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FOREWORD

GiLBERTO CORBELLINI
Director, Department of Social and Human Sciences, Cultural Heritage, National
Research of Science of Italy - CNR

In 2015 CNR and CACH initiated their collaboration, which introduced, next to the
bilateral research project programs, also a book series on China and Italy. This vol-
ume is the fourth publication in this series.

The research carried out within this bilateral project and discussed in the contri-
butions of this book deals with the conservation of earthen architecture, widespread
in many regions of China and Italy, as well as in other countries of the world. These
buildings represent a very perishable cultural heritage due to the low durability of
earthen artefacts towards atmospheric agents. Therefore, their existence is in danger
because it is difficult to consolidate the earth without causing further damage to the
original material.

In China, earthen artefacts comprise wall structures, whole cities and monumental
or historic buildings of great value. Their characteristics differ from one territory to
another, in relation to the geographical context in which are located and the cultur-
al environment. There is also a diffused vernacular architecture of lesser value that
gives character to each territory making it different from any other, but at serious risk
of disappearance. Urbanization and the aspiration of people to conditions of better
comfort has meant that the countryside has become depopulated with the abandon-
ment of houses that are disappearing without maintenance.

The collaborative work between CACH and CNR researchers aimed at identifying
products and methods suitable for the conservation of the earthen material which
characterize this architecture. The earthen architecture of Italy is different from the
Chinese one and generally present in vernacular heritage. It is a little-known cultural
asset but through its study it will be possible to enhance and preserve this architec-
ture which testifies to the wealth of technological-cultural diversity of man’s housing
adaptations to changing environmental contexts.

The challenges faced by the CACH - CNR joint research project have been and
are an important scientific growth ground for ISPC, the CNR Institute dedicated to
the study of the conservation and enhancement of cultural heritage in a multi- and
interdisciplinary perspective.

Scientific methods and new technologies are now used to improve the under-
standing of building technologies, conservation aspects and enhancement of this
architectural heritage, whose knowledge for a long time was based only on historical
and socio-anthropological studies.



ForREwORD

CHAI XIAOMING
Director General, Chinese Academy of Cultural Heritage - CACH

Based on the bilateral cooperation framework between CACH and CNR, five se-
lected projects have been initiated and launched in 2016. To show and exchange
the achievements of cooperation, both sides plan to jointly edit a series of academic
publications. This book, | am glad to see it as the fourth collection of papers grow-
ing out of the bilateral cooperation, includes papers on both sides’ achievements in
researches of history, existing status, conservation and perspectives in earth archi-
tectures in China and lItaly.

Earthen sites is one of earliest kind of human remains. They show not only our
past, but also future. Through the bilateral cooperation, as shown by the papers
in the book, refreshing and inspiring light have been shed on complex issues con-
cerning conservation and valorization of earthen sites, the theme of which indeed
deserves academic comparison from multi-cultural perspectives to comprehend the
evolution of research, conservation and management under different social contexts.

As much as | am pleased to see the book, | look forward to continuing and deep-
ening this kind of bilateral exchanges with more and more fruits growing out of
it. Therefore, CACH would like to further our cooperation with CNR and provide
all necessary support, to strengthen and advance conservation communication, and
cultures behind.
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FaBio FRATINI', LOREDANA LuviDi?, SiLvia Rescic?, JINFENG ZHANG?

3 National Research Council of Italy — CNR - Institute of Heritage Science, Florence,
Italy

2 National Research Council of Italy — CNR - Institute of Heritage Science, Rome,
Italy

4 Chinese Academy of Cultural Heritage — CACH, Beijing, Cina

The National Research Council of Italy (CNR) and the Chinese Academy of
Cultural Heritage (CACH) during the past three years (2016-2018) carried out a Joint
Research Project on “Assessment of innovative methods for the conservation of
earthen surface”. The project was carried out by the Institute for the Conservation
and Valorization of Cultural Heritage (ICVBC) of the CNR that since 1st October 2019
was suppressed to join the new Institute of Heritage Science (ISPC-CNR). The ISPC
deals with the study of the conservation and enhancement of cultural heritage with
a multidisciplinary approach, which take advantage of scientific methods and new
technologies together with historical and social aspects.

The subject of this Joint Research Project was a real challenge and continues to be
so. Actually if the decay of building stone materials exposed to the external environ-
ment still represents one of the main threats to monuments and architecture all over
the world, a fragile architecture such as the earthen one, is in a situation of increased
risk considering the climate change problem and the increased rainfall intensity.

Earthen architecture is a type of construction almost unknown to most of the in-
habitants of the developed countries and when it is talked about it, is most often in
a derogatory way (i.e. “poor mud houses”). Actually, the earthen constructions are
spread in many countries and constitute a testimony of skills and habits of peasant
civilizations. Earth is one of the oldest materials used in architecture. It was widely
used in ancient Egypt and in the civilizations of Mesopotamia and it is mentioned
in the Bible (Book of Exodus 5, 6-8). The constructions of Iran, Afghanistan, Yemen,
Irag, Morocco and Mali testify that earthen architecture has evolved and specialized
until reaching a remarkable technical perfection (vaulted systems, domes, multi-sto-
rey buildings, decorated surfaces). About 30% of the world population lives in earth-
en buildings.

Earthen buildings are present also in Europe: Germany, United Kingdom, Spain,
Portugal, Poland, Hungary, Romania, Baltic countries. In France 15% of the rural pop-
ulation lives in earthen buildings. In Italy, earthen architecture is present in Sicily,
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Sardinia, Calabria, Basilicata, Abruzzo, Marche, Tuscany and Piedmont. Similarly,
throughout the western part of China, along the Silk Road, earth is the most wide-
spread building material, both in civil and monumental architecture and in fortifica-
tions. It is therefore a type of architecture that for good reason constitutes an import-
ant cultural heritage, both from a material and immaterial point of view due to the
social implications relating to the construction of the buildings which often involves
entire communities.

For some decades, however, we have witnessed the gradual abandonment of
earthen buildings, because they are considered unhealthy and unsafe, incompatible
with the modernity that people are looking for. In addition, there are three other as-
pects that hinder the use of earth: it is a material whose application requires specific
knowledge and skills; it is a fragile architecture that requires scheduled maintenance
which, if it fails, leads to decay; modern building standards are still very restrictive
and do not favour the use of earth in architecture.

For all these reasons, preserving earthen architecture and ensuring its existence
over time is a real challenge. Experiments are needed to identify the means by which
to improve its resilience, so as to foster both the preservation of the existing earthen
heritage and a more widespread use of earth in new constructions.

This book, in addition to contributing to the dissemination of knowledge of earth
architecture in China and ltaly, examines the conservation techniques used in the
respective countries and the researches that are being carried out to improve these
interventions in order to make them more durable and compatible with a material as
delicate as earth. The new opportunities that the earth architecture can have in future
in the two countries are also illustrated.

Ultimately, this book is an attempt to bridge the gap between the science applied
to Cultural Heritage and the real meaning of the so-called “cultural asset”.

Cultural heritage is the result of sensitivity, thought, expectations and skill of men
and women stratified over the centuries who, with their identities and personalities,
have built the reality in which we live today and with the help of science we want to
contribute to its preservation.
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HISTORICAL USE OF EARTHEN MATERIALS FOR
ARCHITECTURE






EARTHEN ARCHITECTURES: HISTORY,
TYPOLOGIES AND CONSTRUCTION TECHNIQUES

MANUELA MATTONE
Politecnico di Torino, Department of Architecture and Design - Torino - Italy

Keywords: Earthen buildings, construction techniques, typologies

INTRODUCTION

Earthen architectures are ones of the best evidence of the human capacity to cre-
ate built environments adopting locally available resources. Earth is a versatile ma-
terial, used since ancient times for the construction of architectural artefacts inde-
pendently or associated with other materials such as stone, wood, gypsum, lime, veg-
etable fibers. Although today, earthen constructions are widely perceived as “mud
huts”, associated with an image of poverty and social and cultural marginalization,
their significance and potential are known and recognised. Many of the oldest build-
ings in the world have been built with earth; at least one quarter of the world’s pop-
ulation lives in earthen dwellings and in more than 180 sites of the UNESCO World
Heritage List incorporated earthen elements (Joffroy et al., 2017, p. 15). As the Lyon
declaration’ states, “earth has been, is, and will be one of the major materials used by
humankind to build its habitat and shape its environment” (Joffroy et al., 2017, p. 15).

Earthen buildings, whether monumental buildings or rural dwellings, are traceable
all over the world, where the chemical-physical characteristics of the earth and the
climatic conditions would allow the adoption of this material for the construction of
architectural artefacts. There are many ways to use earth for construction purposes,
which are expressions of the cultural identity of the different sites. Hugo Houben and
Hubert Guillaud (Houben, Guillaud, 1989, 101) identified twelve ways? which can be

ra 2016 and published in Joffroy T. et al. eds. (2017), Terra Lyon 2016 Proceedings, Villefon-
taine (France).

2 According to Houben and Guillaud earth can be: dug out, cut, filled in, covered, com-
pressed, shaped, stacked, moulded, extruded, poured, formed, daubed (Houben, Guillaud,
1989, p. 15).
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adopted for the erection of earthen constructions, among these, seven are the most
widespread. They are: pisé (also known as rammed earth, it is a constructive proce-
dure that consists in “beating” - piser - the specially prepared earth inside a mobile
wooden formwork); bauge (earth-straw dough adopted to shape irregular elements
which, once overlapped, are regularized with the aid of a sharp blade); torchis (earth
application on a timber support); adobe (construction technique that uses raw bricks,
made by hand compacting, in wooden forms, a mixture of earth which are often add-
ed vegetable fibres); earth-straw (earth, which must be characterised by high cohe-
sion, is dissolved in water and poured on the straw so as to cover it all); forming (earth
is shaped by hand as if it were pottery) and compressed block (earthen blocks are
produced using hand tools or mechanical presses so as to improve mechanical per-
formances, thanks to the reduction of cavities and water content) (Fig. 1).

Fig. 1 Adobe rural architecture in Morocco (by M. Mattone, 2015)

Many treatises and manuals widely address the earth constructions topic. Vitruvio
in the De Architectura indicates how to select the earth to be used for the produc-
tion of bricks® and the best seasons for the construction of the buildings in order to
guarantee their better durability. Plinio illustrates how to make the walls in pisé, un-
derlining that “these last many summers resisting rains, winds, fires with more solidity

none. Edizioni Studio Tesi, 1990), 2nd book, pp. 73-75.

12
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than any cement wall”4. Rammed earth technique generates increasing interest at the
end of the eighteenth century, when new construction systems are extensively exper-
imented. In 1791 Frangois Cointeraux® published his studies on rammed earth. It was
translated into English, German and Italian, ensuring the spread of this construction
technique across Europe. The studies, concerning earthen building techniques, are
resumed again in 1802 by Jean-Baptiste Rondelet® and, later (Figg. 2-3), by Daniele
Donghi’ (1920) and by Gustav Adolf Breymann® (1926).

Wondelet e 1N

Fig. 2 Tools and methods for the construction of earthen walls in pisé (Rondelet J-B. (1860).
Traité théorique et pratique de I'art de batir. Paris. Firmin-Didot, tav. IV)

Venezia 1844), XXXV, XLIII.14.

5 Architect and professor of rural architecture, Frangois Cointeraux (1740-1830), born in Ly-
on, publishes four small volumes illustrating the construction system he perfected himself,
thanks to the experimentation of a mechanical method of great simplicity, useful for the real-
ization of earthen walls. In Ecole d'architecture rurale, ou Legons par lesquelles on apprendra
soi-méme a baétir solidement les maisons de plusieurs étages avec la terre seule, ou autres
matériaux les plus communs et du plus vil prix. Paris, 1791, Cointeraux explains methods and
rules for the production of earthen wall, for the choice of the optimal earth and for the pro-
duction and application of plasters and decorations.

6 Rondelet J-B. (1860). Traité théorique et pratique de I'art de bétir. Paris. Firmin-Didot.

7 Donghi D. (1920). Materiali, elementi costruttivi. e finimenti esterni delle fabbriche. Torino.
UTET.

8 Breymann G. A. (1849). Allgemeine bau Constructions Lehre. Stuttgart. Hoffmann (It. Transl.,
Trattato generale di Costruzioni civili con cenni speciali intorno alle costruzioni grandiose:
guida all'insegnamento e allo studio. Milano. Vallardi. 1926).

13
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Fig. 3 Constructive features of a rammed earth building. (Rondelet J-B. (1860).
Traité théorique et pratique de |'art de batir. Paris. Firmin-Didot, tav. V)

EARTHEN CONSTRUCTIONS IN THE WORLD: monumental and
vernacular architectures

The first use of earth as a building material probably comes from the need to
make sheltered places, such as caves, more comfortable (Guerrero, 2007, Jaquin,
Augarde, 2012). The progressive transition from a nomadic life model to a seden-
tary one has led to the birth of the first permanent settlements and the development
of solid and durable building materials, too. “The first earthen building technique
to develop is likely to have been wattle and daub: construction of a fagade or roof
using timber or grasses, which is covered in earth. Later a rammed earth type of
technique may have been developed” (Jaquin, Augarde, 2012, p. 13), compacting
earth by hand and afterwards using wooden formworks. Earthen constructions ini-
tially arose along the banks of rivers such as the Tigris, Euphrates, Nile, Indus and
Huanghe, where sandy and clayey earth was normally mixed with straw resulting
from the cultivation of cereals and adopted as building material. The subsequent de-
velopment of single constructive elements (such as blocks) would allow, once dried,
to transport them, giving the opportunity to build earthen constructions even at a
certain distance from the rivers’ banks (Jaquin, Augarde, 2012, pp. 13-14). Earth
buildings can be found in Africa, Asia, Europe and America. Vernacular architectures,
as well as monumental buildings are made using raw earth technology.

14
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In Africa, the earliest woven reed and branch earth-covered sites date back to
5000 BC in the Nile Delta (e.g. Mermide and Fayun); the production of hand-made
adobe bricks began starting from 2900 BC approximately and they were used in the
construction of monumental buildings such as the large independent adobe struc-
tures at Shunetel-Zebib and Nekhen and the pyramids discovered at Tamis. Also
many of the buildings built by the Pharaoh Ramsese Il (1279-1213 BC), as well as the
dwellings of artisans, nobles and temples were in adobe. Generally, the most mod-
est dwellings consisted of one or more rooms whose walls were made of earth and
covered with lime plasters. The rich mansions of the nobles, equipped with several
rooms and spaces intended for servants, were more spacious and entirely built with
earth (see, for example, the settlement of Deir el Medina). As far as North Africa is
concerned, the influence exerted by different civilizations that have succeeded over
time has contributed to the dissemination of both the techniques of adobe and pisé.
Starting from the eleventh century, the spread of Islamic culture determines a signifi-
cant change in the characteristics of urban settlements and the construction of a new
type of religious buildings such as mosques. In Morocco, in the valleys of the Draa
and Dadés rivers there are hundreds of rammed earth settlements like the ksar of Ait
Ben Haddan and the kasbah of Tourit in Ouarazazate (Figg. 4-6). The urban walls of
Marrakech and Fes are also made of rammed earth. As for the mosques, the most
significant examples can be found in Mali (such as the Great Mosque of Djenné and
the Djinguereber Mosque in Timbuktu) and in the Niger (Great Mosque of Agadez).
They are decorated with bundles of palm stalks that, protruding from the wall, are
used as scaffold for annual maintenance interventions of the earth surfaces.

Fig. 4 Earthen settlement in Morocco (by M. Mattone, 2015)

15
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Fig. 5 The Kasbah of Tourirt in Ouarazazate (Morocco) (by M. Mattone, 2015)

Fig. 6 Earthen building in Ouarazazate (Morocco) (by M. Mattone, 2015)

16
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In the Near Middle East, the earth finds application in the construction of mon-
umental buildings such as the temple cities of the Uruk period (3200-2800 BC) and
the sanctuaries, erected in the third millennium BC (e.g. the temple of Euki a Eridu),
made of bricks assembled without mortar. Interesting buildings can be found also in
Iran. Historic adobe buildings stand in the cities of Yazd and Isfahan; rammed earth-
en walls surround the city of Tous; adobe structures characterised also the citadel of
Bam, the largest adobe settlement in the world, unfortunately collapsed because of
an earthquake in 2003. In Yemen, from the XVIII century many buildings were erect-
ed, such as the adobe minaret of the Al-Muldher Mosque which, being 53 m high, “is
probably the tallest earthen structure in the world”

In the Far East, earth is widely adopted in the construction of walls, as well as res-
idential buildings. The first defensive rammed earth walls were erected by the Qin
dynasty (221-206 BC) in the plains along the northern borders in western China®.
“However, it is in the Great Wall where the use of rammed earth is most recorded”
(Jaquin, Augarde, Gerrard, 2008, p. 380). These walls were restored and extended by
the Han dynasty (206 BC — 202 AD) and the Jin dynasty (265-420 AD), but few origi-
nal sections remain (Jaquin, Augarde, Gerrard, 2008).

As far as residential buildings are concerned, the Tu lou (which means earthen
structures) are particularly interesting examples: they are large round or square four
storeys rammed earth constructions erected for defence purposes around a central
open courtyard (Jaquin, Augarde, Gerrard, 2008). The presence of only one entrance
and no windows at the ground floor make them easy to defend. Recently inscribed in
the World Heritage List, they are “exceptional examples of a building tradition and
function exemplifying a particular type of communal living and defensive organisa-
tion and, in terms of their harmonious relationship with their environment, an out-
standing examples of human settlement”™.

In Europe, the construction techniques used are multiple (Guillaud, 2008; Correia,
Dipasquale, Mecca, 2011). In northern Europe, mixed earth and timber structures
with wattle and daub or half-timber techniques are adopted. Cob' structures dat-
ing back to the XVth century, have been found in the UK and this constructive tech-
nique has been used up to the XIXth century, even if the adoption of earth as a
building material declined from the XVIth century because of the increasing use of
fired bricks. In the South, adobe and rammed earth techniques are more common.
The first buildings date back to about 5300 years ago and are located in Sesklo in
Greece. These are single-storey residential buildings in torchis and dried bricks rest-
ing on a stone base. Rammed earth, which may have been brought to Europe by

10 https://whc.unesco.org/en/list/1113 (visited on the 12th October 2018).

11 English term used for earth walls built up without formwork.

17
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Phoenicians (Houben, Guillaud, 1989), is widely adopted in Spain'? (Mileto, Vegas,
2014, Garcia-Soriano, Villacampa Crespo, Gémez-Patrocinio, 2018), France (Guillaud,
2008), Italy (Bertagnin, 1999; Sori, Forlani, 2000; Mattone, 2010; AA. VV., 2011),
Portugal (Fernandes, Correia, 2005). City walls (e.g. the ones of Cordoba, Seville
and Granada), monumental buildings (e.g. the Alhambra Palace in Granada) (Fig.
7), both urban (e.g. the historic city centre of Novi Ligure in northern Italy and of
Lyon in France) and vernacular architectures (such as the rural buildings of Piemonte,
Sardegna, Marche, Abruzzo, Calabria regions in Italy and of Rhéne-Alpes and
Auvergne regions in France) can be found in different countries (Fig. 8).

Fig. 7 The wall of the Alhambra Palace in Granada (by M. Mattone, 2017)

AD, writes: “Spain still sees the watchtowers of Hannibal [who invaded Iberia in 218 BC] and
turrets of earth placed on mountain ridges” (Plinius Secundus G. (77). De Naturalis historia,
(it. Transl. M.L. Domenichi, G. Antonelli ed., Venezia 1844), XXXV, XLIIl.14). Rammed earth
(called Tapia) would be widely used starting from the VIII century by Muslims for the con-
struction of military and civil architecture.
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Fig. 8 Earthen vernacular architecture in Priocca (Cuneo, Italy) (by M. Mattone, 2016)

In America, earthen constructions are both in the North and in the South. In North
America (Mexico and Southen United States), earth was used by native populations.
The Aztec built their monumental architectures in stones, while vernacular buildings
were built in adobe. The latter were also used by Europeans coming to North America
for the construction of missions and frontier forts such as Tomacacori, Guevavi and
Calabazas Jesuit missions in Arizona (1691). Later, in the middle of the XIX centu-
ry, the US army also adopted the adobe technique to build Fort Union and Fort
Selden. As for the rammed earth technique, it was brought to the American country
by German immigrants. Rammed earth constructions can be found in Washington
(Hilltop House), at Mount Vermon, in Trenton (New Jersey), in Canada (St Thomas
Church in Shanty Bay and residential buildings in Greensville).

In South America archaeological evidence of earthen buildings can be found in the
coastal regions of Peru. First proof of the use of raw bricks is related to Moche culture,
which developed in northern Peru between the lind century and the [Xth century. In
the city of Cerro Blanco, two pyramids, dedicated to the sun and the moon, were
built. They are adobe core pyramids almost 50 m tall. After the decline of the Moche
culture the largest civilisation to develop was the Chimu. Chan Chan was the capital
of the Chimu culture. In 1875 the archaeologist Ephraim George Squier described

19
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Chan Chan as “the most extensive and populous of all the cities of ancient Peru”.
It consists of “long lines of massive walls, gigantic chambered pyramids, or hua-
cas, remains of palaces, dwellings, aqueducts, reservoirs, granaries, prisons, furnac-
es, foundries, and tombs, extending for many miles in every direction” (Squier,1877,
p. 113). Beside the adobe constructions, rammed earth buildings can be found in
south America. In fact, during the XVIth century, the European settlers brought new
building techniques. “In 1549 a Jesuit missionary sent a request to Europe to send
‘artisans able to handle soil, and carpenters, for the construction of the Colégio da
Companhia in Sdo Paulo” (Jaquin, Augarde, 2012, p. 24). Monumental and vernacu-
lar buildings can be found also in other countries and, as it is stated by Houben and
Guillaud, up to now, in Latin American countries, both earthen brick and rammed
earth are still the main building materials (Houben, Guillaud, 1989).

EARTHEN CONSTRUCTIONS BETWEEN PAST AND FUTURE

Earth is one of the most used materials in the construction industry: the conserva-
tion of the earthen heritage guarantees the safeguard of a technological culture that
includes landscape and historical values. The transmission of knowledge connected
to these constructions represents, together with the protection of material testimo-
nies, the way through which foster the preservation of the earth culture and, there-
fore, the transmission of its civilization values.

The “culture of the earth”, expression of the peasant roots of populations, is found
in many settlements that are nowadays often strongly compromised. The progres-
sive lack of their necessary maintenance, due to the widespread desire to replace
raw earth with materials more “modern”, “durable” and with “better” performances,
has significantly contributed to their rapid degradation. They have often been aban-
doned or subjected to inappropriate interventions such as: demolition, substitution
or reintegration adopting materials with characteristics different from those of the
earth and responsible for the onset of degradation phenomena and their consequent
rapid destruction (Haman, 2008, Mattone, 2010).

Recently, however, they have become the subject of renewed interest. The re-
sults of researches carried out during the last decades state the advantages of earth
as a building material. Available in nature at an extremely low cost, earth requires a
reduced energy cost for its processing and offers the opportunity to realise building
with a remarkable living comfort thanks to its characteristics of breathability and ther-
mal insulation (AA. VV. 2011; Fontaine, Anger, 2009).

Preserving and passing on knowledge about the material, construction standards
and construction techniques can constitute important possible references for the cre-
ation of a new sustainable architecture. Therefore, the preservation of such material
evidence should be promoted not only for the protection of the culture of the raw
earth and for the transmission of the values of civilization that characterize it, but also
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for a greater diffusion of sustainable architectures, with none or very low environmen-
tal impact.
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Attention first turned to the conservation of the world’s earthen heritage towards
the end of the 1960s, following a few archaeological campaigns in the Middle East
(Iraqg). Starting in 1972, the topic became the subject of special academic confer-
ences spearheaded by Piero Gazzola, the first president of ICOMOS.

Today, a fresh reading of the Proceedings and Resolutions resulting from the in-
ternational meetings over a fifty-year period allows us to ‘take stock’ of the current
situation and, in particular, compare the theoretical premises with the actual work
that has been done. Through these documents and the rich body of published re-
search that they inspired, a considerable corpus of in-depth (increasingly geograph-
ically broad) information about earthen heritage emerges to which the development
of theoretical reflections on the topic and coherent conservation practices do not
always correspond.

Since historical earthen architecture constitutes a considerable part of the Cultural
Heritage identified by UNESCO (around 15% of the World Heritage List)', conserva-
tion of this evidence cannot neglect the essential aspects for which it is recognised
as "Heritage of Humanity”2. While recognising that the material out of which these
works are made poses particularly complex conservation problems due to its per-
ishable nature, this characteristic cannot justify total reconstruction or replacement

2 "To bear a unique or at least exceptional testimony to a cultural tradition or to a civiliza-
tion which is living or which has disappeared; to be an outstanding example of a traditional
human settlement, land-use ... which is representative of a culture or human interaction with
the environment” (UNESCO Ciriteria, IlI-V).
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activity that would jeopardise its authenticity and erase its history. Such practices are
extraneous to the conservation of historical-cultural heritage.

In the following, we shall trace the conceptual path marked out by the conferences
over the years, with the aim of determining its topicality and identifying the criticalities
entailed by the various developments, more or less in line with the original conserva-
tion premises.

THE INTERNATIONAL CONFERENCES FROM 1972 TO TODAY

It is immediately clear that a limited number of reports, devoted to historical knowl-
edge of earthen architecture and study of conservation technologies, were presented
at the first conferences (between 1972 and 1987). Comparison of research and ex-
perience was carried out in a really interdisciplinary context (Piaget 1967). Dedicated
questionnaires were distributed to identify and compare the issues encountered in the
conservation of these structures worldwide, “to encourage standardization of testing
procedures” (Torraca 1980, p. VI). Particular critical issues were then highlighted to
be addressed in subsequent research and it was stipulated that this research would
be gathered by ICOMOS-ICCROM and circulated worldwide (Resolutions Yazd 1976,
pp. 265-268).

Starting in 1990, the conference topics began to increase considerably and, as a
consequence, the meetings were divided into distinct sections. This led to the sepa-
ration of the historical-conservation approach from the technical-scientific one, having
been addressed together until then. New research areas were added to the origi-
nal themes, including anti-earthquake structural analyses, attention to urban and so-
cio-economic context and restoration of existing buildings. In particular, this last topic
highlights new interests (environmental sustainability, socio-economic aspects) and
different aims (reuse, modernisation of building traditions) that led to maintenance
practices that sometimes conflicted with the initial conservation premises.

