
worsened shear stress test performance

characterization of

Parracha et al. rammed earth in

Material characterizations of heritage
buildings

so-called ‘military’ rammed earth — stabilized with lime —

(2020) a 12th-century castle in found, mineralogical analysis presented
Portugal
2 g recycled waste and adopting alkali-activated rammed earth envelopes in new
S Meek et al., industrial by-products residential buildings can provide 1.2—1.3% of the greenhouse
£ g 2021 as stabilizers in gas emission reductions set by Australia’s Paris Agreement
- = rammed earth target by 2030
ianf: h 1 .
Samadianfard energy use an.d therma acrylic insulator found to enhance rammed earth thermal
and Toufigh, performance in L
characteristics
2020 rammed earth

wall envelope
design to reduce air-
conditioning costs

Saboor et al.,
2021

Hygrothermal
characteristics

wall envelope designs for fired brick, mudbrick, laterite stone
and cinder concrete proposed, and air-conditioning costs and
payback times calculated

Tab. 1. Major research directions identified in the review with sample articles. By the author.

Tab. 1. Glowne kierunki badan zidentyfikowane w trakcie przegladu literatury z przyktadowymi artykutami. Opracowanie

wlasne.

3. DISCUSSION AND CONCLUSIONS

Future research trajectories

The literature review presented in this paper yield-
ed a number of interesting insights into the state of
the art on earth construction technologies. The first
is that it is predominated by research on rammed
earth and adobe buildings, and that studies into the
mechanical properties of these materials and means
of enhancing them via stabilization are the most nu-
merous and most cited. Specifically, investigations
of various stabilizers appear to be promising. From
a sustainability standpoint, the potential application
of recycled materials and plant matter in this role
should be pursued further, with studies into the use
of cement itself appearing to reach a robust knowl-
edge base. In terms of life cycle analysis, there ap-
pears to be little room for major improvements, as
the benefits of the use of earth-based materials have
been explored quite thoroughly. Future research in
this direction could tie in with studies on the use of
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waste products as stabilizers and the broader impact
this could have on waste management, recycling and
reuse, providing more global insights.

Investigations of heritage sites featuring earthen
architecture should continue, with an emphasis on his-
torical construction techniques, material compositions
and characteristics, as well as their possible contem-
porary application. As the amount of such architecture
is quite substantial, researchers will find no shortage
of research material. Seismic vulnerability ties into
this, as it is vital to the preservation of built heritage
in areas endangered by earthquakes and the durabil-
ity of contemporary structural systems. Efforts can
be directed towards cataloguing and surveying the
existing condition of heritage sites whose protection
against earthquakes is deemed unfeasible. Another
potential avenue may be the analysis of potential new
uses for earthen heritage buildings, which could be
supplemented by suitable methods (Sladowski et al.,
2021). Research into hygrothermal characteristics
could follow a similar direction to life cycle analysis
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studies, namely focus more on the impact of stabi-
lizers on material behaviour, or to identifying design
solutions that minimize the need for highly processed
construction materials and products, facilitating the
retention of comfort of use while doing so.

In comparison to previous reviews, specifically
those outlined in the introduction, a notable lack of
overlap between subfields was observed, which can
be seen as a deficiency that needs addressing. This
also applies to research articles. Similarly, research
that would compare advances in each earth-based
construction technology was found to be scant. As
other recent reviews were not as wide-ranging, it can
be argued their results are difficult to compare due to
their fundamentally different scopes.

The near-absence of research into earth-sheltered
architecture is worth noting and is troubling. What lit-
tle research on this subject that was found focused on
historical buildings and it appears this approach was
not being developed further for contemporary use.

Limitations

This study suffered from a range of limitations
mostly inherent to its design as based on the Scopus
database search engine. The first and most notable
limitation is that it was difficult to ascertain the exact
number of relevant publications based on a keyword
search alone. A detailed analysis of the literature
was necessary to filter out the number of studies that
were outside of the field under investigation. This is
crucial, as the initial search results included a high
number of publications that were clearly focused
on medicine and image processing, possibly consti-
tuting around a tenth of the overall results and thus
potentially skewing the reported number of studies.
A more comprehensive, custom tool to process ini-
tial search results could be used to address this issue.
However, despite this deficiency, the overall value
of the study was not lowered, as the main aim of the

Www.czasopisma.pan.pl P N www.journals.pan.pl

investigation and review — determining major re-
search directions and future trajectories of investiga-
tion — could be performed without it.

Closing remarks

This review presented a concise overview of a sec-
tion of crucial literature on rammed earth and adobe
construction technologies, which are valuable tools
that can be used to attain sustainability regardless
of the adopted strategy of reaching it. The prima-
ry conclusion that can be drawn from the review is
that future studies should place a greater emphasis
on increasing the overlap between current research
directions, especially when it comes to investigat-
ing the role of stabilizing materials in rammed earth
and adobe structures and their impact on structural
and hygrothermal performance, as especially this
last subject is currently not documented very well
in the literature. In addition, a more global outlook
is needed in life cycle analyses, bringing to light the
potential role that earth-based materials can play in
large-scale sustainability efforts and how they can
tie in with other measures such as waste manage-
ment. This necessitates an extension of LCA meth-
odologies.

Future efforts in continuing the literature analy-
sis presented here should expand beyond the Scopus
search engine and aim to develop more accurate
means of filtering relevant publications for the col-
lection of quantitative data.

The findings of this review can be universally
applied in research on earth-based construction,
especially as they concern a large part of the field as
a whole and not its specific subfields, understood as
aspects of a specific technology — contrary to other
recent reviews. Due to this trait alone, this study fills
the stated research gap of an absence of wide-scope
reviews of the most recent literature on earth-based
construction.
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I1l. 1. Methodology scheme used in this study. By the author.

I1. 1. Schemat metodologiczny niniejszego badania. Opracowanie wlasne.

I11. 2. Number of articles featuring the keywords ‘rammed earth’, ‘earth shelter’, ‘adobe’, ‘mudbrick’ and ‘mud brick’ published be-
tween 2000 and July 2022. By the author.

1. 2. Liczba artykutéw zawierajacych stowa kluczowe: ,,ziemia ubijana”, ,,schron ziemny”, ,,cegla ziemna” oraz ,,adobe”, opubliko-
wanych miedzy rokiem 2000 a lipcem 2022. Opracowanie wiasne.
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