At the first conferences, although a distinction was drawn between ‘archaeological
sites’ and ‘buildings in use’, attention was primarily focused on the former due to their
greater cultural interest. Subsequently (parallel to extension of the concept of ‘mon-
ument’ from the single building to include the urban environment and ‘minor’ archi-
tecture)?, case studies of existing buildings steadily increased, with the aim of keeping
them in use or restoring them to functionality. From then on, the primary objective
was no longer the conservation (understood as authentic transmission of material evi-
dence of historical-cultural importance) since other factors (such as sustainability, eco-
nomic feasibility, social issues and future development) being taken on board that led
to a notable revival of earthen building techniques. These techniques were used both
for the restoration of existing structures and the construction of new ones.
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Taking a close look at the acts of the various conferences, we find that the aim of
the first meetings was to “establish an international methodology for the study and
conservation of earthen architecture”.

In particular, as early as the 1972 Conference (Yazd, Iran), it was not only recom-
mended to protect the monuments from the damage of time but also to shield them
from inappropriate interventions. The position taken was clearly in line with resto-
ration guidelines, understood in a conservative sense and entailing attention to mate-
rial and figurative authenticity. Indeed, we read that, “from the perspective of respect
for the original structure, conservative surface treatment is preferable to covering the
surface with plaster, which would need to be periodically renewed. Covering with ce-
ment plaster or with bricks completely conceals the original remains and belongs to
the field of — more or less arbitrary — reconstruction and interpretation rather than
that of the authentic conservation of historical monuments” (Gullini, Torraca 1972).

At the 1976 conference (Yazd, Iran), we find special attention paid to archaeolog-
ical sites and it was recommended “that no archaeological excavation of sites like-
ly to contain the remains of structures in mud brick should be undertaken unless a
provisional conservation policy has been established”, since once unearthed, these
structures deteriorate extremely quickly. In the case of structures in ruined state, their
stability and integrity needed to be guaranteed; in that of buildings in use, periodical
maintenance was of fundamental concern. It was, however, specified that “restoration
should respect the spirit of the Venice Charter”; the reference to the principles of res-
toration, as opposed to falsifying reconstruction, is clear. The influence of this docu-
ment also appears in the specific call for “towns and quarters (...) to be rehabilitated
and adapted to modern living standards without losing their character, keeping their
typical architectural features”.

At the subsequent meeting in 1977 (Santa Fé, New Mexico, USA), a need was ex-
pressed for development of historical research on earthen architecture, along with
study of the material itself. Guidelines were also provided that were to “be consid-
ered when planning any adobe preservation project” laid out (as in the Carta ltaliana
del Restauro of 1972) in a list specifying what was ‘recommended/not recommended'.
Consistent with restoration principles, the following were recommended: “contem-
porary intervention that is distinguishable”, “use of new materials which are compati-
ble”, "preservation of alterations and additions that may have acquired historical sig-
nificance”, "adequate documentation prior to initiation of any preservation action”.

In 1980 (Ankara, Turkey), the definition of ‘earthen architecture’ appeared for the
first time; that required attention not only to materials (mud-brick or adobe) but also
“to all architecture, historic or contemporary, that is constructed of earth materials”.
In parallel, a distinction also seems to have been made between ‘'monuments’ and
‘vernacular architecture’, which is to say minor structures to be preserved as evidence
of a historical culture at risk of disappearance. The latter, while fully included with-
in the UNESCO definition (see Criteria Ill), nevertheless seemed extraneous to the
restoration sphere and became the object of building salvage. In spite of the initial
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definition of earthen architecture, attention seems to have been focused more on ma-
terials and construction techniques than on the architecture itself. The history of the
buildings seems to have been moved to the background*. As a consequence, the ele-
ments testifying to the authenticity of these works were neglected and often subject-
ed to total reconstruction (Bartolomucci 2005).

In 1983 (Lima, Peru), the theme of training took on special importance, with the
aim of reclaiming and passing down traditional construction techniques. The theme of
conservation was flanked by sociological and ecological approaches, which had until
then remained in the background. In particular with regard to the practical results of
this change, it is here important to emphasise a few orientations that marked a rever-
sal with respect to the past: the aim of the conference was no longer to study histori-
cal earthen architecture in view of its conservation, but rather to “circulate knowledge
of adobe construction and raise awareness of the importance of preserving and reas-
sessing both old earthen monuments and the techniques used for building with this
material”.

The principle of distinguishability, included a few years earlier among the guide-
lines for restoration, seems to have now disappeared: use of traditional techniques is
prescribed not only for maintenance but also for “completing and repairing old build-
ings, thus ensuring the survival of the skills through the use of like techniques and
materials”. Therefore, the transmission of a traditional construction technique led to
justification of such activities as completion and reconstruction of historical buildings
that remained unfinished or were in ruin®. The historical meaning and authenticity of
the buildings was undervalued or entirely ignored.

In 1987 (Rome, Italy), the importance of training was also stressed by the partici-
pation in the conference of CRATerre and the Ecole d'Architecture de Grenoble. The
conference’s declared aim was “to expand current knowledge of methods and tech-
niques appropriate for earthen architecture conservation”, but in this case as well, we
find a marked inclination towards training focused on modermising traditional building
techniques. In the opening speech, it was indeed affirmed that “this knowledge of
historical heritage and the know-how of the people of the past is an invaluable trea-
sure that can be reproduced today with the contribution of modern technology and
science” (Doat, Verdillon 1988, p.V). In spite of these premises, which are quite dis-
tant from those of conservative restoration, the results were presented of important
experiments that used ethyl silicate (Chiari 1988, pp. 25-32) and additives of organic
origin to strengthen adobe (Vargas Neumann, Mehta 1988, pp. 103-107), with the aim
of preserving the authentic material.

ten highly appropriate for the preservation. Even more important is the contribution these
methods and materials make to the organic quality of earthen architecture, particularly as it
relates to its inhabitants” (Recommendations in Ankara 1980, 281-84).

5 See the restoration of the Bahla Fort in Oman, restored between 1993 and 1999.
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The 1990 Conference (Las Cruces, USA) stands out for a high number of talks, di-
vided into themed sessions (history and tradition, conservation and restoration, site
preservation, material consolidation, current construction, humidity problems, chem-
ical and micro-structure of clay, future directions). All of the initial interdisciplinari-
ty seems to have disappeared, now replaced by a multi-disciplinarity that prevents
true synergy. The theoretical and methodological orientations were fragmentary
and, unlike previous conferences, there was, for the first time, no summary with final
recommendations.

From then on, the number of reports steadily rose. In 1993 (Silves, Portugal), the
various specialist topics remained divided, with a few changes from the previous
meeting (history and tradition, conservation methodologies and techniques, conserva-
tion case studies, earthquake resistance, industrial prospects, future directions). In the
final recommendations, emphasis was placed on the conviction that “conservation of
earthen heritage should not be limited to building preservation but should also con-
sider construction traditions” and that, “from this point of view, the priority is not only
training activity but also modernisation of earthen technologies and building practic-
es”. The historiographic approach remained wanting: attention was focused on study
of "building cultures” but chronological references seem to have been almost entirely
absent in the illustrated cases. There seems to have been confusion — already seen in
the previous meetings — between restoration (understood as conservation of cultural
evidence) and recovery (aimed at building reuse), as well as between interventions on
historical buildings and new construction.

The emergence of diversified interests, often cited (“conservation of architectural
heritage will need to be framed in a broader context of development, environment
and quality of life. Technical issues will not be able to be disassociated from social,
economic, political and cultural conditions”), seems to have contributed to the in-
creasing distance between practice and methodological reflection on the one hand
and the restoration sphere on the other. The need was highlighted to define “guide-
lines for correct conservation practices”, including in reference to the ethical princi-
ples of the restoration charters. Reference to the need to “conduct research with more
scientific methods” revealed a rather chaotic overall tendency.

At the Conference in 2000 (Torquay, UK), the various topics were again divided:
archaeological sites and monuments, materials, conservation and maintenance, con-
tinuation of tradition, political, economic and legal context. In the Resolutions, the
‘holistic’ approach to conservation was cited and the idea that ‘the conservation of
earthen architecture must be aimed not only at preserving buildings but also building
traditions’ was again repeated. The term 'geo-architecture’ was introduced, but in this
case as well, the reference to ecology seems to distance historical and conservation
interests, in favour of sustainability and reuse.

The opening talks tried to take stock of the situation from the methodological per-
spective: one cited the state of the art of knowledge from the technical-scientific point
of view and compared the topics of the previous international conferences (Chiari
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2000, pp. 107-114); the other presented a summary of the previous recommendations
synthesised by keywords (Taylor 2000, pp. 189-194). There was a call to focus more
attention on assessment of the results and outcomes of previous work and, therefore,
on documentation of the state of preservation and current interventions.

At the 2003 (Yazd, Iran) meeting, the reports were no longer organised by top-
ic and there were no final recommendations. There was still clear (never resolved)
contamination between history and tradition, the ecological approach for sustainable
development and the dialectic/opposition between progress and continuity with the
past. Among the contributions, there was a critical review of the literature on the top-
ic (Guillaud-Avrami 2003, pp. 201-220) and reflection on the relationship between
conservation and development, in which the concepts of integrated conservation, au-
thenticity and integrity (functional, structural, visual) made a return (Jokilehto 2003,
pp. 11-18).

At the 2008 Conference (Bamako, Mali), the reports were once again divided by
theme and, in particular, distinction was again made between conservation of liv-
ing sites’ and of ‘archaeological sites’. The ‘intangible aspects’ (in reference to oral
traditions of know-how), which need to be preserved along with the tangible ones,
made their appearance®. Alongside the multiplicity of topics (problems caused by nat-
ural and seismic activity, results of scientific research on conservation, training, chal-
lenges and opportunities for conservation and development) we find a proposal for
‘Standards and Guidelines for new and existing structures'. The recommendations and
general conclusions emphasise that “the study of earthen architecture has become (or
is fast becoming) a discipline in its own right with an explicit terminology, a defined
body of knowledge, and its own pedagogy”. It is again stressed that “conservation
initiatives must involve the local community; this is essential if efforts are to be sus-
tainable and the heritage is to be valued and cared for the long run” (Teutonico 2008,
p. 389). It is further affirmed that “conservation and development are not antithetical,
but are part of a continuum”.

This affirmation, although sound, seems to increase the confusion between authen-
tic conservation of historical-architectural heritage and possibilities for current/future
development of earthen architecture. As we shall see below, there no longer seems to
be a theoretical and practical distinction between two profoundly different themes. If
the hoped-for continuity is detached from solid historical awareness, there is a risk of
falsifying earthen heritage.

The 2012 Conference (Lima, Peru) also presented a multiplicity of themes and de-
voted particular attention to natural catastrophes (earthquakes, floods) and climate
change, addressing issues linked to the conservation of World Heritage Earthen-
Architectural Sites (WHEAP) from the perspective of prevention and risk management.
The distinction remained between ‘living sites’ (Human Settlements and Cultural

2003).
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Landscape) and monumental evidence of the past (Archaeological Sites), but this
separation was in conflict with the definition of “Cultural Landscape” understood as
a whole combined works of nature and humankind. In parallel, the mixing of “local
knowledge, intangible heritage and social impacts”, and that of “ancient/historic and
contemporary architecture” created a clash of theoretical positions and aims.

There was a special session devoted to Charters, Standards and Guidelines for
Heritage and Construction but, in this case as well, it is significant that there was no
distinction made between historical architecture and new construction. The conserva-
tion of Earthen Architecture was by this point firmly associated with “the safeguard-
ing of the communities that have, since time immemorial, handed down traditional
knowledge and skills that are still studied and appreciated as examples of low-cost,
adaptive and sustainable technology” (Bandarin 2012, pp. 14-15). The chronological
vagueness seems to be in step with the prevalent (if not exclusive) focus on economic
sustainability and ‘adaptive reuse’. It was followed by the devaluation of cultural her-
itage from “unique or exceptional testimony” to product to be replicated (“earthen
architecture has been recognized for its heritage values and for its intrinsic technical
and economic advantages in all regions of the world”).

The Reflections and Recommendations from 2012 seem fairly generic from the the-
oretical perspective, but the “Lima Declaration for Disaster Risk Management” deals
with the specific theme, highlighting interesting issues (against post-earthquake dem-
olitions carried out in the name of safety; in favour of historical knowledge of past
earthquakes). Hope is expressed for greater engagement with other disciplines in or-
der to tackle the themes of materials conservation and technological innovation, in
the interest of achieving “change and innovation”. The mixing of “continuity of the
architectural and construction culture” and “preservation of earthen-architectural her-
itage” remained. There was some criticism of current research (“the lack of definition
of research problems, the repetition and redundancy of research topics, the lack of
access to information”), revealing that the methodological premises that had been ini-
tially defined (cfr. Torraca 1980) had disappeared: “the existence of different groups,
networks, associations ... engaged in earthen architecture” and the need “to promote
exchange and collaborative activities, as well as the establishment of an international
observatory to define priorities and strategies for research and communication” (Terra
2012, Reflections and Recommendations, p. 301).

It seems meaningful that another important International Meeting took place in
2012, spearheaded by UNESCO: Earthen architecture in today’s world (Paris, France).
At this meeting, contemporary earthen architecture was considered for the first time
on its own (in the footsteps of Hassan Fathy) and in a way distinct from the World
Heritage Sites and Cultural Landscapes. The “World Heritage Earthen Architecture
Programme"” was illustrated among the Annexes (WHEAP 2007-2017).

Of particular interest is the statement that “observing the traditional architecture
provides relevant information on the most seismic-resistant structures” since it dis-
proves the widespread overall mistrust, in the event of seismic activity, of historical
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building” (Annex 3, p. 256). In this regard, “inventories and the application of available
and appropriate documentation tools are needed before, during and after disasters
and conflict, to improve risk assessment, response and recovery” (a modern and nec-
essary consideration for architecture in general, not just earthen).

Here as well, we can see frequent confusion between tangible and intangible val-
ues. The statement that “the conservation of the constructive culture of earthen ar-
chitecture is at the hearth of sustainable development” reveals a greater focus on the
‘building tradition’ to be followed towards the aim of sustainable development, than
on the conservation of material/tangible evidence produced by said culture over the
centuries.

In the final recommendations, we find concepts that had already been expressed
as early as the very first conferences (implementation of exemplary conservation and
management projects), but there still seems to be the same confusion between the
‘tools’ and ‘aims’ of conservation (contribute to social and economic development; ...
enhance the role of earthen architecture in environmental sustainability and economic
and social development). Finally, noting that there are no specifications for Earthen
Architecture Heritage in the Operational Guidelines for the Implementation of the
World Heritage Convention, conclude that “a specialized annex be developed to ad-
dress conservation guidelines, particularly in relation to authenticity and integrity, as
well as principles for use, interpretation, and other aspects crucial” (Appeal, in Paris
2012, pp. 260-263).

In the Declaration of 12th Congres Mondial: Terra 2016 (Lyon, France), the eco-
logical motivations for environmental sustainability (use of “bio-based materials”) and
the Sustainable Development Goals of the ‘2020 Agenda’ still seem to predominate
over the cultural motivations that had oriented the first studies on earthen architec-
ture conservation. The aims cited in the Recommendation ("“to preserve and support
the intangible values associated with earthen architecture and its building traditions”)
emphasise that ‘intangible values’ seem to prevail over ‘tangible values’ and material
conservation; the latter seems to be motivated by use and no longer by the need to
protect heritage of cultural interest.

In spite of the call “to focus more attention on World Heritage sites in danger”
and despite the noteworthy increase in knowledge regarding the first and second
themes of the Conference (Heritage inventories and studies; Heritage conservation
and management), the archaeological, historical and technical knowledge of this her-
itage seems to serve solely “to adapt earth building technologies to new socioeco-
nomic realities and evolving production conditions” and, in sum, “to demonstrate the
business opportunities that the earth construction sector presents”.

The topics highlighted in the various recommendations for the conservation of
earthen architectures are illustrated below (tab. 1).
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Tab. 1. Summary of the Recommendations for the conservation of earthen architecture
(cfr. Taylor 2000, 190)

31



CONSERVATION OF EARTHEN ARCHITECTURE

CONCLUSIONS

Today, it seems more important than ever to reaffirm theoretical and methodolog-
ical reflection on the conservation of Earthen Architecture, since the protection of a
substantial heritage of cultural interest is now flanked by other important factors (see
the ecological approach and sustainable development in Agenda 2020) that, as we
have seen, risk predominating over the authentic safeguard of this evidence.

First and foremost, the goals of the conservation of Earthen Architecture need to
be clarified: whether it is a matter of preserving architectures of recognised cultural
interest (tangible heritage), or of transmitting building cultures and traditions that are
also important for future development and environmental sustainability (intangible
heritage).

Both aims are of primary importance, but it is opportune to maintain the distinc-
tion between the sphere of conservation of historical earthen heritage and that of
new construction, since they are distinguished by different aims. On the contrary,
at the most recent conferences the two have always been indistinctly associated.
Indeed, the dialectic between conservation and development seems to have created
a certain degree of confusion between the aims of safeguarding cultural heritage and
those of reclamation and new construction.

Study of earthen architecture has resulted in increasing use of these building tra-
ditions both in the recovery of existing architecture and in new construction, but this
can create serious problems of authenticity in the area of the conservation of cultural
heritage.

Separating the conservation of earthen architecture from the Theory of Restoration
— which provides the conceptual bases and guidelines for the authentic conserva-
tion of historical evidence — is dangerous and ineffective. Indeed, without the nec-
essary knowledge of the history and the values that the architecture documents, one
risks falsifying this material evidence and passing down the historical building meth-
ods negating the history itself and the values for which this heritage is recognised to
be of ‘cultural’ interest. In this sense, instead of the implied disciplinary autonomy
outlined at the 2008 conference, it would be more opportune to stress the need for
an interdisciplinary effort, indispensable for tackling such a complex theme.

As concerns the premises expressed at the first conferences and in spite of the
considerable body of knowledge gained in regard to this heritage, what still seems
lacking today is a true historiographic approach that makes it possible to frame
the phenomenon not only in terms of geography and typology but also in that of
chronology. The challenges here are considerable above all because, as has already
been observed, it is almost impossible to date this architecture due to its constant
reconstruction. Nevertheless, it is precisely for this reason that it seems urgent to re-
think the criteria for intervention, in a direction more rigorously conservative and at-
tentive to material authenticity.
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INTRODUCTION

In Italy, the use of earth as a building material has been historically well distribut-
ed throughout the Country, with the exception of the most mountainous areas in the
centre and north of the peninsula. All the 20 political regions, from south to north,
from Sicily to Piedmont, attest a diverse but often rich architectural production in
which earth represented, in a not very distant past, a very commonly used material.
Whether for walls, bedding mortars and plasters, floors and roofs, earth was every-
where used on a more or less large scale.

The different techniques used in the construction of simple units demonstrate
the skill developed for centuries in the construction of houses and cities. From the
Etruscans (VI-1Il sec B.C.), who built adobe walls on stone foundations or even on
foundations made with the same earth blocks, for both rural and urban buildings
and monuments, as well as for the fortifications of their settlements (Baldacci 1958),
continuing with the Romans (V-1 sec B.C.) who left a considerable number of vestiges
throughout the Country, up to the more recent constructions, all of these constitute
the historical and traditional earthen architecture heritage of the extended lItalian
territories.

Few researchers have really studied the role of the earth in the Etruscan architec-
ture, but important documentation indicates its existence through the texts of Pliny
and Vitruvius: both mention this material, describe its production, and the monu-
ments still in good condition at their times, in order to demonstrate the quality of
their structure and their stability. In particular, Pliny the Elder in his book Naturalis
Historia, dedicates a whole paragraph to earth construction “Quid? Non in Africa
Hispaniaque e terra parietes, quos appellant formaceos, quoniam in forma circum-
datis Il utrimque tabulis inferciuntur verius quam struuntur, aevis durant, incorrupti
imbrius, ventis, ignibus omnique caemento firmiores? Spectat etiam nunc speculas
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Hannibalis Hispania terrenasque turres iugis montium inpositas. Hinc et caespitum
natura castrorum valis accomodata contraque fluminum impetus aggeribus. Inlini
quidem crates parietum luto et lateribus crudis exstrui quis ignorat?” (So? Aren't in
Africa and Spain walls of earth, which they call clay walls, because they are done in
a form surrounded with boards on both sides, they last over time, are not to be de-
stroyed by rains, winds, fires and are more solid of any concrete? Even now in Spain,
we see the Hannibal's observatories and earthen towers built on the yokes of the
mountains. For this reason, it is adapted as structure to the valleys of the camps and
of the riverbanks against the rush of water. Furthermore, who does not know that the
surfaces of the walls are smeared with mud and are built with raw bricks?).

From these historical documents we know that different types of buildings were
constructed with adobe: many temples, town walls (Arezzo, Gela), tombs (Lipari),
villae (Roman country villas). Finally, according to a famous quote from Augustus,
we can also assume that Rome itself was largely built with adobe: Marmoream se
relinquere, quam latericiam accepisse (I left a city of marble where | found a city of
earth) (Svetonio). During the Middle Ages and thereafter, the use of earth for con-
struction was limited to public housing, as stone was reserved for wealthier fami-
lies, fortifications and religious buildings. However, we have reason to believe that
this material has therefore been constantly used throughout the country for centu-
ries and also during the long period marked by the incursions of Albanians, Greeks
and Slavic peoples, in the Marche, Puglia and Calabria. Slavic migrations began at
the end of the 14th century, introducing new construction traditions that received a
great contribution from the material earth in general, and from adobe in particular.
Many places in Calabria where adobe is still in use remind of this period: Spezzano
Albanese, Tarsia, Santa Caterina Albanese, Copolati, Crosia, Ghirio, Roccaforte del
Greco (Galdieri 1982).

Until the middle of the last century, with a peak following the Second World War,
Italy could boast of having many small villages and rural settlements, variously built
with earth according to the adobe, rammed earth and cob technology. Distributed in
the north, in Lombardy (Lomellina, Oltrepo Pavese, S. Angelo Lodigiano, Mirandolo,
Valle Sermide and Ostiglia in the province of Mantua), in Emilia (Cento), in Umbria
(the Umbian valley from Perugia to Spoleto) in Tuscany (Lake Trasimeno, area of
Cortona, Valdarno), in Abruzzo (provinces of Chieti, Pescara, L'Aquila), in Calabria
already mentioned, or in Piedmont (plain of Marengo, Fraschetta), in Sardinia
(Campidano, Cixerri, Sarrabus), in the Marche (provinces of Macerata and Teramo).
What remains of this earthen architecture now is an articulated and widespread built
heritage that testifies a dignified past and a strong identity but that is slowly being
replaced by a unified and generalized way of life, that most of the time overlooks the
significance of this inheritance.

The strong heritage protection actions carried out in the last two decades by pub-
lic administrations, universities and private entities have finally led to many signifi-
cant actions of conservation in many regions and, in some cases, have sustained new
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earth construction. In the following, | will try to provide a concise overview of what
earth building represents in those Regions where the remaining heritage is still well
recognizable. In some cases, this legacy is more related to the memory of written
documents, in other areas earth buildings are still in use proudly showing a living
heritage.

THE EARTHEN BUILT HERITAGE IN THE ITALIAN REGIONS

As previously mentioned, not all Italian regions have preserved an evident her-
itage of earth construction. But for some of them this heritage is still present, and
sometimes even still in use, and for some others it has been possible at least to refer
to historical documents. In the following, is a description of the heritage of the eight
Regions that have been better documented: Sicily, Sardinia, Calabria, Basilicata,
Abruzzo, Marche, Tuscany and Piedmont.

Sicily

In Sicily, the unfired brick technique was used in the past for the construction of a
large number of Punic, Roman and Greek sites (Fig. 1). There are now numerous ar-
chaeological findings that testify earth construction: the city walls of Capo Soprano
in Gela (4th century B.C.) are the most impressive evidence of the island (Fig. 2). The
walls built around 340 B.C. by the Corinthian general Timoléon, forced to restore and
partially rebuild the walls already built 60 years earlier with large blocks (40 x 40 x 8
cm) (Galdieri 1982). Studies conducted by researchers from the University of Palermo
led by Maria Luisa Germana have contributed substantially to highlighting the true
Sicilian roots of earthen architecture. From the research carried out on numerous ar-
chaeological sites, the findings from different periods, ranging from prehistoric to
Roman times, cover different types of buildings: religious, residential, funerary, artis-
anal, without excluding fortifications (Germana 2008).

The most interesting archaeological remains, after the VII century BC, when the
island opened to non-indigenous influences and when earth constructions began
to spread. The earth therefore remains present in the architectural heritage of Sicily
until the Middle Ages, with constructions in unfired bricks and rammed earth from
the Hellenistic and Roman period. Currently, apart from the archaeological remains,
nothing in Sicily reminds about the construction in earth, although there is consider-
able interest regarding the material and its potential for new building.
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Fig. 2 Sicily, Capo Soprano. Credits: M.L. Germana
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Sardinia

Sardinia represents a special region in Italy thanks to its numerous unfired brick
constructions. In this region the earthen house is present in both rural and urban ar-
eas (Baldacci 1958).

The island has had a long and continuous tradition of earthen constructions. The
remains of the Phoenician and Roman period testify that earth was already a widely
used material both for the production of bricks and as a mortar for plasters and floors
in stone constructions. The findings in the Punic/Roman city of Nora near Cagliari tes-
tify the current use of earth bricks also for representative buildings such as the forum
(Bonetto 2012; Bonetto 2013).

Subsequently, the use of earth brick was consolidated during the Spanish domina-
tion from 1326-1718 in an area that corresponds to the great Campidano plain which
occupies almost a third of the entire island.

This long domination has left a culture that has marked the consistent built heri-
tage still recognizable in the constructive elements and the words that define them as
ladiiri from ladrillo, tabiccu from tabique and boveda unchanged. In the Campidano
everything is built with earth, public and private buildings, industrial and agricultural,
urban and rural, rich and poor (Fig. 3 and Fig. 4). Here the adobe technique reached
shapes and characters that are rarely found in the rest of Italy, starting from the pri-
vate house, the most common type, which is always organized around a courtyard.
The basic type of the courtyard house can have different forms depending on its lo-
cation in the specific territories, the economic condition of the family, the particular
function: depending on the predominance of one or the other factor, the courtyards
can be small or large, placed in front or in the rear, the residential buildings can have
one or more levels, face the street or the courtyard. As always, the courtyard houses
have a very introverted character, projected towards the internal space where most
of the activities take place. Outside, along the access road, often represented by
narrow alleys, the surrounding wall runs to protect the intimacy of the family. A se-
quence of solids and voids, of public and private spaces provides the rhythmic ca-
dence of the inhabited spaces.

At the end of the nineteenth century, another typology appears in small towns,
the palazzetto, built on the street front, a two-story building, open to the public
street with large windows and balconies, which escapes the logic ordered by the cen-
trality of the courtyard. These new buildings have an urban character that replicates
the model of the noble palaces in Cagliari, the main city of the island. In this case,
intimacy surrenders in favour of revealing the family’s wealth: stuccoes and external
decorations, wrought iron balconies, proudly show the richness of the people who
live there.
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Fig. 3 Sardinia, Villasor. Credits: M. Achenza

Fig. 4 Sardinia, Musei. Credits: M. Achenza
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Calabria

Calabria, with Sardinia and Piedmont, is one of the regions that best represent
earth construction in Italy. In ancient times, earth, and the earth brick in particular,
were used in Calabria to erect fortifications as evidenced by the remains of ancient
Reggio Calabria (6th and 5th century B.C.), Locri and Vibo Valentia (5th century B.C.).
The walls of the ancient colony of Region (Pfywov), today’s Reggio Calabria, were
built during the period of Greek domination on the lonian coast of southern ltaly.
This defensive structure, discovered at the end of the 1970s, was built in the highest
part of the city by ramming a mixture of earth inside two fired brick walls (Galdieri
1982).

The earth brick, used also in modern times until the middle of the last century,
is known by different names, depending on the places where it is still present: mat-
tunazzu (valley of Crati), bresta or vresta (centre-south of the region), bisola (near the
strait of Messina). Despite the diversification in terminology, the bricks are manufac-
tured according to identical methods used in historical times and were used both
in the countryside and in the urban context until a few years ago (Cavalcanti 1999).
Their dimensions vary according to the place of production: around Vibo Valentia
and on the plateau of Monte Poro the bricks are larger (38 x 18 x 10 cm), in the val-
ley of Crati and the area of Lamezia Terme, they had a size equal to 30 x 15 x 15 cm,
while closer to Reggio Calabria its dimensions are smaller (27 x 14 x 12 cm). Their
use is quite diversified involving both rural and urban buildings, both rich and poor.

Although there are no particularly precious decorations as sometimes happens
in other countries, it is possible to find very interesting formal and technical ap-
plications such as terrace houses, noble palaces, and even industrial buildings and
defensive walls. According to a re-organization of the different typologies present,
made by Ottavio Cavalcanti and Rosario Chimirri (Cavalcanti 2009), the hut typology
is identified which is the most primitive example of agro-pastoral construction. Itis a
simple and very small space (rarely larger than 7 m?), built with the wattle and daub
technique. The cottage, also a rural building, but slightly larger in size, represents
the most widespread type in the region. Starting from a single cell, it can have sev-
eral additional rooms, and an upper floor. The animals and agricultural tools are
housed in annexed service buildings.

The walls are made of bricks coated with earth plasters or with lime slurry. The
farm, a building type belonging to wealthier families, has a more complex organi-
zation, with a central element on two floors around which all other service spaces
are organized. This complex of several buildings can accommodate from 50 to 100
people, and can be considered as a small autonomous village, so independent that
sometimes it even integrates a small church. Town houses are located within small
agglomerations, along historic streets and in the vicinity of religious or military struc-
tures. These are basically of two types. The former has a single-storey terrace and
has a single room where men and animals live together. The latter, more articulated,
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has several rooms for different purposes. It is still possible to find, albeit infrequent-
ly, three-storey buildings with artisan shops on the ground floor (Cavalcanti, 1999).

Fig. 6 Calabria, “Palazzotto”. Credits: R. Chimirri
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Basilicata

In Basilicata, the construction of earth houses was widely diffused throughout the
nineteenth century and during the first half of the twentieth century both in rural and
urban areas, for the availability of the materials on site and for the ease of realization
of the artifacts (Guida et al 2015).

Now earth houses are no more commonly found, but they are still present in the
valleys of Sini and Agri and can be distinguished in two types. The first one is formed
by one small room, generally square or rectangular, built at the centre of the prop-
erty that was cultivated. It was used as a temporary shelter during the day and per-
manently during the summertime. The second one was a two-storey building and
represented the family house in town, built with recurrent typologies. In 1932, De
Grazia reported the diffusion in the village of Senise of earthen houses in replace-
ment of those built with stone (De Grazia 1924). These were called casedda, had
stone foundations and adobe walls (citicioli): “The dug clay was brought close to the
place chosen for building the house. It was broken, pulverized, and then put in a ba-
sin where it was wettened and mixed. To the mix wheat straw was added to make it
more coherent and insulating, and as soon as the mix hardened, bricks were formed
and then sun dried” (Dragonetti 2014).

Floors were made of pebbles or rammed earth, with the use of fired tiles only in
rich houses and in town. Sloped roofs protruded from the walls to protect them from
rain. Houses were always plastered with one or more layers of lime mix, not just for
aesthetic but mainly for sanitary reasons.
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Fig. 8 Basilicata, Senise. Credits: W. Secci

Abruzzo

The earthen heritage of Abruzzo is mainly represented by rural buildings, doc-
umented since the mid-nineteenth century widespread in the countryside, almost
never in the urban area. These are houses with a rectangular or square plan on two
levels connected by an external staircase. In urban areas they are houses up to two
floors high with walls that can have both raw and fired bricks together.

The ground floor, normally used as an artisan workshop or shop in the city, is
used as a barn in the countryside. The use of earth has spread widely in the coun-
tryside thanks to its low cost and the availability of the material. Furthermore, the
construction process was the result of an exchange of work between neighbouring
farmers (Giardinelli 2004).

The most represented technique (95% of cases) is that of the freemason (Conti
2004), characterised by monolithic walls built starting from a clayey earth mixed with
a large amount of straw, associated with earth brick only in very rare circumstanc-
es. According to a census of earthen houses built by the Abruzzo Region in 1997, it
appears that in the areas of Chieti (Loc. Buon Consiglio and Villamagna), there are
only 5 houses built entirely with earth bricks. The walls, 40 cm thick, are built with
bricks measuring 10 x 12 x 35 cm, the joints and plaster are also made with earth
(Gentile 2004).
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Fig. 9 Abruzzo, Manoppello. Credits: M. Achenza

Fig. 10 Abruzzo, Manoppello. Credits: A. Lattanzio
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Marche

Earth construction is widespread in the Marche, especially in the lower hilly ar-
eas and constitutes an important construction tradition in the province of Macerata
and in the city of Treia in particular. It has been thought for many years that earth
construction was present only in very limited territories (Volpe 2004). In fact, more
in-depth research conducted over the last few decades by architects Gianni Volpe
and Anna Paola Conti have brought to light many buildings, the most recent of
which date back to the late 19th century. These buildings known as atterrati (literally
in dialect: built in earth) were rural buildings as well as urban ones. The walls were
mainly made with almost pure clay with a technique called massone (cob, in English),
more rarely with bricks. It is worth mentioning the exceptional example of a neigh-
bourhood built almost entirely with earth bricks now incorporated into the town of
Macerata, but once a rural agglomeration, Villa Ficana (Conti 2002). It is a set of
about fifty terraced houses, some of which have a mixed technique of cob and ado-
be. The analysis of the existing building demonstrates a masterful knowledge of ma-
son construction and detects the presence of unfired bricks prepared without straw,
especially used for internal partitions (Giustozzi 2007).

Fig. 11 Marche, Treia. Credits: A. P. Conti Fig. 12 Marche, Villa Ficana. Credits: A. P. Conti
Tuscany

Tuscany is not a region of ltaly that immediately evokes earth construction, but
this material has been widely used in the region, especially in some areas, like those
of Val di Chiana around Lake Trasimeno and in Valdarno. It is important to remember
the well-known booklet by Giuseppe del Rosso (Del Rosso 1793) (Bertagnin 1992)
which extensively describes the earth constructions in those territories. However,
there are documents that refer to defensive structures built with rammed earth, and
sometimes even with earth bricks. In the third century BC, during the transition pe-
riod between the Etruscan and Roman domination, part of the walls of the ancient
Arretium (Arezzo) was rebuilt using large rectangular unfired bricks measuring 48 x
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28 x 12 cm. These bricks had a particularity described by G. Lugli: “the bricks of the
wall are made with a not very refined clay that contains stones without added straw;
these were first dried in the sun, and then lightly passed over the fire, but their inte-
rior remained mostly raw due to their great thickness” (Lugli 1952). The semi-firing
process has given these bricks the same shiny surface appearance of the Assyrian
walls and represents in our eyes the transition phase from raw to fired brick (Galdieri
1982). Another interesting example is the Villa Settefinestre, built on a hill near Cosa,
an important Roman maritime commercial port founded in 273 BC, sited along the
Via Aurelia near Argentario promontory.

The villa was built in 40 BC by a family linked to the Roman Senate and had a
property of 125 ha used for agriculture and livestock. Certain parts of the building
made of earth prove that a good part of the Roman republican buildings used this
material. What remains in Tuscany today is a limited heritage and almost unknown,
essentially concentrated in the south of the region, with rare but not unimportant
urban presences. This is the case of San Giovanni Valdarno where are still visible, in
the historic centre of the city a group of houses perhaps designed by Baldassarre
Buontalenti (1536-1608) made of unfired bricks (Galdieri 1982).

A recent uncovering is the one inside the Grange of Cuna near Monteroni d'Ar-
bia, a big farm owned by the Santa Maria della Scala Hospital in Siena. Among
the different masonries, fired brick masonries with earthen bedding mortars have
been found in the original medieval nucleus, while rammed earth masonries plas-
tered with lime mortar are present in some late medieval or post-medieval additions
(Giamello 2016). Moreover, two examples of rammed earth masonries yet in the
territory of Siena were reported by Parenti (2002): the Palace Bandinelli Corboli in
Asciano (in the second building phase, dating to the 13th century) and Castelverdelli
(San Giovanni d'Asso), where the earthen walls, made with different techniques, are
largely used in the large complex, related to the 13th-14th centuries (Fratini 2020).

Fig. 13 Tuscany, Alberoro. Credits: M. Achenza (1993)
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Fig. 14 Tuscany, S. Giovanni V. Credits: E. Desantis

Piedmont

Although there is no specific documentation of earth archaeological findings in
the region, Piedmont is one of the richest Italian areas in earth constructions. The
heritage still visible today mainly dates to the past two centuries even if it is still pos-
sible to find more ancient buildings. Many earth constructions are concentrated in
an area between Alessandria, Novi Ligure and Tortona, the so called Marengo plain,
where rammed earth coexists with brick construction to form an architectural pres-
ence of great diffusion and importance.

The shape of the buildings varies according to their destination. Sometimes these
are residential block buildings such as in the cities of Alessandria and Novi Ligure
or smaller units, as in the case of Bosco Marengo, Frugarolo and Spinetta Marengo.
But also rural houses are numerous throughout this area. In the remaining part of the
Alessandria province the use of earth bricks is widespread their presence character-
izing many small towns such as Fresonara, Castelnuovo Bormida, Castellazzo and
Basaluzzo.

Studies conducted over the last decade have shown the presence of interest-
ing examples of earth architecture also in the provinces of Asti, Torino, Biella and
Cuneo (Fratini 2020). In these buildings the use of earth brick does not exclude the
employ of fired bricks and they may coexist. In some cases, in fact, earth bricks are
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found only in the upper floors immediately below the roof that protects it from the
elements, while in other cases the fired bricks are used for the bearing structures and
earthen bricks for internal and external walls. The fired brick can be also found only
as a decoration (Robboni 2007).

For the most part, these earth bricks architecture is represented by isolated hous-
es, very simple in shape, almost always with two floors, more rarely with the addi-
tion of a mezzanine attic. In the urban context the buildings are adjacent with large
fagades on narrow streets or small squares, windows only starting from the first floor
and open only to the back. These two or three storey buildings do not differ at all
from the more recent buildings built next door, which have maintained the shapes
and decorations of the earth buildings.

Fig. 16 Piemonte, Novi Ligure. Credits: G. Bollini
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CONCLUSIONS

The diffusion of earth buildings in Italy has been very extended in ancient times
in the whole country, as evidenced by the most recent archaeological campaigns.
Nowadays, even if there are no significant concentrations of earthen buildings left,
except in some regions described above, earth as a building material, where pres-
ent, is well recognized and mostly still in use. In these regions, the use of earth as
building material has sometimes reached such levels of exceptional skill, sobriety
and richness that the heritage has survived despite almost a century of neglect and
abandonment. These constructions and the culture that they bear are still far from
being put at the centre of political actions of conservation and valorisation, but some
activities at national level where carried out in order to frame a dedicated normative
in the years 2004-2009 and several Regional laws have stated the need to recognize,
preserve and valorise the local earthen built heritage.

The pandemic events of the last months seem to put this heritage again under a
focus lens, as the Italian villages, the very backbone of the country, are places where
people live better and differently from large cities, on a human scale; they are plac-
es of thought and slowness, that same slowness that very well represents the figure
of Italian artisans, of high quality agriculture, of the protection of biodiversity, of the
landscape suspended between city and countryside, between sea and hinterland.
These are concepts that need to be protected and spread in order to make the living
in these peripheral places more and more attractive. Famous architects as Stefano
Boeri and Massimiliano Fuksas are convinced that the rehabilitation of old minor vil-
lages will be our future, able to stop the diffused uncontrolled soil consumption and
to assure energy efficiency, enhance circular economies, both key instruments to re-
spond to the climate and the pandemic crisis we are facing.
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SiLvano AGOSTINI', GIANFRANCO CONTI?
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Region, Geological and paleontological service, Chieti, Italy
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THE "EARTH"

The eastern side of the Apennine chain of Abruzzo reaches the Adriatic Sea
through a complex hilly landscape, whose environmental context is marked by re-
markable geodiversity, with sandy and clayey sandy hills sediments of Middle
Pliocene-Pleistocene age, the so called “sub-Apennine clays” (Fig. 1). Local commu-
nities indicate these sediments with the term “earth”. This material, which is widely
available, has been used in the past as unfired material in the construction of hous-
es. Only later and progressively the houses have been built with fired bricks, first
produced in pre-industrial single chamber kilns and then in modern industrial kilns.
Nevertheless at present earthen materials are still used in architecture. From the
compositional point of view the “earth” consists of a mixture of phyllosilicates (with
prevalence of illite and smectite), associated with silt and a low percentage of fine
sand. The amount of calcium carbonate, both as a debris fraction and as a cement,
is considerable. These sediments have a marine origin, being deposited in a sub-
merged platform environment. Their sequences are formed by layers of sub-metric
thickness organized in regular morphostructures according to a monoclinal arrange-
ment with dip direction towards E-NE. The natural exposure of these sediments is
visible along the river incisions or where the slopes are deeply eroded (Fig. 2). The
weathering and the intense erosion processes of these sediments leads to the for-
mation of alteration coulters of variable thickness (up to more than 5 meters).

The harmony between the earthen houses, the geometries of the agricultural
fields, together with the hilly morphology of the sub-Apennine clays, represents a
rural landscape of considerable historical and environmental value, closely related to
the traditions and cultures of local communities.
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Fig. 1 Map of landscape units and houses of earth in Abruzzo

Symbol Legend

1- Alluvial flatlands (Holocene); 2- Alluvial flatlands (Pleistocene); 3- Hills of sand-
stones, sands and conglomerates (Plio-Pleistocene); 4- Clay hills (Plio-Pleistocene);
5- Reliefs and hills of marl, clays and chalks of the allochthone units of the Molise ba-
sin (Upper Cretaceous-Upper Miocene); 7- Carbonate reliefs (Lower Jurassic-Middle
Miocene); 8- Transitional facies (sands and conglomerate) flatlands (Pleistocene);
9- Debris flow deposits and alluvial fan (Pleistocene — Holocene); 10- Reliefs of
sandstones and marls of turbiditic flysch (Middle-Middle Pliocene Miocene); 11-
Lacustrine basins intermountain, clays, silts and gravels (Pleistocene); 12- Hills of
marls and chalks (Upper Miocene); 13- Lakes; 14- Artificial lake; 16- Hills and terraces
of travertine and calcareous sands; 17- Houses of earth.
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Fig. 2 The hilly clay landscape of Abruzzo near Bucchianico (Chieti) - Coste dello Spagnolo

THE “SURVEY"” OF THE EARTHEN BUILDING IN ABRUZZO

Abruzzo earthen buildings are mainly rural houses that contribute to delineate the
agricultural hill landscape made up of multiple signs of delimitation of agricultural
spaces, reflecting the breakdown of land ownership. The survey project, carried out
by the Abruzzo Region in 1999 (Cicchitti et al. 1999; Perrotti et al. 1999), entitled
“Earthen houses: diffusion of settlements in Abruzzo”, identified the presence of 806
earthen buildings on the whole regional territory, divided into 44 municipalities with
respect to almost 7000 earthen buildings that were detected in 1934 in a “Survey
on rural houses in Italy” (Ortolani 1961). These buildings are located mainly in two
areas: the first including the valleys between the rivers Vibrata, Vomano, Tordino
and Salinello (province of Teramo) and the other including the Val Pescara and Val di
Foro (provinces of Pescara and Chieti).

The most conspicuous earthen building heritage in the whole of Abruzzo was
identified in Casalincontrada (province of Chieti) with 124 buildings, followed by
the municipality of Manoppello (province of Pescara) with 92 and the municipality
of Chieti with 84. The presence of earthen building dates back to the end of XVIII
century and the second half of the XIX century, a period in which the crisis of the
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feudal system and a strong demographic increase occurred at the same time (AA.
VV., 1986). The consequence was the splitting of the agricultural property and the
pressing necessity of a large number of farmhouses. The choice of the earth as a
building material turned out to be the most easy self-construction system, based on
the use of the available materials (Fig. 3). The update of the “survey”, carried out
on some selected Municipalities (Casalincontrada and Manoppello) after 1999, indi-
cates a reduction of 20% of the existing earthen building heritage.

Fig. 3 Historical image of the early XX century: first phase of the earthen construction with the

technique of the "massone”

THE BUILDING TECHNIQUES

It is a matter of fact that man has always been able to build with the earth, what-
ever was its composition, seeking and recognizing in the surrounding environment,
when necessary, every possible additive: straw, animal dung, the mucilage of “suc-
culent” plants, etc. Where the use of earth has become, over the time, a true and
continuous tradition, specific technologies have developed, often sophisticated
and aimed at improving its static, performances, expressive possibilities and living
comfort. The "earth”, therefore, as local raw material, has been adapted by man to
the particular needs of living in that specific site, according to particular building
techniques. In Abruzzo and Marche the most widespread technique is “massone”
that in the European context can be referred to the “cob” technique (“bauge” in
French). This technique requires “earths” with a good clay content, at least 40-50 %
(Fig. 4). This technique consists in the construction of buildings through the simple
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overlapping of small blocks of wet earth, very often mixed with straw. After drying,
the resulting wall presents a continuous structure, compact and without cavities, due
to the complete connection of the individual constituent elements. The construc-
tion of the house is done by tracing the perimeter of the external walls through the
digging of a trench 30-40 cm deep; from this trench, after having compacted the
walls, starts the elevation of the masonry that is realized according to rings 60-80
cm height and thickness ranging from 60-80 c¢cm (in buildings limited to the ground
floor) up to about 100 cm or more in those with two floors. After the realization of
each ring, the construction is interrupted to give a time of settling to the materi-
al. Then, the top layer of the masonry is wetted and a further ring is realized but
with a different attachment point along the ring. This procedure, aimed at generat-
ing a monolithic and compact masonry, guarantees the continuity and homogeneity
of the structure. The finished wall on the outside is progressively tapered upwards
(Bertagnin 1999, Morfini 1995).

Fig. 4 Restoration site: kneading of the earth for the “massone” technique
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RECOVERY PROGRAMS

Despite the decrease in the existing earthen building heritage, for the first time in
recent years, even if with difficulty, we are in presence of systematic work of recov-
ery implemented and favoured by regional laws but above all by the obstinacy of a
group of professionals. In fact, they convinced the owners of the earthen buildings
of the historical, landscaping, anthropological and cultural value of their houses and
of the possibility of recovering them for receptive purposes.

A pilot significant experience, which preceded the current restoration and recov-
ery projects, was the restoration of the D'Orazio house in Casalincontrada, which
started in 1997 and ended in December 2004 with the return of the D'Orazio fam-
ily to the their earthen house, thereby demonstrating that “with the earth we can”
(Giardinelli 2000). Today the in progress works of recovery concern 13 houses in the
municipalities of Bucchianico, Casalincontrada, Manoppello and Roccamontepiano.
The recovery works have been financed by the Regional Law n. 64/99 that promoted
Urban Recovery Programs.

An association, consisting of the aforementioned municipalities, which form part
of a homogeneous hilly area located on the borders of the urban area of Chieti, re-
sponded to the competition announcement. These earthen buildings, after resto-
ration, which will take place without changing their formal and material character-
istics, will be re-implemented in a project called “diffused hotel”, for receptivity in
traditional buildings (Figg. 5-6). In the restoration projects, the problem of the com-
pliance of these constructions with seismic regulations was also tackled for the first
time.

The last restoration project in Abruzzo involved the “Teresa’s house” visitor cen-
tre, a local office of the “Centre for permanent documentation on earthen houses”
(CEDTerra), created on the initiative of the Municipality of Casalincontrada and rec-
ognized with the Regional Law n. 44/92 “Regulations regarding museums of local
authorities and local interest” and today also Centre for Environmental Education
(C.E.A.). The visitor centre “Teresa's house” is a permanent non-profit institution,
open to the public, which through the direct involvement of the inhabitants, pro-
motes and works for the protection, conservation, interpretation, enhancement and
transmission of the architectural, historical, cultural, ethnographic and anthropo-
logical heritage of Casalincontrada earthen buildings, in its material and immaterial
manifestations, with a view to sustainability (Figg. 7-11).
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Fig. 6 Casalincontrada (Chieti) Borgocapo: earthen building (Fig. 5) after restoration
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Fig. 7 Casalincontrada (Chieti): Teresa's house, before restoration

Fig. 8 Casalincontrada (Chieti): Teresa’s house, restoration of the walls
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Fig. 10 Casalincontrada (Chieti): Teresa’s house, after restoration
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Fig. 11 Casalincontrada (Chieti): Teresa's house, the interior after restoration

NEW BUILDINGS AND NEW USES

At present, the only example concerning an intervention in a public earthen
building is the enlargement in 2002 of a building belonging to the Municipality of
Roccamontepiano. This project involved the activation of a complex process that at
the same time envisaged both the project and the organization of the production
process for the supply of the material necessary for the construction.

Another experience was the set-up of a showcase at the “La Civitella” archae-
ological museum in Chieti, built in 1998 utilizing earth according to different tech-
niques, from the pisé, to abobe and earthen plaster coloured in paste. This interven-
tion was important in order to testify how the use of earth material is also possible in
different forms like the realization of furniture and finishing. The earth was preferred
because it was the material that best met the need to represent, as an example, an
archaeological stratigraphic section and that better suggested the hilly landscape
of Chieti territory. Taking into account that there is no tradition in the use of earth
for the finishes, the work carried out at the museum “La Civitella” of Chieti was an
example, to see and touch, which subsequently facilitated the proposals of earthen
plasters.
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THE CENTRE OF DOCUMENTATION OF EARTHEN HOUSES (CEDTERRA)

All the activities described were systematized thanks to the birth, in 1992, of
the centre of permanent documentation on Earth Houses (www.casediterra.com),
promoted by the Municipality of Casalincontrada, and recognized in 1993 by the
Abruzzo Region.

The objectives of the centre are to disseminate the knowledge of the earth as a
building material, to assist the research in the sector and to enhance the existing
earthen buildings heritage and the new earthen constructions. The main event or-
ganized for the dissemination program is the “Earth Festival”, a meeting event for
national and international experts and lovers of earth, organized since 1997 and ar-
rived today at the XXIV edition. These meetings have improved the birth of a net-
work of Italian universities that conduct research on earth in architecture. The “Earth
Festival” also contributed to the birth of the International Association of Earthen
Cities (www.terracruda.org). A side event of the “Earth Festival” is the photographic
competition “The earthen houses - landscape of architectures”, now in its 18th edi-
tion. The competition allows the collection of representative images of the interna-
tional heritage of earthen buildings.

TRAINING ACTIVITIES

Training initiatives began with a workshop organized in 1997 with the Building
School Authority of Chieti. The school included a week of specific construction yard
on earthen buildings, just on occasion of the restoration of the D'Orazio house. The
workshop allowed a group of 15 future masons to acquire a first knowledge of the
earth as a building material.

This activity, promoted by the Terrae non-profit association and the Building
School of Chieti is followed every year, since July 2001, at Casalincontrada, by oth-
er training seminars on the knowledge of the earth material, on the “massone” and
adobe construction techniques and on the project of earthen buildings (Fig. 12).
An example of the practical application of the methods was the recovery of the
D'Arcangelo house. Furthermore, the involvement of schools and teaching for local
children is very important in training activities.
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Fig. 12 Participants in a training workshop organized by CEDTerra and the Association Terrae onlus
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INTRODUCTION

Earthen sites, simple architectural structures built with earth as the main materi-
al, provide great historical, aesthetic, scientific, social and cultural insights into our
human heritage '(Wang, 2008). As one of the most ancient civilizations in the world,
China has a long and fascinating culture and history. The ages of earthen sites in
China vary greatly, dating from the Stone Age to modern times: - the Liangzhu site in
the middle and lower course of the Yangtze River, the birthplace of Chinese civiliza-
tion; - the Erlitou site of the Xia dynasty, the first dynasty in traditional Chinese histo-
ry; - the Yin Ruins of the Shang Dynasty; -the ruins of Jiaohe, Gaochang, Loulan and
Niya, ancient cities in the Xinjiang section of the ancient Silk Road; - the Great Wall
in the north and its ancillary facilities such as the Gate Fort, the Beacon Tower and
so on. These earthen sites highlight the creativity and national spirit of the ancient
Chinese people, teach us a great deal about Chinese history, and testify to the beau-
ty of Chinese culture. They have irreplaceable value and status because of their long
history, varied designs, and vast territories upon which they are found. However, due
to being exposed to weathering for thousands of years and to the intensification of
human activities in recent generations, many of these earthen sites are not well pre-
served. Based on the collection and comparison of relevant literatures on the pro-
tection of earthen sites, this paper summarizes the status of Chinese earthen sites
including the distribution, types, raw materials and construction techniques, as well
as the description and classification of the decay phenomena affecting them.

for the protection of cultural relics and historic sites in China (only Chinese version), Cultural
Relics Publishing House, 2015.
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DISTRIBUTION OF EARTHEN SITES

Chinese earthen sites are widely distributed throughout the country. According to
public data about cultural relics under state protection in 2013, there are 1072 earth-
en sites, accounting for nearly 30% of total units. Statistically earthen sites are a very
important part of the cultural heritage of China. The distribution of existing earthen
sites in China began from Stone Age to Ming-Qing Dynasty and even can be found
in modern China. The original village Banpo site of Yangshao period in Xi'an, the pit
site of the Qin Terracotta Army in Lintong, the Dadiwan site in Qin’an, Gansu, the
Great Wall Ruins from the state of Qin in the Warring States Period in Dingxi area,
Yumen Pass and the Great Wall of Han Dynasty in the outskirts of Dunhuang, the
mausoleum of Xixia Dynasty in Ningxia and the Great Wall of the Han Dynasty in
Shanxi are only some of China’s most famous sites.
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Fig. 1 Distribution of earthen sites recognized as the State-level Cultural
Relics Protection Units in the Chinese provinces
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TYPES OF EARTHEN SITES

Chinese earthen sites are very rich in varieties. Earthen sites can be grouped ac-
cording to several different methods of classification. They can be sorted on appear-
ance and functionality: ancient residential sites, ancient cities, sections of the Great
Wall, passes, beacon towers and earth towers, mausoleums, unearthed pits, caves,
kilns, cellars, stratigraphic sites of ancient fossil, among other things. They also can
be divided into open sites and indoor sites based on their level of external exposure.
They can also be classified according to their surroundings, whether they were built
in an arid region or a humid region. Due to environmental changes after excavation,
they can be divided into superficial and subsurface earthen sites. Even further dis-
tinctions can be made based on the construction process: sites can be divided into
raw earth, rammed earth, adobe, cob and other types. The classification of earthen
sites in the State-level Culture Relics Protection Units in China include ancient sites,
ancient tombs, and modern buildings, and among them, ancient sites and ancient
tombs account for the majority (Wang, 2013).

1. Hominid site

Hominid sites are widely distributed in China, covering the Yangtze River basin
and the Yellow River basin. At present, there are more than 10,000 known Neolithic
sites and nearly 1,000 of them have been excavated (Sun, 2010).Usually Neolithic
sites encompass well-preserved residences or burial places, with an area ranging
from tens of thousands to millions of square meters. For example, the Banpo Site
in Xi'an and the Jiangzhai Site in Lintong are composed of residential areas, pot-
tery workshops and tombs. The Pingliangtai Ancient City Site in Huaiyang, Henan
Province is the earliest urban relics in China to date.

2. Ancient city

Ancient city sites consist of walls, foundations, and cave dwellings built from raw
earth, according to different techniques likerammed earth, adobe and stacked mud.
For example, the Yin Ruins of the late Shang Dynasty in Anyang, Henan Province in-
cludes areas devoted to ancestral temples, palaces, mausoleums, handicraft work-
shops, civilian residences and tombs. Its total area is about 30 square kilometres.
The Loulan ancient city of Han Dynasty was a transportation hub in the centre of Asia
along the ancient "Silk Road”. It played an important role in the cultural exchange
between the East and the West.

3. Great Wall, pass, beacon tower and earth tower, etc.

The Han Great Wall, Yang Pass and Yumen Pass are considered the most iconic of
all Chinese earthen sites. The Yumen Pass is located in the Gobi desert 80 kilometres
northwest of Dunhuang city in Gansu Province. It is the only pass along the north-
ern route of the ancient Silk Road. The remains of its existing city walls are generally
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rectangular. They are all made of loess and enclose an area of 663 m2. There are
doors on the west wall and the north wall, as well as an east-west lane under the
northern slope of the city. Historically, this area served as a road for communication
and postal servicing between the Central Plains and the Western Regions.

4.  The mausoleum

Tombs of ancient emperors are widely distributed throughout China. The mau-
soleum of XiXia Dynasty in Ningxia, the mausoleum of the first emperor of Qin in
Shaanxi, and the tomb of the kingdom Guo in Sanmenxia, Henan are all very famous
historical sites.

5.  Sites of ancient fossil strata

There are more than 200 architectural sites in China containing Paleolithic hu-
man fossils, which are found in several different types of locations. Some, like
Yuanmou man in Yunnan, were discovered near rivers or lakes. Others, like Lantian
man in Shanxi, were scattered among the soil. And others, like the Peking man of
Zhoukoudian, were found in a cave.

6.  Sites of ancient handicraft industry and mining and metallurgy site

In a lot of ancient Chinese industrial sites, archaeologists found kilns for firing
porcelain, and also unearthed a large number of kiln furniture pieces and defective
porcelain. Representative kiln sites include the Shanglinhu Yue Kiln Site of Eastern
Han Dynasty in Cixi, Zhejiang Province, the Longquan Kiln Site of Song Dynasty
in Zhejiang Province, the Jun Kiln Site in Henan Province, and the Ru Kiln Site at
Qingliang temple, Baofeng, Henan.

In addition to places that produced pottery, there are also locations that pro-
cessed ores. Mining and smelting sites include the Tonglushan bronze mine site in
Daye, Hubei, and the iron-making sites of Han Dynasty in Gongxian, Henan Province.

7. Other
There are many other remains of earthen sites, such as the canal of Zheng Country
site in Shaanxi province.

CONSTRUCTION TECHNIQUES OF EARTHEN SITES

The construction techniques of the earthen sites are roughly divided into five cate-
gories: excavation, rammed earth, stacked mud, adobe masonry and raw earth block
masonry. (Shenet al., 2011)

The excavation method was used to create architectural structures by digging into
the earth. (Zhanget al., 2008). Excavation sites include crypts, semi-crypts, cave-style
buildings, courtyard buildings and ruins of ancient cities. In northern China, many
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early housing structures were found partially underground, such as the 7000-year-old
Cishan mountain cultural relics in Hebei, the Peiligang cultural relics in Henan, the
Dadi Wan site in Qin‘an, Gansu Province and the Xinle Site in Shenyang, Liaoning
Province. These semi-underground sites showed round or square symbols often
found in semi-cave-style sites. From the ruins of the ancient city Jiaohe, it is possible
to notice that on the original terrain of the platform, the highest place was selected
to open a door on a wall. More space was then created by cutting along a vertical
wall and digging into a cave.

The rammed earth method is to build walls by pressing layers of earth into form-
works, which is one of the most widely used construction methods in Chinese earth-
en buildings (Wang, 1994). The earliest rammed earth wall in China was found in
Chengtoushan ancient city in Feng county of Hunan Province 6,000 years ago. The
shapes left behind from instruments used to press the earth are clearly visible. These
instruments were often hammers obtained from local river stones. Many important
buildings from the Shang Dynasty to the Tang Dynasty, including palaces, were built
with rammed earth as a base and also to form the walls. For example, the Erlitou site
in Henan, theXianyang City in the Qin Dynasty, the Chang’an City and Luoyang City
in the Han Dynasty are all built in rammed earth. Until the Qing Dynasty, important
building foundations still used rammed earth method in China.

The method of stacked mud is to use a mixture of sand and lime, together with
straw and water, and then pile them together to form walls. Building that was cre-
ated using this method is called as straw mud buildings (Zhang et al., 2008). The
first Chinese battlements from the early Zhou Dynasty at Qishan County, Shaanxi
Province were built based on this method. This method was also widely used in the
Jiaohe Old City, near Turpan in Xinjiang.

The adobe masonry method uses moulds to shape earth into bricks, which are
then used for larger structures. The characteristic of adobe masonry is that the con-
struction is more flexible and convenient, such as in the case of the beacons of the
Han Dynasty in Dunhuang, Gansu Province. Adobe masonries were used in the same
period as rammed earth buildings. The size of adobe bricks varies in different regions
and periods. Straw can be added to earth in the realization of the bricks as in the case
of the Jiangzhai site, Beishouling site in Shaanxi and Baiying site of Longshan culture
in Tangyin, Henan province.

Raw earth masonries refers to the use of earth which is cut into moderate size
blocks for masonry. This kind of masonry technology is relatively less used, and it can
also be classified into adobe masonry class. (Wang, 2011)

CLASSIFICATIONS OF DECAY PHENOMENA IN EARTHEN SITES

Earthen sites play an important role in the study of Chinese history. At present,
many cultural relics of earthen sites in China are severely damaged. Therefore, it is
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particularly important to study the mechanism of deterioration in earthen sites (Wu,
2014).

1. Classification of decay phenomena

In response to the existing problems of Chinese earthen sites, scientific and de-
tailed research es on the development of earthen sites have carried out by chinese
researchers; the deterioration of earthen sites can be due to natural reasons and to
man-made destruction. It can be divided into 9 categories: spalling, erosion, fissure,
gully, pulverization, biological reasons, microbial destruction, historical destruction
and modern destruction (Zhang, 2006) (Sun et al., 2007).

1.1 Spalling

Spalling is a process in which the surface of an earthen site suffers pressure from
external or internal forces, which results in a layer of crust peeling off in sheets or
small blocks. The external or internal forces that lead to this phenomenology can be
rain, wind, temperature or crack. The first two factors are very common in earthen
sites in arid areas of northwest China.

Fig. 2 Spalling decay effect on a wall
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1.2  Erosion

Erosion refers to the loss of earth to a certain depth, under the action of wind,
rain, water and salt crystallization. It is a typical decay in the arid regions of northwest
China.

Fig. 3 Erosion deterioration

1.3 Fissures

Fissures can develop due to different causes such as unloading fissures, structural
joints, deformation fissures and manufacturing fissures. They often started the pro-
cess of collapse.

Fig. 4 Fissure deterioration
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1.4 Gully
Gully are formed through surface runoff generated by rainfall especially in the prox-
imity of reliefs (Zhao et al., 2003). Fissure gullies and runoff gullies can be recognised.

Fig. 5 Gully deterioration

1.5  Pulverization
Pulverization is caused by periodic changes in the temperature and humidity,
freezing and thawing or salt crystallizations.

Fig. 6 Pulverization decay effect
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1.6 Biological decay
Biological damage is caused by the actions of animals or plants present around

earthen sites.

Fig. 7 Biological damage caused by plant growth on earth sites

1.7 Microbial destruction

The decay due to microorganisms can cause serious damage to earthen sites.
Some bacteria and molds can produce organic acids that directly decompose organ-
ic and inorganic matter in the earth causing powdering and flaking. In addition, some
molds can secrete pigments which can adhere to the surface of cultural relics, and
affect the appearance of earthen sites.

Fig. 8 Deterioration due to the growth of microorganisms: color variations, powdering and flaking
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1.8 Historical destruction
Historical destruction refers to the destruction of earthen sites throughout history,
although they should be protected as the original state of an earthen site.

1.9 Modern destruction

Modern destruction refers to the destruction of earthen sites caused by modern
human activities. The forms and contents of modern destruction are complex and
varied, such as industrial construction, agricultural farming, soil collection, houses
building, roads building and water carriage system construction.

Fig. 9 An example of modern destruction, the Great Wall cut into two sections by a road

2. Research on decay mechanisms

Many factors can lead to damage of an earthen site. Common factors such as
weathering, wind erosion, rain erosion and their associated decay phenomena are
described in the following paragraphs (Zhao, 2008).

2.1 Weathering

Weathering is one of the most important causes of the decay in earthen sites.
Weathering results in changes of the shape and colour of earthen sites. The factors
affecting weathering of earthen sites include internal and external factors. Internal
factors concern mainly the mineralogical composition and grain size distribution of
the earthen material itself. The most important external factors lies in the kind of the
outdoor environment. The weathering of earthen sites caused by environmental fac-
tors includes physical weathering, chemical weathering and biological weathering.
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2.2 Wind erosion

In some areas where strong winds and sandstorms occur, the earthen artefacts
have been eroded by wind and sand for thousands of years. The stronger the wind
speed, the greater the capability of airflow to carry sand, and the greater the impact
force on the earthen artefact, the higher is the erosion. Prolonged exposure to wind
erosion can result in honeycomb-like surface textures, or surface layers that peel off
like fish scales. A persistent enough wind can even penetrate a wall or a structure (Liu
et al., 1985).

2.3 Rain erosion

The kind of earthen building (technology of construction, structural defects etc.)
and the composition of the earthen material (grain size distribution, clay minerals
composition) determine how much the earthen artefact can withstand exposure to
water, especially in areas where rainfall intensity is high and concentrated. The dam-
age of rain erosion is often quite serious. Rain erosion consists of raindrop erosion
and runoff erosion. It is typical in the humid environments of southern China.

CONCLUSIONS

Earthen sites are scattered all over China and represent an important cultural her-
itage from a scientific, historical and landscape point of view. Due to heavy rainfall,
most of the earthen sites in the south of China have disappeared. The most abun-
dant interesting sites lie in the north, especially in the arid areas of northwest China.
Nevertheless, some of them are in poor conditions of conservation. Recently, a lot of
efforts have been done for the conservation of earthen sites in China. However, due
to the complexity of the outdoor conservation and the rate at which earthen sites are
deteriorating, the technology of earthen site protection cannot fully meet the needs
of preserving the sites, and the protection work is still very difficult and arduous.
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INTRODUCTION

The word “earth” commonly designates what must be correctly called soil, name-
ly the surface layer that covers the Earth’s crust and is formed through weathering of
the rocky substrate due to rain, thermal cycles, salt crystallisation, growth of plant,
the metabolism of microorganisms, etc. These agents through chemical, physical and
biological actions determine the transformation of the rock in another material, the
soil, which has compositional, physical and mechanical characteristics completely dif-
ferent from the original rock material.

A solid portion (mineral component and organic component), a liquid portion and
a gaseous portion compose the soil. Along its formation, it differentiates in a series
layers called horizons:

- the superficial horizon that contains 5%-10% of organic substance;

- an underlying eluviation horizon made of residual minerals (quartz), clay miner-
als and insoluble organic substances (humic acids) in which the meteoric water
leaches the alkaline and alkaline earth elements towards the underlying illuvia-
tion horizon;

- the underlying illuviation horizon where the inorganic fraction prevails strong-
ly with respect to the organic fraction and it is enriched of alkaline and alkaline
earth metals.

In the following, the characteristics that mostly influence the behaviour of the

“earth” in the masonries will be considered, namely the composition of the mineral
component and the physic mechanical characteristics (Fratini, 2011).
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THE MINERALOGICAL CHARACTERISTICS OF AN EARTH

The mineral component of an earth consists of a fine-grained fraction mainly com-
posed of clay minerals belonging to the Phyllosilicates class (which dimension is be-
low 4 pm) and a coarse-grained fraction (silt, sand and gravel fractions) composed of
quartz, feldspars, carbonate, iron hydroxides and rock fragments (Fig. 1).

Fig. 1 Particular of an earth, it is possible to recognize the different grain fraction

and the organic component

The clay fraction is very important in the earth, because it is the binder that allows
the realization of earthen artefacts. It is also true that the behaviour of clay minerals
affects the durability of the earthen building and in particular because these minerals
are strongly influenced by the interaction with water.

Genetically the clay minerals form through chemical physical alteration of feld-
spars in exogenous environment or through hydrothermal phenomena with loss of
Na, K, Ca, Mg and consequent enrichment in Al and Si. From the chemical point of
view they can be classified as silico-aluminate hydrates containing Mg?*, Fe®*, Na*, K*.

The word Phyllosilicates comes from filos, leaf in Greek, with clear reference to
their most common habit which is tabular. The crystal lattice is characterised by
the various combination of tetrahedral layers (constituted by Si-O tetrahedra) and
octahedral layers (gibbsitic and brucitic layers). These layers, depending on their
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composition, can establish more or less strong bonds among them and give rise
to particles of different granulometry. This results in a very different mechanical be-
haviour. For example, kaolinite has a typical particle size of about 1 pym, with rather
strong bonds and therefore it gives rise to a stable clay, less sensitive to the action
of water. On the other hand, smectite gives rise to particles of a few nanometers (1
nm = 10-3 pm), and has weak bonds between the layers that in presence of water
tend to break (swelling behaviour). Water can interact with the clay minerals because
the octahedral and tetrahedral layers despite being generally neutral, have a positive
charge in the interior and negative charge on the external surface. This feature leads
to establishing very strong bonds with water molecules which, being dipolar, are
electrically attracted to the surface of the clay particles. The water that is immediately
in contact with the particles therefore becomes an integral part of their structure and
is defined as “adsorbed water”.

Moving away from the surface of the particles, the bonds gradually become weak-
er until the water takes on the characteristics of “free water” or “interstitial water”.
Even taking into account the presence of adsorbed water, the clay particles are neg-
atively charged on the surface of the flakes and positively charged on the edges
(neutral environment). Therefore, they tend to manifest repulsive forces, to which
are added the Van der Waals forces, attractive on the long distance and repulsive at
short distance.

This means that if the clay particles are surrounded by a fluid with a high concen-
tration of positive ions (for example, in the marine environment), the superficial neg-
ative charges will tend to neutralize and therefore the repulsion effect will be lower
and the particles will tend to aggregate with consequent sedimentation. On the con-
trary, in an environment that is poor in positive ions (for example in freshwater), re-
pulsion forces tend to prevail and the clay particles will tend to remain in suspension.

Therefore, in earth rich in clay, the particles may also not be in direct contact with
each other while retaining the material characteristics of continuity, favouring the
flow of interstitial water and consequently making this type of earth susceptible to
swelling.

From the mechanical point of view, earths are considered as pseudo-coherent
rocks and can be divided into the following two categories:

- fat earths, consisting of a high % of clay minerals, retain a large amount of water
and lose it slowly by evaporation, have high plasticity, strong cohesion of the
dried product but at the same time cracking in the shrinkage phase;

- lean earths, consisting of a high % of coarse fraction, retain a low amount of wa-
ter and lose it quickly, have low plasticity, low shrinkage in drying, low cohesion
of the dried product.

The type of porosity that develops during shrinkage is different for the two kinds
of earths: fat earths display mainly a cracking macroporosity while lean earths, where
the coarse fraction acts as framework contrasting shrinkage, display mainly an inter-
granular porosity.
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The characteristics of the dried product depends also on the kind of clay minerals:
the presence of swelling clay minerals (smectite, vermiculite) can increase the shrink-
age with strong cracking and worsening of the mechanical characteristics. The pres-
ence of non-fibrous dispersed organic materials can increase the plasticity and could
cause cracking problems. The regularity during drying allows developing balanced
cohesive forces that hinder the formation of cracks. Therefore, in order to have good
mechanical characteristics in the dried product, we need a quantity of clay minerals
such as to produce a good cohesion (i.e. a low intergranular porosity) but also to
avoid the development of cracking during shrinkage.

THE CHARACTERIZATION OF EARTH MATERIALS

The study of the mineralogical composition is carried out by X-ray diffraction, an
analytical method that allows recognition of phases with crystalline structure present
in a material.

In particular, the clay minerals are studied by analysing the granulometric fraction
below 4 pm (obtained by separation from the bulk through sedimentation) on orient-
ed powder samples meaning that the clay minerals are oriented according to the lat-
tice baseline planes. This preparation is needed because these minerals are charac-
terized by different distances between the lattice baseline planes and the orientation
makes it possible to better investigate this distance thanks to special heat treatments
and absorption of substances (e.g. ethylene glycol).

The determination of calcium carbonate content is performed through the meth-
od of calcimetry.

The organic matter content can be determined gravimetrically by attack with hy-
drogen peroxide.

The content of soluble salts can be determined according to the following
methods:

- gravimetric method (the amount of all ionic species is obtained);

- ion chromatography (the amount of individual ionic species is obtained)

The grain size distribution can be determined through different methods. A com-
mon grain size classification is according to the Wentworth scale: gravel (diameter >
2 mm), coarse sand (0.2 - 2 mm), fine sand (0.02 - 0.2 mm), silt (0.002 - 0.02 mm) and
clay (< 0.002 mm).

Sieving methods, operating at dry or wet conditions, are used for the study of the
coarser fraction (gravel and sand).

In order to study the fine fraction (silt and clay) (< 0.075 mm according to ASTM or
< 0.063 mm according to BS and AFNOR standards), the Sedimentation method can
be used which is based on the separation of the sample suspended in a liquid placed
in a cylinder where the particles tend to settle at different speeds due to gravity ac-
cording to Stokes Law. Different measurement methods can be used:
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- pipette method: it consists in sampling the material in suspension at a depth s
and time t;

- densimeter method with hydrostatic balance: the grain size distribution is deter-
mined through the measurement of the progressive reduction of the density of
an earth suspension, caused by the sedimentation of the particles;

- optical methods: are based on the principle that particles diffract a light ray ac-
cording to an angle that is higher the smaller the particles.

Study of plasticity: Atterberg limits

“Earth” may occur in one of the following four states, depending on the content
of water: liquid, plastic, semi-solid, solid. In fact, for low values of water content, the
forces among the clay particles prevail and the material has a consistent aspect (solid
or semi-solid depending on the water content). With increasing water content, the
pore volume increases, the forces among particles becomes negligible and the mate-
rial loses its formability assuming the characteristics of a very viscous fluid.

The characteristics of plasticity are measured in the laboratory by tests for deter-
mining the content of water to which an earth passes from a liquid to a plastic state
and solid state. These are the limits of consistency or Atterberg limits:

- liquid limit (WL): minimum water content for which the earth runs due to a little

pressure (on the order of 2-3 kPa) and behaves like a viscous fluid;

- plastic limit (WP): minimum water content for which the earth may be deformed

plastically without splintering;

- shrinkage limit (WS): water content below which the earth does not undergo

more reduction in volume when it is dried.

The activity of the clay fraction is determined through the method of methylene
blue. The principle consists in quantifying the capability of ionic absorption of an
earth by measuring the amount of methylene blue required to cover the total area of
the particles constituting the earth.

CONSERVATION PROBLEMS OF EARTHEN ARCHITECTURE

Earth architecture is particularly subject to decay processes. For this reason it re-
quires constant maintenance not only from the point of view of conservation, but
to guarantee its real functionality, a prerequisite to make sure that this architecture
continues to be inhabited and built (Figg. 2, 3). In particular, the factors of decay are
internal factors, due to structural defects and external factors, such as the action of
water and the type of use (Fratini, 2014).

The earth material is particularly sensitive to the action of water because water
tends to make earth plastic again with consequent loss of the mechanical character-
istics of resistance and rigidity. The water acts both as an erosive agent (rain) and as
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capillary rising damp with consequent disaggregation phenomena (Fig. 4). The decay
phenomena can be grouped into the following categories:

- superficial decay of physical and biological nature;

- humidity patches; fracturing, swelling and exfoliation of plasters; biological

patinas;

- loss of material due to erosion and fall of elements.

This last phenomenon develops in areas that have lost cohesion due to the action
of water. They can influence the stability of the structures in case the loss of materi-
al affects important building elements. These phenomena are mainly located at the
base of the walls (due to bad drainage that determines capillary rise and disintegra-
tion of the masonry) and at the corners (exposure to rain and wind).

S

Fig. 2 Syrian corbelled dome house, well maintained
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Fig. 4 Rain erosion of an adobe masonry in Piedmont (Italy) due to lack of maintenance of the roof
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PREVENTIVE CONSERVATION OF EARTHEN ARCHITECTURE

The above mentioned factors of decay are usually related. Therefore, in order
to develop an adequate intervention, non-damaging and preventive with regard to
the possible establishment of new decay phenomena, it is important to understand
which is the actual cause of the processes and not just intervening on the single phe-
nomenology. It has been said that the factors of decay are essentially due to action
of water and structural problems. Therefore, a preventive conservation will have to
act in these two directions.

With regard to water, all the solutions designed to protect buildings from the
rain, to avoid capillary rise and infiltrations must be taken through the following
interventions:

- more resistant plaster coatings, possibly stabilized with suitable products (e.g.
lime) and reinforced with non-rigid vegetable fibres that prevent shrinkage
cracking (Figg. 5, 6). Furthermore, whitewashing would be desirable (normally
limited only to the lower part of the constructions) to make them a little more
resistant to the washing action of the rain (Fig. 7);

- improvement of the run-off water drainage system, in order to avoid stagnation
and concentrated flow on the walls (Figg. 8, 9);

- improvement of the drainage system on the ground in order to avoid erosion at
the base of the walls and to avoid capillary rise.

With regard to structural problems, it is necessary to implement strategies that

limit the consequences of the poor connection among the walls and with the roof
and foundations (Fratini, 2012).

g
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Fig. 5 Accurate maintenance of houses in the village of Ait Ben Haddou (Morocco)
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Fig. 7 Whitewashing in a Syrian corbelled dome village
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Fig. 8 Improvement of the water run-off to avoid concentrated flow on the walls in a Syrian
corbelled dome house

A

Fig. 9 Protection of the ridge of the walls to avoid water infiltration (Morocco)
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TRADITIONAL/INNOVATIVE TECHNIQUES OF CONSERVATION
Earthen plasters for the protection of surfaces

The term plaster generally indicates the superficial layer that covers the masonries
in order to protect them, ensuring adequate waterproofing and a regular finishing
(Figg 10, 11). Specifically, with regard to earthen plasters, their use has been docu-
mented since ancient times; in the Neolithic period, to give greater resistance over
time to the artefacts, a layer of mud was applied on a wooden trellis forming the
wall of the huts (similar to the present building technique called wattle and doub).
Later, other and more refined types of plaster, such as mixes of clay, sand and gyp-
sum, evolved from the Minoan era, until reaching, at the beginning of the Roman
Empire, the highest expression. In the Middle Ages there was a stop in the progress
of the technique while in the Renaissance, thanks to the flourishing of the treatises,
the knowledge and techniques of earth use were rediscovered. Afterwards, during
the XIX century, with the increasing use of the modern hydraulic binders, new types
and applications of plaster were developed causing the progressive abandon of the
earthen plasters. Today, however, the new bio-architecture currents are trying to re-
cover these artefacts. The properties of an earthen plaster, suitably stabilized applied
on earthen masonries have many positive aspects with respect to those made of lime
or cement:

- mechanical and chemical compatibility with the earthen support;

- good permeability to water vapour;

- increasing the thermal and acoustic insulation.

In addition the earthen plasters are reversible, recyclable, non-toxic, easily remov-
able, non-polluting, easily available and without energy consumption.

The additives/stabilizers used to improve the durability of the earthen plasters and
in general the earthen masonries are distinguished in inorganic and organic (natural
or synthetic), sometimes mixed. Among the inorganic additives, there are lime, gyp-
sum, Portland Cement, or other pozzolanic materials (rice husk ash, ground granulat-
ed blast furnace slag) (Eires, 2015; Choobbasti, 2010; Rescic, 2021).

The stabilizing action of cement (improvement of compressive strength, resistance
to erosion, to rain and abrasion) develops through the formation of hydraulic com-
pounds (CSH, CAH). These cement compounds do not bind with all of the earth par-
ticles, but help to form a stable matrix throughout. Lime is one of the oldest and most
widely used stabilizers. Several authors have studied the interaction between lime
and earth and it has been determined that the addition of lime improves strength,
stiffness, plasticity/workability of raw earth. The lime-earth reaction can be described
by three phenomena: 1) cation exchange; 2) pozzolanic reaction with formation of hy-
draulic compounds; 3) carbonation (Ciancio, 2014). The lime offers the advantage of
carrying out its action by maintaining the peculiar characteristics of the pure earthen
plaster (breathability in the first place) (Mattone, 2016; Falchi, 2016). Gypsum is an
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additive widely used for the stabilization of the earthen plasters thanks to its compati-
bility, breathability, elasticity and for its economic convenience and eco-sustainability
(Mattone, 2017). Gypsum is easily available and low energy consumption is needed
for its production process. Furthermore, during the setting phase, it increases in vol-
ume contrasting shrinkage during the drying phase thus preventing the formation of
cracks. Chemical stabilization (alkaline activation or geopolymerisation) was recently
introduced for the in situ consolidation of the Alhambra earthen walls (Elert, 2008).
The process of geopolymerization can be simplified in two main phases which inter-
act with each other during the process: 1) the alkaline solution attacks the crystal lat-
tice of the clay minerals with weaker structure (the expandable lattice clay minerals
such as smectite and illite-smectite) with subsequent release of silicon and aluminium
in solution; 2) polymerization by condensation of the species released and formation
of silico-aluminates compounds similar to those of cement (Hardjito, 2010; Mubarak,
2011). The results of this process are time dependent, therefore a long curing time is
essential for a complete reaction and compounds formation.

Organic compounds (e.g. bitumen, fibres, mucilage, gums, resin, oils and fats,
tannins, etc.) (Van Damme 2017; Kita, 2013; Vissac, 2017; Gomes, 2012; Laborel-
Préneron, 2016) traditionally used to improve the performances of mortars and
blocks are numerous and are often mixed with the inorganic materials (e.g. lime)
(Rodriguez-Navarro, 2017). Bitumen is added in the form of an emulsion and forms
a thin film which coats the clay particles during drying. The main effect of adding bi-
tumen is to improve cohesion and water resistance. Fibres are widely used in earth-
en building (Fig. 6). The fibres act to increase the tensile strength, reduce density,
accelerate drying and reduce cracking by dispersing stresses. The most common fi-
bres used include straw, for example from wheat, rice or barley. The chaffs or husks
of these crops can also be used. Other suitable vegetable fibres include hay, hemp,
millet, sisal, filao needles, and elephant grass. The influence of biopolymers addition
(i.e mucilages, gums, resin, oils and fats, tannins, etc.) in earth materials result in rhe-
ological effects developed in clay particles of soil. The main effect verified is related
to the change of the electrostatic charge of the clay particles. This causes dispersion
and after attraction. The use of oils or fats has been the most used waterproof pro-
cess in earthen buildings. In fact if oils or fats are added in basic environments (earth
based plasters with lime) their triacylglycerol’s content, when hydrated, results in in-
soluble calcium salts of fatty acids. These salts are hydrophobic and connect well
with the calcium of lime and provide water repellency (Cechova, 2009). In some Latin
American territories and, in particular, in Mexico, earthen mixtures stabilization was
traditionally made through the addition of vegetable fibres such as straw and muci-
lage of succulent plants. The use of the mucilage of Nopal (Opuntia Ficus Indica) is
particularly widespread. This product was commonly used since the pre-Hispanic era
in earthen buildings and, according to scientific studies conducted so far, it would
offer a solution to the problem deriving from the scarce availability of water, neces-
sary for the realization of architectural artefacts, in many Central American territories.
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More recently, synthetic compounds like PVC, polyvinyl acetate, acrylics, sodium sil-
icate and many others have also been introduced in various amounts to stabilize
earth-based materials.

Fig. 10 Ongoing works to protect with an earthen plaster the walls of a village in Morocco

Fig. 11 The earthen plastered city walls of Marrakech
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Products for on site treatments

Particularly valuable earthen masonries in which the application of an earthen
plaster is not admissible for aesthetic reasons, requires consolidation/protection of
the earth material itself with appropriate products.

The first experimentations were concentrated in the identification of consolidants
and water-repellent products, based on silicates and epoxy resins. However, the ap-
plication of these products gave rise to many problems; the interventions were com-
pletely irreversible, the cost was high, some products were polluting/toxic and in
general they did not lead to definitive and effective solutions. Therefore, over the
years, the use of these products has decreased. Research focused first on other prod-
ucts like sodium silicate, colourless silicon-based paints or polyurethane-based inor-
ganic products. Nevertheless also these products showed to be ineffective or with
disadvantages, such as the lack of vapour permeability.

At present the researches are concentrated around substances of natural origin
obtained mainly from plants such as banana leaves, coconut oil, carob, prickly pear
sap, aloe vera, cactus mucilage, etc. (Mattone, 2010). Only some of these materials
are tested in the laboratory and only occasionally, on the private initiative of a few
scholars, are thoroughly investigated and scientifically verified.
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INTRODUCTION

The earth material, in all possible variants (adobe, rammed earth, cob, etc.), has
a lot of potentiality because it uses a low-cost and non-polluting environmental re-
source, the soil, and allows the construction of sustainable buildings, which naturally
guarantee environmental well-being also in climates with high temperatures (Minke,
2006; Pacheco-Torgal, 2012).

History has given us earthen buildings of great architectural value, also protect-
ed by UNESCO, and about 30% of world population (50% of developing countries
population) lives in building made with earth material (Houben, 1994). Therefore,
the interest in the earthen buildings does not only concern the preservation and en-
hancement of an architectural heritage of seductive beauty (Boostani, 2018; Baglioni,
Fratini, 2016; Baglioni, Rovero, 2016; Rovero, 2015; Rovero, 2012; Gamrani, 2012),
but it is also connected to social and environmental issues because it can represent
an alternative living resource in a sustainable perspective.

The main limit of the earth material is related to the low mechanical properties
(Briccoli Bati, 2011; Fratini, 2011; Liberotti, 2016). In particular, as regards the re-
sistance to compression forces, earthen constructions can guarantee good levels of
safety thanks to the use of walls with high thicknesses and therefore considerable
masses. However, these high thicknesses combined with around zero tensile strength
make the earthen constructions very vulnerable to the actions produced by earth-
quakes, which inevitably induce traction in the walls. The result is that the orthogo-
nal walls separate, the floors lose supports and collapse, and the walls overturn. In
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the literature, there are many works that describe the effects on earth constructions
produced by earthquakes and the modeling suitable for capturing the mechanical
behavior of earthen buildings (Tolles, 2003; Cancino, 2010; D'Ayala, 2012; Lourencgo,
Pereira 2018; Lourenco, Ciocci, 2018; Bricefio 2018; Misseri, 2020).

The goal of this work is to investigate the seismic safety conditions of earthen
buildings, exploiting a simplified case study: one-storey building, consisting of a sin-
gle cell made of adobe walls reinforced with two different anti-seismic retrofits. In
particular, a timber system and a fibreglass reinforced earthen plaster are considered
as retrofits and the out-of-plane capacity of the reinforced adobe walls is evaluated
through the linear kinematic analysis, varying the dimensions of the walls.

CASE STUDY

A set of simplified adobe buildings were chosen as reference models on which
evaluating variations of the effect induced by seismic actions on earthen architec-
tures. A one-floor squared cell, centre-line side equal to [ = 4 m, is considered and
variations of geometry consider height and thickness of walls (Fig.1a). The limits
set are within the ranges recommended by the New Mexico State Building Code
(NMAC, 2010). Table 1 reports the variations considered for walls.

Table 1 - Values of thickness (t), height (H) and slenderness ratio (t/H) for the reference models

........ YH bR
g [m] [m]

""" 00923 : 030 : 325

""" 00972 : 035 360

""" 01110 : 040 . 360

""" 01250 : 045 360

""" 01667 : 060 360
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f

vertical forces
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horizontal forces

1=4m F,

inertial force

a) b)

Fig. 1 a) Reference model of the masonry box: H, [ and t are respectively height, centre-line

length and thickness of the masonry box (thickness and heights considered are reported in Table

1); 9, f and t, are respectively: the surface load of the slab, the influence length of beams and the

support depth of beams. b) Indication of the timber-masonry interface, in grey, where horizontal

restraint forces, Fy, (in the opposed direction of inertial forces, F) that can develop thanks to
vertical forces, g - f - [, inducing frictional resistive mechanisms

ANALYSIS METHOD

Assuming good quality of adobe masonry and low quality of connections between
walls makes possible to analyse the effect of the out-of-plane overturning of an entire
wall panel, such a local response mechanism often occurs during earthquakes induc-
ing deep cracks and failures. This kind of response is frequent in masonry buildings
because a low level of energy, i.e. acceleration, is sufficient to induce the activation
of motion and eventually the complete collapse. To investigate this typical behaviour
of masonry structures, i.e. local response through activation of out-of-plane over-
turning mechanisms, limit analysis (Heyman, 1966, Livesley, 1978 Kooharian, 1952)
represents an adequate and acknowledged investigation tool; in fact, conservative
estimations with low computational costs can be made.

For the present case study, the external forces acting on the considered wall are
those connected to inertial mass: the self-weight of the wall, P, and the horizontal
force caused by the acceleration of the wall mass, proportional to self-weight by
means of a coefficient, A, as represented in Fig. 2a. The value of the load coefficient
for the simple overturning of a wall without any superimposed force has to do with
geometrical proportions only:

A ‘ 1

v M
where tand H are respectively the thickness and the height of the wall.
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To measure the actual mechanical capacity of adobe, it can be assumed that the
vertical compressive stress at the foot of the wall shows a linear distribution that can-
not exceed in intensity the value of the compressive strength of adobe, see Fig. 2b.
Therefore, the resultant of reacting forces, and thus the position of the plastic hinge,
moves inward and the vertical horizontal displacement of P would become:

n; =@ t*= ¢ (t/2-b/3) 2)
where b=2 P
feol

F~, is the compressive design strength of adobe masonry, i.e. characteristic com-
co p 9 9 y
pressive strength reduced by appropriate safety coefficients (see below), and [ is the
centre-line length of the adobe wall, assumed equal to 4 m.

B
vl
AP t
P O
H/2 fCD — fcD
b

— N 1

t/2 t'=t/2-b/3 TP

a) b=2P/(f_)) b)

Fig. 2 a) Overturning of rigid wall of thickness t and height H subjected to self-weight (P) and
inertial load (M,P). b) Overturning of a wall assuming limited compressive strength, fp,, which

makes the plastic hinge moving inwardly of b/3

In the Fig. 3a is represented the value of the load coefficient, 4, obtained through
Equation (2) for the overturning rigid wall (RW series), superposed to the series RW-

Ffeo of load coefficients, in which it was assumed a limited compressive strength of
adobe,

fm
- tm _os6mP
fCD YmFe 0.56 a,
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where 7, is the characteristic compressive strength, y,, = 2 is a partial safety coef-
ficient for masonry and Fc= 1.35 is a safety index, named confidence factor in the
Italian National Standards, (NTC 2018), that takes into account the level of knowl-
edge about the construction (e.g. types and extension of direct and indirect surveys,
in situ and laboratory tests). It can be noted that the higher is the load coefficient the
stronger will be the intensity of the earthquake necessary to trigger an overturning
mechanism.

Fig. 3a shows, in addition to the results of the load coefficient, y, , the linear bi-
sector of the quadrant, with the aim of highlighting that the RW sequence follows a
linear law equal to the slenderness of the wall. Fig. 3a also shows the Peak Ground
Acceleration levels of three sites in Italy characterised by medium and high hazards.
The comparison of with real PGAs shows that only stockier walls would not overturn
if subjected to a medium level acceleration.

Buildings also bear the weights of slabs or ceilings; beams of the slab can lay or-
thogonally or parallel to the wall under investigation, anyway, values of the load co-
efficient would tend to lower.

When multiple loads act on the wall, the value of the load factor must be trans-
formed into the acceleration necessary to activate a mechanism:

L MIPYPO
of= . @)
2(Pi6%.9)

where, P;is the i-th load acting on the wall and &, is the x-(horizontal) virtual dis-
placement of the i-th load.

For a configuration of the slab on the 4 x 4 m masonry cell where main beams rest
on the overturning wall, Fig. 3b shows the values of the activation acceleration of the
mechanisms, RW-P2, compared to those of the overturning rigid wall, RW. Looking
at Fig. 3b it can be noted that the superimposed slab force P2 affects slender walls
more than stockier. Owing to superimposed loads, the value of the activation accel-
eration decreases, with respect to that of the simple rigid wall, by 5.4% and 0.6% re-
spectively for the slenderest and stockiest profiles.
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Fig. 3 a) Load coefficient values, coincident with the activation acceleration, for the overturning

rigid wall (RW) and assuming a limited compressive strength f,=0.56MPa (RW-#_,) superposed

to the expected peak ground accelerations in Firenze and Reggio Calabria (Italy). b) Activation

acceleration values of an overturning rigid wall (RW) and for the same wall bearing an over load
P2=28KN (RW-P2)

RETROFITS

Two different anti-seismic systems have been considered. The first set of retrofit
systems has ancient roots and is based on the use of wood. In fact traditional con-
struction techniques of seismic risk areas (Balkans, Near East, Maghreb, etc.) have
often identified this material appropriate to supply tensile capacity to in the masonry
constructions (Abdessemed-Foufa, 2010; Vissilia, 2010) as showed in Fig. 4. Among
these systems, there are continuous ring beams or bond beams, which are installed
at each slab level with the main objective of transferring homogeneously loads to
the walls. Timber elements, placed along the top of the walls and on both sides,
constitute the main components of bond beams. Then transverse and littler wood
elements provide a link between the former two, constituting a sort of “ladder”, as
recommended, for example, in the Indian and Peruvian anti-seismic building codes
and guidelines (International Association for Earthquake Engineering 2004; Centro
Nacional de Conservacion and Restauration 2010). In addition to bond beams, there
are corner keys or chains, which are isolated timber elements, placed at different
heights, and are provided with a restraint placed orthogonally to the main facade
with the aim of tying and deferring the overturning. The reinforcement device is iden-
tified by its geometrical dimensions: [, s and t, and by it is height, h;, Fig 1a. Thanks
to bond beams and corner keys, horizontal frictional response mechanisms develop
at masonry-timber interfaces due to the ceiling overload and the self-weights of wall
portions insisting on timber, see Fig. 1b.
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In the context of the linear kinematic analysis, horizontal restraining forces due
to the weight of slabs, Fi, and masonry, Fun, can be evaluated, according to Gilbert
(2006), through the following expressions:

Fhs=2qflRH (4)
Fhm=7'25'lL'(H'h1_tL)u ()

where, g and & are respectively the surface load and the influence length of the
slab insisting on the wall orthogonal to the one on the verge of instability; [ 4 is the
length of the restraining device (whole depth of the masonry cell in case of a bond
beam) and p is the wood-earth friction coefficient. In Equation (5), y is the specific
weight of masonry, [, is the length of the masonry portion insisting on the restraining
device, sand t, are respectively the depth and the thickness of the restraining device.
Then, H and h; are the height of the wall and the height at which the i-th restraining
device is placed respectively.

Fig. 4 Examples of anti-seismic and traditional retrofitting techniques making use of timber: a)
Bayt es-Suhaymi palace, Cairo, Egypt, XVII century; b) and c) The Kala of Elbasan, Albania, XV cen-
tury; d) detail of a capitol of the Dey Palace, Algiers, Algeria, XVI century; e) and f) Malatya, Turkey
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Besides traditional strengthening systems pivoting on the use of timber elements
to confer tensile capacities to masonry, innovative composite technologies exploiting
organic or inorganic fibre textiles coupled to mortar matrixes are becoming increas-
ingly widespread recently for masonry constructions (Alecci, 2015, 2016; Alecci, De
Stefano, 2017; Alecci, Focacci, 2017; Misseri, 2019). Fibre textiles characterised by a
loose mesh are applied in long strips at wall corners or as an all-around-wrap, eventu-
ally covering the full height of walls; the layout, acting as a bandage, provides an ef-
ficient confinement of the masonry box. This system has been proposed for earthen
constructions in the in-depth research activities carried out at the Catholic University
of Lima (Vargas, 2005; Blondet, 2007, Blondet, 2019).

Different fibres are employed to this aim, from polypropylene basalt or glass, to
natural fibres, e.g. jute, cocoa, flax, hemp (Sidik, 2011; Sidik, 2015). The implemen-
tation requires that after arranging a primer layer of mortar, textiles are applied and
then covered by a second layer of mortar in order to complete the reinforcing jacket.
Composite jackets manufactured with mortar matrix based on lime, cement or earth,
known as Textile Reinforced Mortars (TRM) or Fibre Reinforced Cementitious Matrix
(FRCM), show thicknesses ranging around one centimetre. To evaluate the effect
that this kind of reinforcement could provide to a reference masonry box of the kind
shown in Table 2, the results of an experimental campaign are used (Fig. 5).

The reference composite was tested at the Official Testing Laboratory of the
Department of Architecture, University of Florence. The innovative and sustainable
reinforcement consists of an earthen-based mortar matrix and a balanced fibre glass
mesh, i.e. a fibre mesh where warp and weft fibre bundles have the same cross sec-
tion. The mesh grid spaces 12 mm and shows a cross section of 40 mm?/m in both
warp and weft directions; the weight of the mesh is in 220 g/m?. The textile em-
ployed is made of alkali-resistant uncoated fibreglass and shows, according to the
datasheet provided by the manufacturer, tensile strength 1.4 GPa and Young's mod-
ulus 74 GPa, elongation at rupture is 2%.

The test specimens consist of a 300 x 220 x 60 mm rammed earth block reinforced
by a 200 x 200 mm composite sheet with thickness ranging 13-15 mm. The mortar
employed for the jacket was made with the same raw earth together with 11% water
and 0.5% of propylene fibres 20 mm long (percentages are related to weight of dry
earth). The composite sheet was put in place through a specifically designed mould.
After placing the mould on the block, a first layer of earthen matrix was applied.
Then, on fresh mortar, the glass mesh was placed and covered by a second layer of
the same mortar. The mould was removed after three days and drying was continued
at standard temperature and humidity conditions for 28 days.

Each test specimen was placed on two cylindrical supports spaced 125 mm from
symmetry axis and loaded by a 600 kN gauge load cell interposing an upper steel
cylinder (Fig. 5a); tests were carried out in displacement control, the control param-
eter of the test is the displacement rather than force so as to acquire the load path
also after peak load. Load and displacement measures were acquired through a
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linear variable displacement transducer integrated into the test machine (INSTRON
SATEC™ 5592-315 HVL-F2-G2). To evaluate the tensile force sustained by the rein-
forcement the following relation is employed:

5 Pmax

fg-TReM = W = 4.856 N/mm (6)
where, P%Xlis the maximum recorded bending moment, b;= 200 mm and M are

respectively the width of the jacket and the reduced height of the specimen. To de-
fine Equation (é) it was assumed that the tensile strength of the tested block is neg-
ligible. Moreover, it was assumed that the bending moment that balances the ex-

ternal action (i.e.PL”l ) and activates tractions within the fibre reinforced compos-
ite jacket is defined on a reduced height of the specimen (i.e. % of the total height).
The results of three-point bending tests, in terms of force deflection diagrams, are
showed in Figure 7b while in Table 2 are showed, for each specimen, the values of
load required to evaluate Equation (6).

1400
1200
1000
800
600

Load (N)

400
200

0 0.5 1 1:5 2
Deflection (mm) b)

Fig. 5 a) The specimen 1F-RB-H subjected to three-point bending test; b) Load-deflection dia-
grams of the xF-RB-H specimens

Table 2 — Results (maximum recorded load and related deflection) of the three-point bending
tests on the xF-RB-H specimens; |, b, and hy, are the dimensions of the brick, h; is the height of
the reinforcing jacket

I 5 b hy+h; : Max : Deflection at Max Load

Specimen : [mm] : [mm] : [mm] : Load|[N] : [mm]
""" 1FERBH  © 250 © 220 i 72 i 768 04246 i
""" 2FRBH : 250 : 220 i 74 : 89 03873 .
""" 3FRBH . 250 220 ¢ 748 : 1160 : 05884 i
""" Average | 250 . 220 . 736 . 915 . 04667 .
"""""""""" Standard Deviation i 213 01069
""""""""" Coefficient of Variation ~ : 0233 : 02292
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In the context of the linear kinematic analysis, to take into account the contri-
bution offered by this reinforcement it is assumed that the maximum force per unit
depth (dimension b in Table 2) recorded during three-point bending tests can be
considered as the stabilizing force per unit height of a reinforcing jacket. For this kind
of reinforcements, the effective length (minimum extension/length of the wrapping,
i.e. dimension [in Table 2) is reached for few tens of centimetres after which the ten-
sile capacity substantially does not increase (because the residual friction between fi-
bre and matrix produces a very limited increase in load-bearing capacity). In fact, the
design parameter governing the increase in tensile capacity is the extension in height
of the strip or wrapping.

Finally, if the contribution of any retrofitting system is considered, the horizontal
restraining force induced by frictional mechanism, and that counteracts the overturn-
ing mechanism, must be included in the computation of the load multiplier.

Corner keys and bond beams are particularly effective since they provide restrain-
ing forces without increasing the inertial masses, i.e. self-weights of timber elements,
which were not considered relevant to the computation of the load multiplier value. If
the contribution of the fibre textile composite is considered when evaluating the load
coefficient, the tensile capacity must be included as a resistive force in the equilibri-
um balance expressed by the Virtual Works Equation.

Fig. 6 represents the values of the activation accelerations necessary to overturn
the single rigid wall (RW) and assuming: the presence of a fibreglass textile one me-
tre high (g-TReM), a bond beam (BB), a bond beam and a glass-fibre reinforcement
strip of one metre height (BB+ g-TReM), as well as two corner keys and a bond
beam (2CK+BB). To evaluate load coefficients of Fig. 6, it was assumed, referring to
Equations (1-6): g = 3.5kN/m?, f=2m and P, = 14kN, t; = % t,i=01m, k=0L=15
m or 4 m for bond beams, h,,; = 1Tm, 2m.

® RW
0.70 . .
A BB
0.60 W .
" O 2CK+BB
) 0.50 ] R.eggio Calabria
! Firenze
§ 040
g
s 0.30 . A
E . .......
00 %0 e
< 020 .. . . ......... . .........
010 ........ .. . @
0.00
0.05 0.1 . )

X 0.15
t/H Wall Slenderness [-]

Fig. 6 Values of the activation acceleration necessary to overturn the single rigid wall (RW)
and assuming: the presence of a one-metre high fibreglass textile (g-TReM), a bond beam (BB),
a bond beam and a one-metre glass textile strip (BB+ g-TReM), as well as two corner keys
and a bond beam (2CK+BB) superposed to the expected peak ground accelerations
in Firenze and Reggio Calabria (Italy)
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CONCLUSION

The investigation on seismic safety conditions of earthen buildings, exploiting
a simplified case study, made it possible to draw some conclusions with reference
to two reinforcement systems, a timber system and a fibreglass reinforced earthen
plaster.

Considering the values of the activation acceleration necessary to overturn the
walls of the case study, some considerations are possible. The use of corner keys in
combination with bond beams, 2CK+BB series, provides activation acceleration lev-
els comparable to that offered by the use of bond beams and one-metre-high strip
of glass fibre textile reinforced earthen mortar (BB+g-TReM series). These solutions
provide adequate safety margins also for those areas subjected to medium to high
seismic hazard. Instead, the employment of the one-metre-high strip of glass fibre
textile reinforced earthen mortar only (g-TReM series) would be satisfactory for most
medium to low seismic hazard areas. Finally, the fibre composite solutions could be
effectively employed for emergency repair or in restoration projects in which slabs
modification could be hardly carried out.
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INTRODUCTION

Most of the architectural cultural heritage in China is represented by earthen sites,
but the conditions of these heritage sites are generally not good. In addition to be-
ing destroyed by human factors, these earthen sites are also subject to geological
hazard (landslides, earthquakes, floods) as well to weathering caused by wind, rain,
hydrothermal cycles, migration of groundwater and soluble salts, etc. Therefore, the
conservation of earthen sites is an important part of the current protection of Chinese
architectural cultural heritage. In the following paragraphs, the methods utilized for
the conservation of Chinese earthen sites are illustrated.

ANCHORING AND GROUTING TECHNOLOGY FOR EARTHEN SITES

The number of earthen sites in China is large and their problems of conservation
are serious. This means that the conservation work is mainly based on responding to
emergencies and strengthening structures. Large-scale collapse is in fact the main
problem affecting earthen sites (Wang, 2013). Therefore, the most important aspect
in the reinforcement technology is the control of mechanical stability.

In the rescue and reinforcement project of the endangered earthen sites, the an-
choring technology has become an important measure for controlling the mechanical
stability of the earthen site due to its concealment and small disturbance of construc-
tion (Sun, 2010). The anchoring technology relies on the shear strength of the anchor-
ing system to transmit the tensile force of the outward incline body. It is used to exer-
cise the stability of the site itself, and effectively control the development of the crack.
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Therefore, the use of anchor rods can preserve the sites for a long time.

After nearly 30 years of application, the anchoring technology of the earthen sites
have become gradually reliable and standardized, and great progress has been made
in the types of anchor, material of the grouting, anchoring process, anchoring system
and its compatibility.

1. Type of anchor

In the early 1980s, anchoring technology was applied in projects for the cultur-
al heritage sites protection in China, and the first application was in grottoes. In the
1990s, the first anchoring test on an earthen site was made by Li Zuixiong and others
at the Pochengzi site in Anxi County, Gansu Province. Thin-walled steel pipes were
used in that project (Li, 1997). Due to the uncoordinated deformation between steel
and soil in the force mechanism, it is now rarely used in the anchoring of earthen
sites.

1.1 Bamboo and wood anchors

Widely used in many earthen site conservation projects in China, bamboo and
wood anchors have gradually gained wide recognition (Wang, 2009). In addition to
the inherent characteristics of wood and the superiority of the wood structure itself,
the wood anchor is also consistent with China’s natural geographical environment,
cultural orientation, architectural concept, architectural purpose and other factors. A
large number of wooden structures have been preserved in the earthen sites of the
northwest, which have been in use for more than 2,000 years and still play an im-
portant stabilizing role. Engineering practice and research have shown that the use
of bamboo and wood anchors satisfies the need for compatibility with earthen sites.

1.2 Bamboo reinforced composite anchor

In the conservation projects of the Jiaohe site, Gaochang site and other large
sites, the wooden and bamboo anchors alone were considered not to meet the re-
quirements of the anchorage due to the large number of collapsing bodies with huge
cracks cut. The Dunhuang Academy China has developed a bamboo-reinforced com-
posite anchor. The inside of the anchor is a steel strand, the outer layer is a compos-
ite bonding material and bamboo, and the outermost layer is wrapped with a glass
silk cloth. It can be seen in figure 1-2. The big cracks in the cliff of Jiaohe site have
been successfully reinforced with bamboo-reinforced composite anchors (Sun, Li,
2008; Sun, Shen, 2008). This anchoring technology is a unique technology in China.
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——

Fig. 1 Front view of the bamboo-reinforced composite anchor

Resin layer Gass silk cloth

Fig. 2 A section of section of the bamboo-reinforced composite anchor

1.3 Other anchors

Other different types of anchors have been tried and used in the engineering of
anchoring of earthen sites. Fiberglass anchors (GFRP) (Zhang, 2014), geotechnical
filaments (Mao, 2008), carbon fibre bamboo anchors (Wang, 2009), Bakelite anchors
and others have gradually been applied (Rong, 2016).

2 Type of grouting mortar

The requirements for mortar in the anchorage of earthen sites are different from
those in geotechnical engineering. It requires that the strength of the mortar is high-
er than the strength of the earth, but not too much; otherwise, deformation will be
uncoordinated, resulting in new damage. In addition to meeting the requirements of
the soil’'s permeability coefficient, suitable cohesive force, and small shrinkage rate,
it is also required to be compatible with the materials used in earthen sites. Cement
mortar can provide sufficient anchoring force, but due to the large difference in the
physical and chemical properties between cement mortar and earth, the migration
and crystallization of soluble salts from cement toward earth, etc. it could be very
dangerous for the site (Li, 2008). Therefore, a lot of research and application of more
compatible grouting materials has been carried out.
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2.1 Potassium silicate (PS) series grouting material

It is reported that the use of PS series mortar solved the problem of anchoring
mortar in the earthen material. When anchoring the wall of the tomb No. 3 in Xixia
ling tomb, in Yinchuan city, Ningxia province, PS+ fly ash and PS+ clay mortar were
used. In the study of anchoring and reinforcement technology for the raw-earth site
of Jiaohe, three kinds of mortar materials such as PS+clay, PS+ fly ash and PS+ (fly
ash+clay) were selected, and the desired anchoring effect was obtained. It has been-
found that a weak interface exists between the anchor and the mortar. The mortar
of different PS series has little influence on the anchoring strength (Sun, 2006; Sun
2007), and it is gradually applied to the small-body anchoring project of the earthen
site.

2.2 Grouting material for calcined ginger nuts

In the large-scale archaeological excavation of the Dadiwan sites in Qin‘an County,
Gansu Province, the use of calcined ginger nuts was found in the ground floor. On
this basis, a burnt calcined ginger nuts material with hydraulic and gas-hardening
properties was developed. The material was obtained by calcinating ginger nuts in
Quaternary loess at 1000 °C for 3 h (Li, 1988). Studies have shown that the burnt cal-
cined ginger nuts has high mechanical strength and weather resistance, small shrink-
age deformation, large porosity, good water permeability and good air permeability
(Zhang, 2015). The modified material of quartz sand or silt mixed with the burnt cal-
cined ginger nuts not only makes up for the shortcomings of the former materials,
but also has good compatibility with earth materials. This material has also achieved
good results in the reinforcement of earth sites.

2.3 Other grouting materials

In addition, there are mortars modified with silty clay, fly ash and cement. In
the corresponding archaeological data and historical documents on the tradition-
al cementitious materials (Wei, 2014), the glutinous rice pulp is used as a binder
and mixed with lime, clay and sand to form a glutinous rice mortar (Peng, 2011).
Considering the excellent fixing effect of the sand by means of modified polyvinyl
alcohol (SH), organic polymeric materials have also been introduced in the anchoring
of the earthen sites (Wang, 2016; Cui, 2017). The continuous innovation and research
of grouting materials play an active role in promoting the anchoring technology of
the earthen site.

3 Construction process

The anchoring project has the characteristics of invisibility and professionalism.
Due to the particularity of anchoring projects of earthen sites, the safety of earthen
cultural heritage is a prerequisite for construction. Therefore, the anchoring project of
earth sites should avoid using modern equipment with excessive strength. It is usually
to use light drilling rigs or manual drilling and during grouting activities are used low
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pressure gravity grouting. The construction season is also important to the anchor-
ing of the earthen site. If the temperature is too low, it will directly affect the hard-
ening of the grouting material so the intervention should not take place in winter. At
the same time, selecting appropriate construction methods according to engineering
conditions and geological conditions is also essential to improve construction effi-
ciency (Ren, 2010). The construction technology (Figg. 3 a-f), mainly includes artificial
hole forming anchors installation, grouting, slotting, penetration strengthening, pad
installation, anchor hole sealing and maintenance (Ren, 2009). The experience of the
construction workers directly affects the construction quality, so only a construction

company with certain professional experience should undertake the work.

45N

Fig. 3b Bolt installation
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Fig. 3c Grouting

Fig. 3d Enlargement of the hole
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Fig. 3f Sealing the hole
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REINFORCEMENT MATERIALS FOR EARTHEN SITES

Surface weathering is one of the important decay processes affecting earthen
sites. Therefore, surface reinforcement is an important part of the earth protection
project. The main types of materials currently used for the protection of earthen sites
are shown in Fig. 4.

Reinforcement materials for
earthen sites

Inorganic 5 9

e organic materials
materials
t lime materials = Silicone material

o  Acrylic material
ol Polyurethane material

Fig. 4 Category of reinforcement materials for earthen sites conservation

1 Inorganic materials

At present, there are mainly two kinds of inorganic materials used for the pro-
tection of earthen sites: the lime-based materials, which are mainly used mixed with
earth for concrete construction and the potassium silicate (PS) based materials, which
are mainly used for surface consolidation.

1.1 Lime materials

In construction engineering, building mortar plays an important role in bonding
loose-grained materials (such as sand and stones) and bulking materials (such as
bricks and stones) into a whole (Liu, 2009). Some of the traditional materials used in
ancient buildings have been found to have a good reinforcing action. These materi-
als are based on inorganic materials such as lime and are blended with natural bio-
materials such as glutinous rice syrup or egg white. They present significant advan-
tages in terms of durability, strength and compatibility with the building body.

Zhejiang University’s analysis of ancient mortar samples in the Ming Dynasty city
walls of Xi'an shows that when the glutinous rice slurry and lime are mixed, the rein-
forcement performance will be greatly improved. These properties include bonding
properties, compressive strength, surface hardness, and water immersion resistance.
They show that the performance of glutinous rice mortar is good and scientifically
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reasonable. Traditional glutinous rice mortar has been used for thousands of years.
It has good compatibility with ancient buildings and no environmental pollution. It
can be recommended as a repair material for ancient buildings today (Yang, 2008).

1.2 PS materials

There are a large number of earthen sites in the north western part of China. Most
of these earthen sites are made of sand, silt, and silty clay. These earthen sites show
very bad conditions of conservation due to strong winds and concentrated heavy
rainfall.

The PS material is a relatively low molecular weight, water-soluble inorganic bind-
er. The chemical formula is K,O'nSiO,. The ratio between the number of molecules
of SiO, and K,O in an aqueous solution of potassium silicate is called the modulus.
Reinforcement is generally carried out with a PS with a modulus of 3.84, which is con-
sidered a high modulus potassium silicate material. The general use concentration
of PS solution is 3% -10%. It is obtained starting from a concentration of 25% of the
PS stock solution, diluted with water, up to the desired concentration of PS solution.
The prepared PS solution is mixed with a certain amount of curing agent (CaSiF,),
cross-linking agent [Al(SiO,).], and stirred uniformly. Finally, about 10 ppm of the dif-
fusing agent NNO is added, and evenly stirred, it can be directly sprayed or dripped
(Li, Wang, 1998; Li, Wang et al., 1998).

In 1983, Li Zuixiong of Dunhuang Research Institute tried to reinforce the Dadiwan
site of the Neolithic Age, Qin‘an city, Gansu Province by using PS infiltration, and
achieved obvious anti-weathering effects. In 1992, based on laboratory research, the
Dunhuang Research Institute conducted a large number of field tests in the Han
Dynasty’s Pochengzi Site in Anxi County, Gansu Province, the Turpan Jiaohe Site, the
Xi'an Banpo Site and the Qinyongkeng site (Li, 1995; Li, 1997). Through the afore-
mentioned numerous indoor and field tests, the modulus, concentration and some
process methods of the PS to reinforce the earthen sites were obtained.

In 1998-2002, PS materials were used to protect and reinforce the earthen sites
such as Yumenguan, Hecangcheng, Ningxia Xixiawangling No. 3 tomb, and the ob-
servatory of Jiaohe Site, achieving obvious reinforcement effects (Li, 2003). In recent
years, Li Zuixiong, Wang Xudong, Sun Manli and others, combined with the rein-
forcement and protection project of the Jiaohe Site in Turpan, Xinjiang, have further
studied the main decay processes of the Jiaohe Site. According to the results of a
large number of indoor and outdoor experiments, the main engineering measures
and technical methods for strengthening the site were summarized. These technical
methods have been used in the rescue and reinforcement project of Jiaohe Old City,
and have achieved obvious protection effects (Wang, 2002).

2 Organic materials
At present, there are three main types of organic materials used for the protection

of earthen sites: silicones, acrylates and polyurethanes. Because of the significant
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shortcomings of a single type of material, the major organic materials developed in
recent years are all modified materials.

2.1 Silicone material

There are two types of silicone based products such as the AWS-VX silicone sys-
tem ([P] DE.2733686) - an organosiloxane - and the ethyl silicate series from Remmers
and Wacker (Germany) which can be used as sealants for surfaces or as reinforcing
agents.

Since 1959, China has used chemical materials on the reinforcement and pro-
tection of Banpo Site. For many years, reinforcement material such as ethyl silicate,
long-chain alkyl silicone, and polyester acid vinyl acetate have been used. The age-
ing tests evidenced that after several years after the application only ethyl silicate has
a slight effect on strength and permeability (Li, 2003).

RTV material is a kind of silicone material which can be cured at room tempera-
ture. It was developed for the protection of earthen sites in a wet environment by
Zhejiang University. It combines the characteristics of ethyl silicate and short-chain
polysilane. The indoor tests and field experiments of Liangzhu Site indicate that
for the earth with a water content of 11.7-21.7%, it has a certain reinforcing effect
and good waterproof and water resistance, and it does not change the appearance.
34WD-10 material is a long-chain silicone product produced by WuDa Silicone New
Material Co. Ltd. Its main component is lauryl trimethoxysilane. In recent years, it has
been used as a waterproofing agent in many cultural relics protection. WD-S is a wa-
terproof material produced by Wuhan Luke Cultural Relics Co., Ltd. Its main compo-
nent is water-based oligomeric methoxysilane, which has been used as a waterproof
material for bricks (Zhou, 2004).

2.2 Acrylate materials

Acrylic resin is a polymer formed by an acrylic monomer under the action of a cat-
alyst. It is widely used in many fields due to its excellent weather resistance. It can be
used as a reinforcing agent, binder in cultural relic protection. There are various sol-
vents for acrylic resins, such as benzenes, ketones, esters, chlorinated hydrocarbons,
etc. It is difficult to apply acrylic resins in deep reinforcement due to the solute mi-
gration which causes a concentration of the product on the surface. After the solvent
has been volatilized, the surface colour deepens and a surface crust forms. The film
of this polymer has the following adverse effects: preventing moisture from migrating
outward, then causing an internal enrichment of moisture. Since the thermal expan-
sion coefficient of the shell is different inside and outside, it is easy to break due to
tension during thermal cycles.

Currently, to improve the performance of acrylic resin, the following methods are
generally used:

- a fluorine-containing structural unit is introduced, such as the new protective

agent perfluoropolyether. Liang Guozheng et al. used a fluorocarbon-based
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multicomponent copolymer to improve the experiment in strengthening Banpo
site (He, 2001; He, 2002);

- a structural unit containing silicon is introduced. Li (2009) synthesized an acryl-
ic-silicone-epoxy composite system reinforcement material for the humid cli-
mate in southwest China. This material has been successfully applied to the rein-
forcement of the Jinsha site in Chengdu; it has significantly improved the water
resistance, acid mist resistance and alkali resistance of the soil.

2.3 Polyurethane material

Polyurethane materials are organic materials widely used in coatings, adhesives,
and chemical grouting materials. They are formed from the polycondensation of iso-
cyanates and polyols. There are many types of isocyanates currently used, such as
toluene diisocyanate, diphenylmethane diisocyanate, polymethylene polyphenyl
polyisocyanate, etc. The materials used in earth protection are modified polyure-
thanes, the solvent is an aromatic hydrocarbon - n-butyl acetate, and the diluent is
xylene - butanone. The advantage of this material is the fast penetration, deep pen-
etration, the high reinforcement strength and the good water resistance; the disad-
vantage is that the colour changes considerably after reinforcement, and the poor
aging resistance. The material is toxic and requires a large amount of organic solvent.
During the manufacturing process, the operator is severely exposed and the toxic
component remains for a long time after use. Lanzhou University polymerizes poly-
urethane and polyacrylate to form urethane acrylate (PUA), which was used for the
consolidation protection of the ancient city of Jinyang, Shaanxi Province with good
performances (Shen, 2016).
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WATERPROOF AND MOISTURE-PROOF TECHNOLOGY FOR EARTHEN
SITES

According to the investigation of multiple sites, the measures for water and hu-
midity reduction of earthen sites in wet areas in China mainly include the follow-
ing methods: water retaining wall, impermeable corridor, pumping method and arch
coupon method (Table 1). The principles used in the various methods are different
(Zhou, 2009).

Table 1 - Methods for reducing water and moisture on earthen architecture

. e The water movement
Water-retaining  Tianzijialiu Site,

Still damp cannot be controlled in
wall Luoyang
the lower part
) Effective; the penetra- The water movement
Impermeable Beijing Dabantai . . .
) ) tion of rainwater can be cannot be controlled in
corridor Site Museum
blocked the lower part
Pumping Du Fu Caotang Effective; microbial growth Easy to cause collapse
method Site cannot be prevented of the earthen artefact

Xunmakeng Site,
o Good effect; the problem
Linyi Shandong
Arch method . of groundwater can be
Zhenghan Site,

Difficult to operate;
high cost

) solved
Xinzhen, Henan

1 Evaluation of various methods

1.1 Water-retaining wall

The principle of water-retaining wall is to form a water-repellent layer around the
site, which can cut off the water from the side. The disadvantage of this method is
that it cannot solve the water infiltrated from below. If the level of the groundwater is
high, or unstable, there will be no good effect. If the ambient humidity changes cycli-
cally, the salt crystallization will cause the disaggregation of the earthen artefacts. If
the retaining wall is leaky or the waterproof material is aging, it will easily fail.

1.2 Impermeable corridor

As in the case of the water-retaining wall, the function of the impermeable corri-
dor is to prevent the water penetration of the side. Unlike the former, the space is
increased in the middle, the ventilation facilities can be increased in this space, the
water isolation efficiency can be improved, and maintenance is also easy.
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1.3 Pumping method

The function of pumping is to actively reduce the groundwater level and the water
content of the upper soil. The pumping method is applicable to the groundwater lev-
el within a certain height range. If the groundwater level is too low, it is not necessary
to use it; if the groundwater level is too high, pumping cannot solve the problem. In
addition, if the body of the soil is very permeable, the pumping method cannot solve
the problem, because it is too expensive. Another disadvantage of the pumping
method is that the pumping water tends to cause concentrated flow of water, which
causes the soil particles to be carried away, resulting in the destruction of the soil
structure, causing the local soil to sink.

1.4 Arch method

Arch method is to cut off the connection between the site and the groundwater,
thus preventing the damage caused by the rise of groundwater. The advantage of
the arch method is that it can completely isolate the influence of groundwater. The
disadvantage is that it is difficult to realize and costly. In the case of high groundwa-
ter level, the operation is more difficult. If the structure is flawed, this method is easy
to fail. The design of the arch method should be comprehensive, and the surround-
ing and the lower part must be considered. Otherwise, it is easy to cause partial dam-
age, such as the situation of Linyi Che Ma Hang.

Arch method can solve the problem in case of groundwater level not too high,
such as in the Xinzheng Chemakeng site. Nevertheless, we should pay attention not
to modify the site during the excavation process.

2 Results and discussion of the measures against water and humidity in earth-
en structures

2.1 Results

Many interesting experimentations have been carried out in the waterproofing of
earthen sites. In the “waterproof project” of Chinese sites, the methods used are the
following: the retaining wall method, the waterproof corridor method, the pumping
method, and the arch method. Each one of these methods has its own advantages
and disadvantages. Among them, the arch method shows the best effect but sever-
al other methods have a certain effect on isolating water and moisture from the site.

2.2 Discussion

The choice of the above methods (table 1) must be based on the actual conditions
of each site, and then it is necessary to carry out a complete geological survey in order
to understand the stratigraphy and groundwater conditions before making a decision.

The destruction of earthen sites by groundwater and rainwater is a problem
that must be overcome in the protection of earthen sites. In addition to the above
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methods, there are some measures that can be undertaken, such as cutting the earth
and sealing all. The method of cutting the earth has been applied in the No. 6 pit of
the Terracotta Warriors and Horses of Qin Shi Huang. This site is a long strip-shaped
burial pit. The stratigraphy of the site is the following: a 2-meter-thick alluvial layer
was covered on the earthen site by using rammed earth technology. For the exhibi-
tion, the upper layer was excavated in the outside in order to form a wide walking
trail. As a result, leaking of external rainwater, weathering, moulds growth, etc. main-
ly occurs in this part. Thus, the lower layer slowly releases water and gradually balanc-
es with the environment. The method of cutting earth can be carried out to counter-
act the effects of rain in case of a wet earthen site.

Another method was used at the Xianyangling site: the site was completely sealed
to keep the environment of the remains highly humid, more than 80%. The purpose
of this procedure is to avoid the evaporation of water, so even if there is high mois-
ture content in the lower part of the site, it will not cause damage. Disadvantage is
that it needs frequent anti-mildew treatments. The glass used in the site should al-
so be a special material that can drive away the moisture that has condensed on the
glass.

EARTHQUAKE PREVENTION MEASURES FOR EARTHEN SITES

1 Principle of seismic reinforcement

The seismic reinforcement of the earthen sites (Shi, 2013) should take into account
the following principles:

(1) The protection and management of cultural heritage should follow the princi-
ple of “not to change their original appearance, focusing on the prevention of the
destruction of the natural environment of the earthen site. The exposed engineering
facilities should be concealed and managed to be in harmony with the surrounding
environment in order to achieve the purpose of keeping the original appearance as
much as possible.

(2) The resistance to seismic events should be appropriately increased: most of
the earthen sites are represented by residual thin walls often with irregular shape, re-
quiring difficult anti-seismic interventions.

(3) The interaction between the structure of the earthen site, the foundation and
the surrounding environment should be considered. The reinforcement of the foun-
dation and the comprehensive improvement of the surrounding environment are the
basis for the reinforcement of the earthen site.

(4) In many cases, the seismic improvement interventions require several phases
spread over time, therefore sufficient space should be reserved to follow the princi-
ple of reprocessing, which will facilitate for the future reinforcement interventions.

(5) Considering the non-renewability of the earthen site, an analogy test should
be carried out before the implementation of the reinforcement project to verify the
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feasibility of the design. At the same time, the reinforcement materials and processes
should be scientifically tested to prove that they are harmless to the cultural artefacts
and can be used after long-term protection, ensuring that the artistic value of the cul-
tural artefact is not impaired.

(6) The safety of visitors is the primary goal of the seismic improvement of earth-
en sites.

2 Comparison between seismic improvement and general reinforcement

The ultimate goal of both reinforcement methods is to control the problem of con-
servation of the earthen site, so that it could be in safe conditions for a longer period.

The reinforcement principle is basically the same but the difference is the object
of the reinforcement. The general reinforcement takes into account the different de-
cay problems like weathering, water erosion, fracture development etc. The seismic
improvement is mainly addressed to poor stability, risk to collapse under the action
of earthquake, geological hazard in general.

Another difference is the reinforcement effect. The general reinforcement of an
earth site is aimed at coping with various conservation problems and requires skilled
restorers capable to satisfy the principle of “restoring the old as old”. The seismic re-
inforcement of an earthen artefact mainly considers the safety condition of an earth-
en site subjected to an earthquake.

Finally, there is a difference in the reinforcement methods: the general reinforce-
ment is usually based on chemical reinforcement while seismic reinforcement is usu-
ally based on physical reinforcement or a combination of physical reinforcement and
chemical reinforcement.

3 Seismic reinforcement of earthen sites

3.1 Physical reinforcement

Physical reinforcement refers to change the stress and strain state of the earth
through physical mechanical reinforcement, thereby increasing the stability of the
earthen sites. Common physical reinforcement methods are as follows: adobe laying,
pebble laying, bracket support, earth nail anchoring, foundation reinforcement, re-
taining wall reinforcement, and anchor reinforcement, etc.

3.2 Chemical physical reinforcement

Chemical physical reinforcement refers to the combination of physical reinforce-
ment and chemical reinforcement. It mainly combines the advantages of the two re-
inforcement methods to adjust the mechanical properties and chemical composition
of the earth to obtain the optimal reinforcement effect. Grouting and anchoring are
relatively mature chemical and physical methods.

In view of the variety of conservation problems and types of earthen sites, some
seismic reinforcement methods are proposed, as shown in the following Table 2.
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Conservation Adobe : Foundation PS Bracket  Retaining wall
. reinforce- ) ) ]
problem laying ) reinforcement  Grouting support  reinforcement
men
Crack ° ° °
Missing ° ° °
Erosion ° ° ° °
Settlement ° ° °
Cliff ° °

The results of the different methods of seismic improvement show that grouting
and anchor reinforcement are a good solution. From the perspective of improving
seismic performance, the anchor reinforcement can enhance the coupling ability of
the relatively independent portions. Nevertheless, the large cracks should be treated
with the combined action of grouting and anchoring.
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INTRODUCTION

Speaking of contemporary earthen architecture in ltaly is a very thorny subject
since at first glance the raw earth does not seem to be present in current building
productions. Nevertheless, at a closer and more curious look, we realize that there
are a rich series of small buildings, which make this material gradually re-acquiring
space and credibility in the contemporary architectural scene.

Unfortunately, if it is true that in Italy, as in the rest of the world, there is a rich and
varied earthen building heritage, it is also true that it is predominantly a rural heri-
tage, which attracts the scientific and cultural interest of researchers and profession-
als, but that continues to be unknown or little appreciated by most of the people.

Definitively abandoned as a building material from the 1950s in favour of the in-
dustrialized materials, more “advanced” and “resistant” and linked to a status of
“modernity”, the raw earth is still a victim of prejudices. In fact, its variability in com-
position limits its use in an increasingly standardized and necessarily regulated con-
struction sector but it is really an added value because it gives rise to many possible
construction techniques, a diversity that is the richness of our world.

The artisan soul of the raw earth struggles to make space in the Italian architectur-
al scene, but not all is lost.

THE VERNACULAR EARTHEN BUILDING HERITAGE

The traditional earthen architecture is really varied and rich all over the world and
also in Italy many differences can be observed. Earthen constructions, in fact, are
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part of the built heritage of many Italian regions and, as it happens in other contexts,
the construction techniques differ from territory to territory, in relation to the type of
available earth, to local construction cultures, to the functional and housing needs of
the places (AA. VV., 2012; Bertagnin, 1998; Conti, 2004).

Buildings in earthen blocks, commonly known in the scientific context with the
name of adobe or mud brick, characterize many historical centres of the Campidano
territory (Sardinia), where they are call by the local name of ladiri (Achenza at al.,
2008). The use of earthen blocks is also common in other regions such as Piedmont,
in the Asti area (AA. VV., 2008), or in Calabria, where adobe are often used together
with a wooden framework (Chimirri, 1999), this solution is also found in other zone of
the world with caracterized by a high seismic risk such as Calabria.

In Marche and Abruzzo regions (Rasicci, 2007), it is common the use of massone,
a technique of hand shaping of the masonries, that utilizing a mixture of earth and
straw, which recalls the techniques of cob in Ireland and bauge in France.

In Piedmont, especially in the area between Alessandria, Novi Ligure and Tortona
there are many farms built with the rammed earth technique (pisé in French) (Mattone
et al., 2010).

Although the aforementioned cases are the best known and widely documented,
even today the existing built heritage allows us to discover new buildings and con-
structive cultures in raw earth scattered throughout the country. This is the case of
Emilia Romagna where, following the damage caused by the 2009 earthquake, have
been made visible numerous buildings with a double layers masonries made of fired
brick wall facing outwards and raw earth blocks inwards. Also in the central valley of
Umbria have been discovered many buildings made both in raw earth blocks and
rammed earth, covered with stone or fired bricks walls (Baglioni, 2016).

Therefore, while on the one hand much of the earthen building heritage has been
lost, due to the abandonment or replacement of buildings realized with “modern ma-
terials”, many others are yet to be discovered.

THE EARTH IN THE RECOVERY OF THE EXISTING BUILDING HERITAGE

The recovery of existing buildings and traditional construction techniques is one
of the fields which raw earth is used in contemporary construction, thanks to the in-
tense work of transmission of knowledge carried out both by Associations and by
careful researchers and professionals and lovers of earthen architecture.

Regarding the associations, interesting examples are the Documentation Centre
on “Case di Terra” in Casalincontrada in Abruzzo (http://casediterra.com) and the
“Citta della Terra Cruda” Association (http://www.terracruda.org), which puts in net-
work municipal administrations, both Italian and foreign, in which territories are pres-
ent raw earth constructions.
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Some noteworthy results are the following:

1 the recovery of rural buildings such as “Borgocapo” and “Casa di Teresa”, in
Casalincontrada, Abruzzo (https://www.archilovers.com/projects/212497/la-ca-
sa-di-teresa.html);

2 the recovery of many houses in Sardinian historical centres for residential and
tourist purposes, such as the “Ventanas Bed and Breakfast” (http://www.venta-
nas.it);

3 the recovery of an entire urban district, called “Villa Ficana” (Conti, 2004; AA.
VV., 1998), just outside the historical centre of Macerata. This urban district, af-
ter the recovery, is again inhabited and has become a cultural reference for the
city thanks to the creation of an Ecomuseum (https://www.ecomuseoficana.it)
(Figg. 1 and 2).

4 the recovery of some farmhouses in Piedmont for residential purposes (Bollini,
2013).

Fig. 1 Exterior of a recovered house in Villa Ficana, Macerata, Italy (Credit by E. Baglioni, 2015)
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Fig. 2 Interior of a recovered house in Villa Ficana, Macerata, Italy (Credit by E. Baglioni, 2015)

RAW EARTH IN NEW CONSTRUCTIONS

Eco sustainable architecture

Another field of use of raw earth in Italian contemporary architecture is closely
linked to the broader sector of sustainable architecture.

In this context, the raw earth is enhanced and used for its technical characteris-
tics that make it a material fully suited to the standards of bioecological architecture.
These standards aim to create buildings in harmonious balance with the places in
which they are inserted, respectful of the environment and health of the users who
live there (Source: ANAB-National association of bioecological architecture, Italy)
http://www.anab.it/. The bioecological architecture tries to use eco-sustainable ma-
terials and techniques, which favour the achievement of energy efficiency through
bioclimatic strategies, passive contributions - which maximize positive the thermal
exchange between building and environment - and the use of renewable energy
sources for the operation of the installations.

Despite the “Kyoto Protocol” - at international value - and the “20-20-20 Plan” -
with European level- the construction sector continues to maintain negative records
in terms of pollution and waste production, consumption of raw materials and energy
consumption for production, damage to the territory and to the landscape.
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Therefore, first as human beings, than as professionals, we have a great ethical
and moral responsibility to limit the depredation of territories and resources and
make conscious choices aimed at taking care of ourselves, of the future generations
and planet in which we live.

Raw earth and eco sustainable architecture

The raw earth responds very well to the objectives of bioecological architecture.
As a matter of fact earth is a material available locally in many environmental con-
texts, it is natural and reusable. Moreover, if not contaminated by anthropogenic
chemical agents, the raw earth does not pollute and can also be re-introduced into
the ecosystem; it does not contain nor emit harmful substances, both in outdoor and
indoor environments.

Even when it is processed industrially, it undergoes low levels of transforma-
tion and therefore has a low energy consumption of production. Moreover, not un-
dergoing a firing processes, it does not emit climate-altering agents and polluting
particulates.

The raw earth is in all aspects an ecological material with a low environmental im-
pact as it has a virtuous life cycle - from extraction to processing, use and disposal
(Tomasi, 2012) - which in the long term keeps environmental resources unchanged.

Characteristics of the earth material

From a strictly technical point of view, raw earth is a material that deserves to be
used in contemporary architecture as it has many interesting characteristics. It has a
high thermal inertia, functioning as a heat accumulator - heating and cooling slowly
- and therefore ensuring an indoor microclimate fresh in summer and warm in win-
ter. Itis a transpiring material, allowing the migration of water vapour from the inside
towards the outside of the building, so consequently preventing the accumulation
of humidity and the onset of superficial moulds that can cause respiratory and aller-
gic diseases. It performs the function of hygrometric regulator, i.e. absorbs moisture
from the air and releases it when the indoor environment is drier, keeping the internal
relative humidity almost constant during the day and the seasons. Moreover, it ab-
sorbs sound waves and purifies the air by absorbing odours and smoke.

All the aforementioned characteristics contribute to keep the environments in
healthy conditions with a high living comfort; it is not a coincidence that earth it is the
oldest material used by man, from the Neolithic to the present day.

Raw earth is also a safe material: in case of fire, in fact, it undergoes a firing pro-
cess without combustion. Moreover, for centuries it has also been used in zones
with a high seismic risk, where man has developed specific constructive cultures with
particular technical solutions capable to withstand to the seismic action (Baglioni,
Jorquera, 2012).
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Applications in contemporary architecture

In Italy, an increasing number of designers are approaching sustainable architec-
ture and the applications of earth material, but the market is still struggling to take
off and the new realizations are limited, or do not include all the possible uses of this
beautiful material.

Among the examples of contemporary architecture in which the raw earth was use
for the walls we can mention the following:

1 “La Raia” winery, in Piedmont, building with rammed earth walls utilizing lo-
cal earths, which contribute to maintaining the right microclimate for the
conservation of wines (http://www.la-raia.it/azienda-agricola-biodinamica/
cantina-in-pisé);

2 a private house in Tuscany (Fig. 3), near Amiata Mount, also built according
to the rammed earth technique with the use of local earth (https://www.archi-
lovers.com/projects/80394/pise-house. html);

3 the “Panta Rei” environmental education centre, where many sustainable build-
ing techniques have been used - utilizing different materials - including some
walls in raw earth blocks (or mud brick) and others in lightened earth (Fig. 4) -
that is a filling of straw and slurry on a wooden structure (https://economiacirco-
lare.com/atlante/panta-rei/);

4 the "Vigilius Mountain Resort” in South Tyrol where partition walls in rammed
earth have been used inside the bedrooms in order to separate the sleeping ar-
ea from the toilet area (https://www.vigilius.it/it).
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Fig. 3 Rammed earth house in Tuscany (by E. Baglioni, 2013)
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Fig. 4 Lightened earth wall with clay plaster in Panta Rei (by E. Baglioni, 2008)

Although the earth has been used since ancient times as a building material for
the construction of load-bearing walls, currently in Italy and in other European coun-
tries it is possible to use earth only for curtain walls or partitions, combined with a
preferably wooden bearing structure, but also metal or reinforced concrete.

The few realizations of earthen masonries probably depend on the need, espe-
cially for some techniques such as rammed earth or cob, of a lot of manpower and
therefore to the relative high costs, in addition to building and drying times longer
than many other materials.

Another aspect is related to the common way of thinking that prefers less per-
forming materials in comparison with raw earth - from the point of view of sustainabil-
ity and the healthiness of buildings -, but considered more “safer” just because wide-
ly used in the last 70 years. Finally, the raw earth, having been for millennia linked to
the craftsmanship and building ability of the human being, suffers from a prejudice in
our time increasingly linked to industrialization.
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Products in raw earth

An increasing number of companies are moving towards the production of green
building products with the aim of bringing sustainability linked to the certification
and technical classification of building materials to the construction market. Among
these, there are those in raw earth such as solid and perforated blocks, slabs, mor-
tars, premixed for rammed earth, plaster and finishes of walls and floors in various
colours. Below are some lItalian companies involved in these activities:

1. Matteo Brioni (https://mattecbrioni.com/);

2. Terracruda (https://www.terracrudaitalia.com/it);

3. Terragena (https://www.terragena.it/);

4. Ton Gruppe (http://ton-gruppe.it).

Finishes in raw earth

The most widespread application of raw earth in Italian contemporary construc-
tion is certainly that of plasters and finishes in “clay”, which are applied not only
on earthen walls, but also on walls made with other materials, both bio-ecological
and conventional. The greater use of this solution is certainly linked to the fact that
the plasters can also be used in renovations and not necessarily in new buildings.
Clay plaster is chose both for its performances linked to the hygrometric regulation
- which can be perceived starting from thicknesses of at least 3 cm -, and for the aes-
thetic aspect linked to the texture, colours and physical and emotional sensations
that evokes. Fig. 5 shows an example of beautiful creations with precious artistic clay
plasters that appear to be real works of art (http://www.isabellabreda.it/).

18] o
Fig. 5 Artistic clay plasters realized by the architect and artisan Isabella Breda, Italy
(by I, Breda, 2018)

Furnishings and Design

The raw earth use is gradually growing also in the field of interior decorations such
as tables, lamps, benches or furniture that, thanks to the plasticity of the material end
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therefore to the possibility to model it, can also merge and be incorporated with the
walls themselves. Examples are those of the group of craftsmen Geologika Collective
(http://www.botteghedinterni.com/frigerio/). In addition, starting from some years
ago, a competition has been launched for the design and realization of earth-based
design works, the Terra Migaki Design Competition (https://terramigakidesign2020.

myportfolio.com/).
Taking advantage of the thermal inertia property, raw earth is often used to make

heat storage stoves inside houses, or ovens for baking bread or pizza, installed both
inside and outside the buildings. Worthy of note are the stoves produced by Filo
di Paglia (http://www.filodipaglia.it/filodifuoco), and the ovens made by Andrea
Magnolini (https://www.passileggerisullaterra.it/forni-in-terra-cruda/).

Building and auto-construction

The raw earth, due to being a natural material, easily available, malleable and po-
tentially usable by everyone - adults and children -, lends itself - and is often used - to
self-construction.

If self-construction applied to small artefacts such as furnishing accessories or ov-
ens is acceptable, a more complex situation is the self-construction of entire walls,
or even complete constructions. In that sense, in order to realize buildings that are
not only aesthetically pleasing and comfortable, but also stable, durable and safe,
self-construction is advisable only if assisted and guided by professionals and techni-
cians of the sector, who have expertise about the structural aspects, normative, and
about the particular building technique chosen for the project.

From a normative point of view, self-construction in ltaly is not fully requlated and
it is frequent that the new realized buildings, if they have not been accompanied by
experts, do not fulfil the required quality and standards, despite being pleasant, wel-
coming and creatives from an aesthetic point of view.

The raw earth, therefore, if on the one hand lends to self-construction thanks to
its simplicity of workability, on the other hand it requires, like any other material,
numerous technical skills in order to better manage its strengths, weaknesses and
variability.

The new experiments

The last frontier in the use of raw earth is the 3D printing of entire houses. An
entirely Italian project, Wasp, has in recent years created a giant 3D printer and de-
veloped an earthen mixtures suitable for this use, being able to realize “Gaia”, the
first prototype of earthen building in realized with a 3D printer (https://www.3dwasp.
com/casa-stampata-in-3d-gaia/) and Tecla, a circular house build with local, reusable

and recycling materials (https://www.3dwasp.com/casa-stampata-in-3d-tecla/).
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CONCLUSIONS

Taking into account what has been described, it is evident that the raw earth offers,
thanks to its versatility and variability, the possibility to use many different construction
techniques and shaping infinite architectural forms, both enhancing the local tradition-
al building know-how and stimulating the design of new techniques and solutions.

Furthermore, its multiple technical properties make the earth a competitive mate-
rial in comparison to others present on the building market and offers a great benefit
in terms of human well-being, healthiness of buildings and low environmental impact.

The hope is certainly that its use could increase, as it is the case of other countries
(Rael, 2009; Gauzin-Muller, 2016) where this material has never been abandoned, or
where it has been regulated, thus increasing its potential for use.
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INTRODUCTION

The WASP' project, whose name takes inspiration from the potter wasp?, was born
with the goal of preserving the world environmental conditions from demograph-
ic growth, employing raw earth and available resources such as the insect does by
building its own nest. This approach is substantial in planning off-grid construction,
by just exploiting local materials reducing the environmental impact as well as ad-
vancing the human opportunities by spreading useful technologies. A new develop-
ment model is needed to restore the increasing impoverishment without overcharg-
ing the global system, by helding the power of shared knowledge as well as the role
of machines in human development. For this reason WASP focused its mission on ad-
ditive manufacturing as a way to offer equal chances to people in creating products,
by easily satisfying their needs and triggering economies from the bottom.

In the last five years, the 3D printing technology is raising its constructive appli-
cation thanks to a substantial improvement in the fields of materials science, robotic
kinematics, and building design.

manufacturing. It is based in Massa Lombarda (RA), Italy, since 2012. Website: www.3dwasp.
com.

2 Potter Wasps are a subfamily of vespids, known for the shape of their nest made in most cas-
es with mud.
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This tendency has been promoted by the increasing interest in architecture gen-
erated by digital design as well as digital manufacturing, taking advantage from the
numerical control in the construction phases in terms of efficiency and high-precision.

The company WASP has taken part in this radical building shift since 2015, with
Big Delta WASP 12 mt, considered the world’s largest 3D printer ever realized. The
experimentations led through this machine enabled advancing the 3D technology
to a new modular system, called Crane WASP (2018), which allows larger extensions
thanks to different configurations. In this regard, the Crane WASP represents a new
way to print on-site, optimizing the building yard management thanks to multiple
units, a radical progress from the earlier technology that might change how buildings
will be constructed.

THE CONTRIBUTION OF CRANE WASP TECHNOLOGY IN THE 3D
PRINTING INDUSTRY

The Crane WASP (Fig. 1) is a modular collaborative 3D printing system, which rein-
terprets the classic building cranes from a digital manufacturing point of view. It con-
sists of printer units that can be assembled in different configurations depending on
the printing area and therefore on the dimensions of the architectural structure. The
printing area of the single module is a cylinder 3 m high with a diameter of 6,60 m.

Fig. 1 Crane WASP during the construction of Gaia house, Massa Lombarda, Italy, 2018
The 3D printer unit (Fig. 2) consists of a truss column and a radial horizontal truss

element, which can rotate around the vertical axis thanks to a support designed to be
assembled directly on standard truss pieces.
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Fig. 2 Crane WASP, technical drawing by WASP, 2018

A five-way truss joint allows setting more elements to extend the upper grid and
therefore to install further printers. The modular system may host multiple construc-
tive units that can work simultaneously on the same building, according to the plan-
ning of the hexagonal grid. It represents the network of different printers and per-
forms as a framework useful for the management of construction yards, offering sup-
port for both the fabric roof and systems.

DESIGN PROCESSES IN PRINTING CODIFICATION

The design plays a fundamental role in the 3D printing process in light of the po-
tentialities offered by CAD/CAM software as well as the increasing request of tai-
lored architectural models. This led to a progressive improvement into digital strate-

gies addressed to 3D modeling and slicing process, in order to match the hardware
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needs. The necessity to engage in a dialogue between 3D printing machinery and
CAD software allows envisioning the construction as a result of layers’ stratification.

Therefore, the computational design is involved in the geometry interpolation in
order to reach full control of linear movements as well as to achieve local variation
in extrusion parameters. The mentioned research takes an active part in the man-
agement of toolpath?® by supervising via software each control point, including posi-
tioning and extrusion data. The 3D printed constructions will be designed ever clos-
er to machine language, to come across the real execution processes, enhancing
the awareness of technological background as well as the architectural outcome.
Currently, the research of WASP is undergoing to further development among digital
toolpath-based strategies (Fig. 3), by defining complex woven paths able to confer
mechanical strength and static reliability to the printed walls as well to optimize the
use of material in the constructions.

RICE HUSK INFILL

A, =0.220 Wim?K

A,=0,254 WimK

Fig. 3 3D printing toolpath in earthen wall section by WASP, 2018

EARTHEN MIXTURES APPLIED TO THE BUILDING PROCESS

The establishment of the 3D printing industry in the architectural field has implied
the raising production of construction materials developed on purpose for LDM* ex-
trusion with predefined settings of rheology and viscosity. The cementitious mortars
are the most frequently used materials in the 3D printing state of the art, because of
the current knowledge about concrete and admixtures. Furthermore, additive manu-
facturing allows optimizing structures according to the operating loads and ensures
to save material compared with the ordinary elements, meeting the present needs of
civil engineering.

try of the workpiece.

4 LDM (Liquid Deposition Modeling) refers to the technique of extruding fluid-dense materi-
als, such as clay or cement based mixtures.
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WASP, since its first experimentations, has been aware of the role of 3D printing
towards new architectural scenarios, by glimpsing, however, on natural materials the
way of promoting on-site constructions. The company used the raw earth as con-
struction material aimed to minimize the environmental impact as well as promoting
circular economy processes. The construction is conceived as a way to exploit raw
materials, available on site, and advance them thanks to mixing machinery.

For instance, the earth addressed to 3D printing technology needs fibres to avoid
shrinkage during the drying process once printed. This necessity gives the opportu-
nity of recycling waste materials, derived from the agricultural chain, and triggering
the local existing economies for on-site constructions.

The earthen mixture becomes a real fiber-reinforced material, lighter and more
insulating than the only soil, suitable for a cladding system.

The mixture printed weighs about 1400-1500 kg/m?® and, despite its low-cost, per-
forms as a multi-purpose material. A new kind of mono-material cladding (Fig. 4)
might make the present multi-layered building envelope turn into a fully integrated
earth wall, able to fit the climate conditions.

-

N-/ £
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Fig. 4 Earthen mixture in 3D printing process, Gaia house, 2018
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CONTINUOUS MATERIAL FEEDING SYSTEM

The 3D printing technology, as a complex system of material processing, needs to
keep the physical parameters of earth within a specific range of workability, accord-
ing to the characteristics of all the machinery employed from the matter supplied
until the extrusion.

Firstly, the dry earth needs to undergo a phase of filtering with a rotary screen,
discarding stones larger than 4 mm; once it has been obtained, it has to be mixed
with water (42 | per 100 kg of dry earth) and raw fibers inside the wet pan mill. This
machine allows getting a homogeneous and well-kneaded mixture that is ready to be
used for construction almost in an hour. Through a mortar pump, the earth mixture is
pumped at 5-10 bar of pressure until the extruder inlet, providing a continuous and
controlled amount of matter. Thanks to specific pressure sensors the extruding flow
is detected to keep constant at 2 bar, by simultaneously managing the rate of pump
engine. The deposition happens through a helicoidal screw, which transports as well
homogenizes matter until a conical nozzle.

Earth is advanced in each phase (Fig. 5), transforming from an amorphous matter
into an informed deposed material, changing its viscosity as well its form.

The entire mentioned material processing employs ordinary machines, custom-
ized for 3D printing in order to become an equipment exportable all over the world
with the Maker Economy Starter Kit®.

EXCAVATION FILTERING MIXING PUMPING
[ ﬂ /\ - /1 | .
-K ,onO e A y >
cooo i [[Metz (1 & ol- |
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Fig. 5 Diagram of material feeding system by WASP, 2018

GAIA, THE FIRST CASE STUDY OF 3D PRINTED EARTH HOUSE

Gaia house has been realized in August 2018 using Crane WASP and represents
the first case study of 3D printed construction using earth-based material. The natural
mixture employed for the wall realization consists of a soil (30% clay, 40% silt, 30%
sand), on site excavated, and rice cultivation waste materials, such as chopped rice

with 3D printing technology.
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straw and rice husk. Thanks to the technical consultancy of RiceHouse®, it was possi-
ble to improve a material compound based on the need of 3D technology. Thus, 3D
printing becomes an alternative approach of recycling agricultural waste products in
a high-efficient way, by generating new purposes of earth and vegetable fibres in the
building industry.

Concerning the realization of the project, to print the wall it took 100 hours for
the production and 9 m® of materials; the extruding rate has been about 90 I/h. At
this regard, current rice cultivation data permits to conceive one hectare of cultivated
paddy field as a natural supplier of 100 m? of built area.

The walls (Fig. 6) consist of seven printed shells for an overall 40 cm thickness
and have been designed with the aim of embedding natural ventilation and ther-
mo-acoustic insulation within the building envelope.

THERMAL-ACOUSTIC INSULATION

3D PRINTED EARTH SHELL

NATURAL VENTILATION

TIMBER LINTEL

3D PRINTED CONCRETE
FOUNDATIONS

Fig. 6 Building envelope of Gaia by WASP, 2018

As regards the wall thermal performances, the U-value has been certificated to
0,249 W/m?3K, as result of 20 cm of rice husk insulation inside the internal cavities.

The design of wall toolpaths is based on sinusoidal mathematical function, able to
stiffen the wall surface and interlock the different shells at the same time. Openings
have been set by positioning timber lintels during the printing process, allowing
the installation of ordinary square windows. The roof stands upon a timber frame

green-building industry. It is based in Andorno Micca (Bl), Italy. Website: www.ricehouse.it
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structure, fixed to the concrete foundations so as to comply with current construc-
tions standards.

Certified to be at the highest energy class, the project (Fig. 7) represents a signif-
icant achievement for 3D printing technology because offers new scenarios of build-
ing sustainable construction, taking advantages from the additive manufacturing,
both in terms of feasibility and replicability.

Fig. 7 Gaia house, external view, Massa Lombarda, Italy, 2018

CONCLUSIONS

The 3D printing technology is already an integral part of new construction scenari-
os and the research led by WASP focuses on the contribution that Crane WASP might
offer in several viable aspects for future architecture:

. Promotion of the human and material resources from the territory;

° Digitalization of construction project, from the design process to the site;
° Recycling natural waste from the agricultural chain;

o Sustainability of construction process with low environmental impact;

. Achievement of multi-purposes construction.

154



MassiMo MORETTI - ALBERTO CHIusoLl - LApo NALDONI - FRANCEsco DE FABRITIIS - MAsSIMO VISONA’

The current aim of the company is to make the 3D printing process as affordable
as possible to easily set on-site low-cost constructions in countries of Third World,
generating social and living opportunities for populations. WASP is aware of the im-
pact of earthen 3D printed construction, especially if addressed to trigger progress
and struggle poverty conditions thanks to innovative technologies; therefore new
manufacturing phases will be undertaken for the future of the building industry.

In this context Gaia experience (Fig. 8) offers the opportunity to divulge the multi-
ple potential that 3D printing can express thanks to the world agricultural resources,
guaranteeing a minimum environmental impact in addition to infinite design solu-
tions, essential in a new living frontier vision.

B
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"

Fig. 8 Gaia house, internal view, Massa Lombarda, Italy, 2018
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INTRODUCTION

The tradition of building with earth-based materials is widely distributed over
China. According to the latest statistics (NBSPRC 2012), at least 60 million people
in China are still living in traditional earthen dwellings, most of which are located
in poor and rural regions (Fig. 1). Since their shortcomings in mechanical and wa-
terproofing performance can not satisfy gradually diversified demands for rural liv-
ing, traditional earth-based technologies have been usually regarded as a symbol of
“poverty” and “dangerous” by dwellers and governments, and an increasing num-
ber of rammed-earth dwellings have been abandoned and replaced by conventional
constructions with concrete and bricks. However, the actual result is that most of re-
newed “dangerous” dwellings become more dangerous and energy-inefficient, since
the only affordable and self-operated way for most poor villagers is to simply “com-
bine” concrete-based techniques with their original building system.

Research and practice of the team in earth architecture date back to 2004.
Supported by the Ministry of Housing and Urban-rural Development (MOHURD) and
Wu Zhi Qiao (Bridge to China) Charitable Foundation (WZQCF), in the past 14 years
the team carried out a series of projects over the whole country (Fig. 2), aiming to
explore a feasible way towards ecological architecture by utilizing earth-based re-
sources and traditional construction wisdoms. During the process, what the team
experiences in earth architecture could be classified into three phases: exploration
and application of eco-potentials of traditional earth tech, anti-seismic design and
improvement of traditional structure system, and innovation of earth-architecture-sys-
tem based on material sciences.
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Xinjiang
Province

Fig. 2 Distribution of team’s practices of earth architecture in China

EXPLORATION AND APPLICATION OF ECO-POTENTIALS OF
TRADITIONAL EARTH TECH

Under the poor conditions of China’s Loess Plateau region, the feasibility limited by
budget and conventional resources is the main challenge faced by ecological design
for local buildings. In this context, the eco-school project in the Maosi village is initiat-
ed as a prototype, aiming not only to educate the locals about how a “good” village

158



Mu JuN - ZHou TIEGANG - JIANG WVEI

school should be but also to explore a way towards an ecological architecture suited
for this region. As a charity project, the design team is responsible not only for design,
but also for raising funds and organisation of construction.

The project emphasizes a scientific and transferable methodology combining three
phases: condition analyses, computer simulation experiments and field construction.
Condition analyses in economy & resource for building, climate, and vernacular ar-
chitecture deduce that thermal design for this region is the most effective approach
forwards ecological architecture, and both design and construction should follow the
principles: comfortable indoor ambience, cost-effectiveness, minimum embodied en-
ergy in buildings and construction ease. The outcome is further promoted by a series
of thermal simulation experiments with the software of TAS (EDSL) for classroom mod-
el. By filtering and optimizing locally available materials and techniques in eco-system
and vernacular earth architecture, it is found that the most basic technique, thermal
mass and insulation based on earth and other natural materials, are the most effective
solution in sustainability and practical feasibility, and hence should be employed as the
key strategy in classroom design.

Following the original topography, 10 proposed classrooms are planed into 5 units
at two levels for maximum exposure to daylight and natural ventilation in summer.
Tree-based landscape helps to create a desirable campus ambience for children. The
classroom form is derived from local traditional houses with timber structure so as to
be constructed easily by villagers. Thermal mass and insulation are employed in forms
of mud-brick walls, the insulated traditional roof, double-glazed windows, etc. The
semi-buried form at the north side together with the direct-gain mode of passive solar
system can further upgrade the thermal performance. Daylight to the indoor space is
also maximised by some special treatments, such as angled opening of some windows.

Fig. 3 Overview of Maosi Ecological School
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Fig. 4 a-b Partial view of the school campus
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The construction inherited the local traditional means. It was implemented by the
villagers themselves mostly with simple traditional tools. Most building materials,
such as mud bricks, rubble, straw and reed, are sourced inside or around the site with
minimum embodied energy. Also due to the involvement of these natural materials,
during construction little waste was generated, and most of waste and left construc-
tion materials are recycled back to construction, such as the waste rafter and purlin
reused for children’s facilities, waste mud bricks mixed to the straw mud for plaster,
etc. All of these treatments are greatly helpful not only to maximise the absorption of
local folk traditional wisdom, but also to minimise energy consumption and environ-
mental impact caused by construction.

Fig. 5 Local traditional adobe-based technology was involved in architectural design

The construction of the new school was basically completed in summer 2007.
The direct construction cost for materials, equipment and manpower is just around
52EUR/m?, far cheaper than local conventional classrooms made of bricks and con-
crete. The new school has been used by children and teachers since September,
2007. According to field measurement of the last year, it is obvious that the indoor air
temperature of new classrooms is always stable, cool in summer and warm in winter.
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Even in the last winter cold infrequently, the indoor ambience could still reach an ac-
ceptable thermal comfort with fresh air, without burning any piece of coal for heating.

As conclusion, at least three points have been reached by this project. Firstly, the
new school creates a comfortable and desirable campus ambience for the children.
Furthermore, compared to local conventional schools, during its whole life cycle it
contributes a far better ecological performance in indoor comfort, energy consump-
tion and environmental impact. Secondly, as a charity project, besides the school itself
most parts of the donation were shared by the village community, due to the employ-
ment of local villagers. The last more important one, from the eco-school project the
villagers can re-understand their own tradition. The school illustrates to the locals a
feasible way towards an ecological architecture suited for the conditions of China's
Loess Plateau region. In this way, by selectively employing their familiar techniques
and materials they can easily build themselves their most effective and affordable eco-
logical approaches. A full report of this project was also completed for future publica-
tion. Our work still keeps on going, not only for one school, but also for more feasible
demonstration for the whole region.

Last but not least, quoting the school master, “from now on, not one piece of coal
needs to be burned to keep warm. All our money can be spent on books.”

ANTI-SEISMIC DESIGN AND IMPROVEMENT OF TRADITIONAL
STRUCTURE SYSTEM

In May 2008, an 8.0 Richter magnitude scale earthquake hit Sichuan province of
China. More than 60 thousand of people lost their lives, and millions lost their homes.
Ma’angiao is one of the poorest villages in this quake-stricken area. Most of the vil-
lage houses, represented by the traditional rammed-earth courtyard dwelling, were
severely damaged. Limited by local low levels of economy and technology and by the
poor conditions in transportation and availability for conventional materials like con-
crete and bricks, it was difficult and unaffordable for villagers to rebuild their homes in
conventional construction way.

As these challenges are very typical in the entire rural Southwestern China, sup-
ported by Ministry of Housing and Urban-Rural Development of China (MOHURD), a
post-quake village rebuild demonstration project was launched by a university-based
joint team with a prototype of Ma'angiao Village in Oct 2008. It aims to demonstrate
and convey an affordable, ecological, sustainable, healthy and humane way of re-
building post-quake village that local villagers could afford, own and pass on.

In response to the challenges and issues the villagers have to face, for villagers’
home rebuilding it should be the most efficient and ecological way to selectively in-
herit and improve their earth-based construction tradition by utilizing locally available
resources. It relies on whether suitable technical solutions could be found to restore
villagers' confidence in anti-seismic performance of rammed-earth architecture.
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Fig. 6 a-b Local traditional rammed-earth courtyard dwellings

and damaged houses after the earthquake
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According to our investigation and field study, the answer is definitely yes.
Therefore, the basic strategy for study and practice of the project should focus on
the following two aspects. Based on local natural materials and wastes from collapsed
buildings, one consideration is to improve local earth-based architectural technolo-
gy and design so as to upgrade their security of construction and living environment.
The other is to guide and train villagers with enhanced earth-based technology, and
facility them rebuilding their own homes according to their economical ability and de-
mands. During the process, the working motto of “high science and low technology”
needs to be followed both by employing the scientific research methods and tools,
and by demonstrating and conveying a cost efficient, ecological, feasible, healthy and
humane way of post-quake village rebuild that local villagers could afford, own and
pass on.

By integrating the above analyses and the local post-quake situation, the action
plan of the demonstration project was proposed and implemented in three phases:
prototype-based demonstration and training to local villagers; local extension and
home rebuilding; technique promoting and regional training and extension.

Firstly, facing those post-quake challenges, the villagers felt restless and confused
about how to rebuild their houses. It was imperative to restore their confidence in
earth architecture and demonstrate to them how to rebuild their houses with all re-
sources they had in-situ. A rammed-earth courtyard, as a prototype, was therefore
constructed by the team and villagers from each family. It provided them with a partic-
ipative training on the basic techniques which was carried out from the latest research-
es (Jin-jie and Jia-ping 2006, Tie-gang, Jin et al. 2008), and can effectively enhance
the structural stability and anti-seismic performance of their traditional earth houses.

‘'wall 14 Window casing
loor 15 Lintel

Fig. 7 Optimized structure systems and standardized construction tools based on local tradition

in earth dwelling

In the early beginning of the second phase, by utilizing locally available resources
a series of on-site experiments were conducted to further optimize those techniques
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for a most efficient and affordable solution and easy-to-follow technical guideline
to the villagers. Meanwhile, based on the pattern of traditional courtyard with re-
spect for local culture and livelihood, the team also carried out a numbers of design
schemes, which can greatly improve their living environment and can selectively be
employed in their house rebuilding according to their individual conditions and de-
mands. Equipped with the design reference and techniques they learned in the pro-
totype construction, all 33 families of the village rebuilt their houses by themselves
within 3 months.

Fig. 8 Prototype construction and technical training to villagers

In the last phase, based on the research result, the team designed and mobilized
the villagers to build a village centre to enrich the villagers’ public activities and im-
prove their service facilities. It also acts as a demonstration center of anti-seismic
rammed-earth building technology. To further promote this method in other earth-
quake-stricken area in western China, an Anti-seismic Rammed-earth Village House
DIY Construction Manual was compiled and published to provide guidance to laymen
such as villagers and carpenters on how to build rammed earth village houses which
are anti-seismic and economical. By monitoring the construction process and new-
ly-built houses by villagers, a comprehensive evaluation has been conducted.

The upgraded earth-based technology is easy to handle with simple tools so that
the house of each family could be rebuilt within 1-2 months by only relying on one
or two employed craftsmen and free helps from several neighbours. Over 90% of
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materials are “wastes” from damaged buildings and natural products sourced from
the village. Therefore, its averaged construction cost is only 15 EUR per square me-
ter, which is one tenth of the one of local newly-built houses with concrete and bricks.
Construction of the whole courtyard with living and husbandry spaces can be covered
only by the financial support and their savings. Meanwhile, the indoor ambience of
the new earth house is far cooler and stabilized than that of the latter. Moreover, ener-
gy consumption and CO2 emission caused by the whole lifecycle of the new rammed
earth houses are greatly minimized and hence it shows a far better ecological perfor-
mance than local conventional buildings. To villagers, their living needs got entirely
satisfied with more healthy and comfortable living environment. By now the village
has come back to the original peace and harmony.

INNOVATION OF EARTH-ARCHITECTURE-SYSTEM BASED ON
MATERIAL SCIENCES

During several catastrophic earthquakes since 2008, a large number of earthen
houses were severely damaged made villagers, local governments and even the pub-
lic deeply disappointed about the weak anti-seismic performance of the traditional
earth-based building. Building with concrete and fired-bricks is always regarded as
the only reliable way towards “safety” and “modern” architecture. Consequently,
the central government of China, in the past decade, strongly provided those poor
rural regions with a series of financial and political supports to renew the millions of
“dangerous” earthen dwellings with conventional construction modes by concrete
and fired-bricks. However, the actual result is that most of renewed “dangerous”
dwellings become more dangerous and energy-inefficient, since the only affordable
and self-operated way for most poor villagers is to simply “combine” concrete-based
techniques with their original building system.

Under this background, the potentials of the rammed-earth, as a most popular
traditional earthen technology in China, got reviewed and verified by related earth-
based material science in developed countries. However, limited by the local low
levels of education, economy and industry, overseas successful practical experienc-
es can not be directly involved to enhance the mechanical performance of rammed-
earth dwellings in rural China. Thus, a localized construction system with rammed-
earth, which can build affordable, anti-seismic and ecological architecture, is much
needed.

Authorized by MOHURD, in 2011 a demonstration research project was launched
by WZQCF with the scientific support from CRATerre-ENSAG. Based on innova-
tion and improvement of traditional rammed-earth technology, it aims to illustrate
an affordable, sustainable and ecological way of rural dwelling construction, which
could be taken, owned and passed on by villagers in regions with the rammed-earth
traditions.
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1 Fundamental Research

The demonstration research project was firstly launched in Macha village, Gansu,
where the construction tradition with rammed earth has lasted for thousands of
years. According to the theory of soil stabilization developed by CRATerre-ENSAG
(Houben 1994), the mechanical performance of rammed-earth mass could be great-
ly enhanced via powerful ramming and gap-graded mixture of clay-sand-gravel with
8-12% of moisture content. The theory was well verified by a series of material ex-
periments with various sample of soil in the region. By giving a ramming force of
over 0.5 MPa with the pneumatic hammer, the compressive strength of upgraded
rammed-earth mass (40 x 40 x 150 cm) is up to 1.4 MPa averagely, almost twice of
the one of local traditional rammed-earth mass (Ying 2012), even close to the one of
China’s conventional fired-brick walls.

Encouraged by the material experiment result, a comparative study between up-
graded and traditional rammed-earth technology was further developed in order to
clarify the key effect factors which influence the performance of rammed-earth. As
shown in Table 1, among all factors influencing the construction method and the lo-
calization of the upgraded rammed-earth technology, the shuttering system suitable
for the use of pneumatic hammers is the biggest challenge in terms of Rural China’s
situation and hence should be one of the crucial contents in the coming experimen-
tal study.

Table 1 Comparison between upgraded and China’s traditional rammed-earth technology

 Effect Factor . China’s Traditional Rammed- : Upgraded Rammed-earth Technology

: * earth Technology :

. Material “Clayey” soil : Mixture of clay, sand, gravels which im-

: : Poor mechanical proper- : proves the mechanical properties of ma- :
: ties of materials and water : terials and water resistance
: resistance :

Moisture content 5-15% 8-12%
: Hammer Manual Hammer Pneumatic /Electrical Hammer :
: : Limited ramming force : Firmer ramming force. It's available by :

: retrofitting the pneumatic tamper which :
" is conventionally used for mine construc-
- tion in China :
* Shuttering  Rafter/Board  Flexible and Stronger Shuttering System
: system : Simple but infirm . shuttering system is needed to be against :
: : i the greater ramming force from pneu- :
* matic hammers :

‘Materials:Manual . Blender
: Blending ‘Low  efficiency, much : Efficient
: : manpower :
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Referred from market investigations and several rounds of machining experi-
ments, a set of shuttering systems are developed with bamboo plywood, shape steel
and tension screws which are comparatively cheap and available in most of rural mar-
kets of China. The system is composed of 9 panels which can be flexibly assembled
by only two workers for ramming walls in “1”, “L" and “T" forms directly, so as not
only to satisfy various rural construction demands, but also to effectively reinforce
wall corners mechanically.

There is still no specialized building code for earth-based construction in China.
Since Wenchuan earthquake in 2008, the national earthquake resistant code for the
rural masonry-structure-dwelling has been upgraded into a higher level. Under this
situation, a scientific study on the structure system of the new rammed-earth dwelling
should be crucial for future dissemination. Both systems of the traditional rammed-
earth building and the masonry structure with codes got seriously reviewed in terms
of mechanical properties of the upgraded rammed-earth wall together with the de-
veloped construction methods. A series of feasible technical solutions for reinforc-
ing the rammed-earth dwelling are carried out and could be summarized in three
aspects: 1) Capping the span, storeys and floor height of the rammed-earth house
to reach a reasonable shape coefficient for seismic resistance; 2) involvement of tim-
ber-made (or prefabricated concrete) structural columns in wall corners and ring
beams (timber or prefabricated concrete) on both top and bottom of earth walls; 3)
improving structural measures for joints between walls, roofs and walls, and founda-
tions to further enhance the structural integrity.

In order to further verify the performance of integrated systems, two models (4 by
4 on plan) with two conventional roofing systems (concrete-based flat roof and tim-
ber-based sloping roof) were built for shaking-table experiments. The shaking sim-
ulation result shows that the two systems work well and reach the demand for 8.5
degree seismic fortification intensity of China. According to further calculation and
analyses, it is verified that in terms of the anti-seismic performance the rammed-earth
dwelling (load bearing rammed-earth walls, less than 3-story high) with well-designed
structure system works well in most regions of China.

2 Demonstration Construction

A new rammed-earth courtyard for an old couple, as a prototype, was constructed
by the local masons and villagers under on-site guidance from the team. The project
provided them with a participative training on the basic techniques from previous
studies, so that they could directly feel the new construction and further understand
how to build their new houses by themselves. During the process, all research prod-
ucts and construction experiences got further consolidated by the team in the form
of an easy-to-follow technical guideline to the villagers. With respect for local culture
and livelihood, the team studied the traditional pattern of courtyard and carried out
a number of design schemes, which can greatly improve their living environment and
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can be applied selectively in their house rebuilding according to their individual con-
ditions and demands.

Fig. 9 The first rammed-earth prototype built in the Macha village

Convinced by the good performance of prototype construction, all of 12 fami-
lies in Macha village, who were proposed to renew their houses in 2013, decided
to utilize the new rammed-earth technology. Equipped with the guidelines, design
schemes, and more importantly the experiences from prototype construction, the
families completed their own construction in three months. During the process, there
was a big surprise that villagers showed a lot of their creativities and wisdoms in de-
sign and construction. After all they knew best about their lives and demands.

3 DIY Manual and Extension

Based on previous experimental and demonstration studies, a DIY construction
manual (Mu Jun 2014) about construction of upgraded rammed-earth dwellings was
published in 2014. All related techniques got summarized and illustrated with photos
and drawings so as to be easily understood and learnt by rural dwellers and artisans.
The book has been distributed by MOHURD to villages and Governments in the re-
gions with the construction tradition of rammed-earth. Meanwhile, with the DIY man-
ual as a guidebook and with the Macha village as a training base, over 400 craftsman
in Gansu Province have been well trained till now.

Promoted by MOHURD, more than 10 provincial governments have visited Macha
village, and showed strong interest in the upgraded rammed-earth technology.
Authorized by MOHURD and invited by those governments, in the past two years over
110 rammed-earth houses (partly as demonstrations) have been built in 10 regions of
China. During the process, further localization was carried out, and combined with the
developed building technology and local traditions or demands. For each demonstra-
tion, normally there are 2 well-trained villagers from Macha village and 1 professional
from the team to jointly lead the construction team and give on-site trainings to local
villagers. Till now, 23 villagers from Macha village have been well trained as trainers,
and their livelihood also got improved by building earth houses.

According to the observation and statistics from those houses built in various
provinces, the construction cost of new rammed-earth dwellings is averagely 2/3 of
the local conventional houses built with fired-bricks and concrete. If it is built in the
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neighborhood assistance mode, the cost is even as low as 1/4. Moreover, the em-
bodied energy and CO2 emission of the former are only 25% and 20% of the latter
respectively. Ecological and economical potentials of upgraded rammed-earth are
well illustrated via those cross-regional demonstrative construction. Convinced by the
demonstration performance, a growing number of governments or clients show inter-
ests in the technology and ask for technical support actively. The cross-regional exten-
sion work has also drawn a lot of attention from China’s mainstream media.

PRACTICE OF MODERN ARCHITECTURE WITH EARTH

1 Macha Village Community Centre

Like other poor villages in China, Macha has been declining over the years. Most
of male adults are working away from the village, leaving their children and fields to
women and the old people. Under such a situation of “hollow village”, their tradition
and the original soul of the village are being lost. In late 2013, cooperated between
the team and the villager committee of Macha, a sub-project of village community
centre was launched on the site beside the crossroads to all community groups, a
sloping wasteland with a good view facing the eastern valley.

In response to villagers’ demands, the functions of Chinese medicine clinic, nursey,
library, stage, shop and a multi-functional hall are combined and organized with the
local traditional concept of “three-section courtyard”, so as to provide each function-
al block with a maximum exposure to daylight, good view towards the east valley,
cross-ventilation in summer and protection from cold wind in winter. By following the
sloping topography facing the valley, all outdoor and indoor spaces are carefully or-
ganized on three levels of terraces. Not only current demands of villagers but also a
reasonable flexibility for future sustainable development are carefully considered for
each space.

The 0.5-meter-thick rammed-earth wall works well as thermal mass to effectively
balance indoor temperature and humidity. Due to its enhanced waterproofing per-
formance, it is not necessary to make plastering on the earth wall surface, so that the
special texture of rammed-earth can be felt and touched, and can express its natural
language. A series of upgraded structures such as roofing and window systems are
designed in order not only to realize corresponding functions, but also to work as a
further demonstration for both craftsmen and professionals. The upgraded rammed-
earth technology got further developed with architectural design in order to provide
better spatial experiences. The local tradition of rainwater collection got inherited
and further promoted with a roof-ground-based system. The valley wind resource is
utilized with a wind turbine system, and can cover the daily demands for electricity.

By two summer workshops with totally over 80 student volunteers and 30 villagers
involved, the center got constructed and started to operate in April 2016. The two-
year construction worked further as a training and education process for both the
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villagers and the involved university students from the Mainland China, Hong Kong
and overseas.

The village centre, which is mainly made of on-site resources, is now standing
peacefully there, like growing out of the ground. It is working as a community centre
as well as a demonstration and training base of MOHURD in upgraded rammed-earth
technology. With the DIY manual as a guidebook, over 300 craftsmen from the region
have been trained by the team and those well-trained Macha villagers. Based on the
centre space, the team has launched a programme to bridge more resources and
trainings in agriculture, handicraft, education, etc. to Macha in the various forms of ac-
tivities so as to reach a sustainable self-promotion and development.

e
THEIHLEL |

Fig. 11 Internal view of Macha village center

In the past year, assisted by a social worker of the team, based on the newly built
public space, the original leather-silhouette drama group composed of twelve elders,
which dissolved ten years ago, was restored. The 78-year-old doctor of Chinese med-
icine in Macha is invited to the clinic so as to service villagers with the assistance of
his last student, his grandson; a young family came from the city back to the centre
and operate the shop with internet resources so as to provide villagers with e-shop-
ping service; children have been used to playing and reading in the library after
school; in the multi-functional hall, women enjoy a series of activities organized by
themselves every week, such as dancing, embroidery games and movie playing......
as an elder said, the original soul of Macha seems to be coming back.
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2 Commercial Projects with the Developed Rammed Earth Technology

When asking villagers for their feeling about the developed rammed-earth hous-
es, however, sometimes the team got an answer like “It is very strong and comfort-
able, but it looks still ‘earthy’...... " In their mind, their traditions always seem like
what the poor has to enjoy. Further studies and demonstrations are needed so as to
showcase what earth architecture and rural living modes could be in future. Among
those, what is happening in urban construction is always most powerful to change
villagers’ mind. While assisting villagers in improving their earth dwellings for better
performance, the team put much energy into combination between research outputs
and practices with earth construction, especially following the marketing way.

The rammed earth landscape project for Vanke Daminggong real estate is a sig-
nificant sample and chance in which rammed-earth, as a developed traditional con-
struction technology, was first involved into the commercial project of modern ar-
chitecture. The project was led by one of best design institutes, Beijing Institute of
Architectural Design. The team is responsible for detailed design of the rammed-
earth walls and technical training of rammed-earth construction. The advanced form-
work system made of aluminium-magnesium alloy was employed during construction
with 20 Macha trained villagers involved. The landscape construction was completed
in late 2015.

Fig. 12 Vanke landscape project based on developed rammed-earth technology

National Agora Museum of Luoyang Erlitou, as the second earth-based commer-
cial project of the team, is being under construction after almost one year of struc-
tural design and experimental research. The museum is as big as 30,000m?. Most
of walls are made of rammed-earth. The highest earth wall reaches 13 m. A series
of corresponding structural details and construction methods have been developed
and implemented. The construction was completed at the end of 2019, this museum
could be the biggest contemporary earth building of the world.
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Fig. 13 Construction view of National Agora Museum of Luoyang Erlitou

CONCLUSION

Today, with more and more demonstrative earth-based projects contributed by
professionals, wider promotion made by media and MOHURD and increasing at-
tention paid by China’s central government on tradition heritage, it becomes much
clearer that the governments, clients, architects and even the whole society of China
have been realizing the value of earth architecture and its potentials in sustainable
development and cultural heritage. The big concern in people’s minds has been
changing from “why earth architecture” to “how to do it”, which is a positive change
occurred more quickly than the team expected 10 years ago.

However, there is still a long way to go. Lots of work is needed to remove the
“poverty” symbol from earthen architecture in people’s minds. What the team has
done just means a starting. In terms of the emerging, various demands from the gov-
ernments, clients and dwellers for more diversified and flexible earth-based tech-
niques with vernacular or modern concerns, the huge research domain of earth ar-
chitecture needs more systematic and sustainable studies and practices with more
parties involved.
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INTRODUCTION

Ruguanyao kiln site is located in Qingliangsi village of Baofeng city in Henan prov-
ince on an area of more than 1 million m?, and it was used from Song dynasty to Yuan
dynasty.

Eight archaeological excavations were carried out from 1987 to 2002 on this site.
The areas excavated during the first 5 times were refilled, and the areas excavated in
the last 3 times remained open and covered by a shelter building with several win-
dows in every wall (Fig. 1).

Besides a little brick wall and potteries, the kiln site is mostly made up of earth.
The main phenomenon of decay is pulverization (Fig. 2) and it is becoming more and
more serious over time. In this area, the groundwater is at a depth of 40 m because
of the presence of a coal mine that avoid the uprising of the water table; therefore
the biological growth has little effect. The shelter prevents the site from rain, wind
and most of sunlight. Therefore, the main cause of decay is the moisture absorption
and desorption in relation with the daily and annual hydrothermal cycles causing
swelling-shrinkage phenomena and consequent pulverization.
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Fig. 1 Part of Ruguanyao kiln site excavated inside the shelter in Henan, China

Fig. 2 Pulverization of the earth site: main phenomenon of surface decay
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To stop further decay, treatments with consolidants were planned. Therefore, a
series of laboratory and field tests were first conducted to ascertain its validity and
durability. Because there are not enough experimental standards in the preservation
of terracotta artifacts as cultural heritage, related standards in hydraulic engineering,
civil engineering, geotechnical engineering, etc. were used as a reference.

MATERIAL AND METHOD

According to existing experience, three types of consolidating materials were se-
lected to compare their performance with respect to their deterioration due to aging:
Remmers 300 (Germany), MH (Zhengzhou, China) and TEOS (Beijing, China). Their
characteristics are showed in Table 1.

Table 1 Chemical-physical characteristics of consolidants

Consolidant ~ pH  Density/ ~ Surface  Curing  Viscosity/  Volatilization =~ VOC/

gecm?® tension/  rate/% mPaes’ rate/ gelL’
mNem-! mgem-=2h"
Remmers
6~7 0.8378 26.04 15.72 1.24 75.51 —
300
MH 6~7  0.9420 22.88 32.97 0.56 66.98 917
TEOS 6~7  0.8242 27.65 2.26 0.84 78.53 —

Two sets of earthen samples were made: one with a diameter of 100 mm and a
height of 120 mm to measure the depth of treatment (Fig. 3), the other with a diame-
ter of 61.8 mm and a height of 20 mm, which is standardized for shear test in hydrau-
lic engineering, civil engineering, geotechnical engineering. Considering the opera-
bility and efficiency, a dropper was used as a treatment tool in the laboratory. After
the treatment, the samples were placed in an environment with relative humidity of
20% - 30% for one month to cure the applied product.

The performance of the products was evaluated after aging by exposure to differ-
ent values of relative humidity and temperature through thermo-hygrometric cycles.
The possible negative effects induced by the treatments, such as colour changes, re-
duction in vapour permeability, etc., were also evaluated.
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LABORATORY TEST

1 Consolidation depth

The depth of the consolidation is a crucial factor that determines the effect of con-
servation. If it is too superficial, there is a serious risk that the consolidated layer will
detach from the substrate. The depth of penetration is related both to the charac-
teristics of the earth, in particular to its dimensional distribution, and to the intrinsic
properties of the consolidant, such as its viscosity and surface tension.

Taking into account that all three tested materials are hydrophobic, the consolida-
tion depth has been evaluated by measuring the hydrophobicity according to Zhang
(2013):

-firstly, a hole with a diameter < 15 mm and depth < 5 mm is made on the central

top of the earthen sample of @ 100 mm x 120 mm;

-secondly, drops of consolidation material are put into the hole. During the treat-

ment, the hole must be kept full of consolidation material;

-when the infiltration time of 3 ml of consolidant exceeds 90 s or the visible liquid

depth on the outer surface of the sample is more than 10 cm, the whole proce-
dure ends.

b

Fig. 3 Earthen samples (@ 100 mm x 120 mm) made for the measurements of the treatment

depth: a) earthen samples cut into two halves; b) some water is put in one half the upper dry

part means that is consolidated, the lower wet part is unconsolidated (left). The right image is
after water evaporation.
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After 1 month, the earthen samples are cut into two halves (Fig 3a), and then
some water is put on one half. The one not reached by the treatment area is wet,
while the area reached by the treatment is dry (Fig 3b). The depth of the dry area is
the depth of the consolidation.

Concerning the hydrophilic consolidants, the resistance to disintegration is eval-
uated: the earthen samples are put in water and the depth of the part that does not
disintegrate is the penetration depth.

Taking into account the monitoring data of Yang (2012) which show that the vari-
ation of temperature and humidity in an earthen material is greater in the first 5 cm
of depth, we have established that the depth of penetration of a consolidating treat-
ment should be more of 5 cm. For safety reasons, the accepted value has been set
to 8 cm.

Concerning the three tested treatments, all of them showed a penetration depth
higher than 10 cm.

2 Colour changes

Usually, the colorimeter is employed to measure the chromatic parameters of the
earth, and then the difference between the treated and the untreated samples is
calculated to determine if it is acceptable or not. However, the colour of the earth
is generally uniform and the grey scale (Fig. 4) is more suitable than colorimeter.
Moreover, in case of non-availability of the colorimeter, the grey scale is a cheap and
simple method.

When using grey scale, the change in hue, brightness or chroma, whether single
or combined, is not evaluated in series. The total chromatic difference between the
two samples is the basis of the evaluation. If it is necessary to record the characteris-
tics of colour change in the experiment, appropriate quality terms can be added to
the digital rating to record the direction of change of colour difference by describing
changes in hue (bluer or greener, etc.) or saturation (lighter or deeper) or brightness
(lighter or darker)'.

Fig. 4 Grayscale for assessing change in colour (from China standards GB 250-2008)

The earth samples of & 61.8 mm x 20 mm were divided into 2 parts with a nick
line, the consolidation material was applied to one half, and the other half was kept

dardization Administration of P.R.C. (2008). Method for visual evaluation of metamerism
(GB/T 15610-2008).
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untreated (Fig. 5). After one month, the colour contrast scale between the treated
and untreated parts was evaluated according to the grey scale. The colour change is
acceptable when grey scale rating is larger than 4 (Zhang, 2016).

Fig. 5 Earthen samples are divided with a scored line and the consolidant is applied to one half.
After curing of the consolidant, the colour difference between the two parts is evaluated to de-
cide the gray scale rating

Three samples were treated with each consolidant material, and the colour aver-
age value was selected as an indicator. No colour difference was observed before
and after consolidation for MH and TEOS, the colour was darker for the Remmers
300 (Table 2).

Table 2 Colour difference grade of earth samples before and after consolidation

MH Remmers 300 TEOS
. sample 1 ............................. 5 .......................... 4 .......................... 5 ..............
Sample 2 5 4 5
Sample 3 5 4 5
Average value 5 4 5
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3 Gloss Changes

Earth has no gloss, but it is possible that a film with a glossy behaviour may devel-
op after treatment. Gloss was measured according to standards?, and calculated as
percent change in gloss as follows:

Gloss increase % = (G,- G,) / G, x 100

where, G, - final gloss (after treatment), and G, - initial gloss (before treatment).

Gloss-increasing-grade is reported in Table 3. The result is the average of three
measurements, and no gloss increase has been detected for all the three kinds of
consolidating materials (Table 4).

Table 3 Specular gloss grade of soil sample before and after consolidation®

Instrumental Gloss

Grade Visual increase increase/%
o Noincrease s
1 Very slightly increase 4~15
2 Slightly increase 16~30
3 Obviously increase 31~50
4 Seriously increase 51~80
5 Totally increase >80

MH Remmers 300 TEOS
""""" samplel 04 o4 o4
Sample 2 0.4 0.4 0.4
Sample 3 0.4 0.4 0.4
Average value 0.4 0.4 0.4
grade 0 0 0

dardization Administration of P.R.C. (2008). Test methods of specular gloss for decorative
building materials (GB/T 13891-2008).
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4 Water Vapour Transmission

Fig. 6 Earthen samples were fixed on the top of cylindrical containers that are partially filled with
water, sealed with a polytetrafluoroethylene tape, to evaluate the water vapour transmission

The reduction of vapour permeability, induced by the treatments, can cause dele-
terious phenomena. Therefore, the difference in water vapour transmission was mea-
sured between the treated and untreated earth samples.

The whole test process is as follow: samples of @ 61.8 mm x 20 mm were fixed on
the top of identical cylindrical containers which were partially filled with water (Fig. 8).
Then, the containers, properly sealed with polytetrafluoroethylene tape, were placed
in a desiccator, kept at R.H. 20% and at constant temperature of 30+0.5 (Xu et al.,
2012). The containers were weighted every 24h. The water vapour permeability was
evaluated by the mass of water vapour passing through the earth sample surface.
Three consecutive measurements were taken at a 24-hour interval and mean values
were reported. The results are averages of three samples.

Am

N Sxt

where WVT-water vapour transmission rate, g/(30cm?e24h);Am-weight change, g;
S-test area, 30cm?; t-time during which Am occurred, 24h.
WVT, - WVT,
AWVT(%) = ——— x 100
WVT

0
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where AWVT-WVT change before and after treatment; WVT -WVT before treatment,
g/(30cm?e24h); WVT,-WVT after treatment, g/(30cm?2e24h).

The results are shown in Table 5. From this table, WVT of the treatment with TEOS
decreases little, the treatments with MH and Remmers 300 give more or less the
same values. Taking into account that the groundwater is at a depth of 40 m and the
shelter keeps rain off, the 15% of reduction is accepted.

Table 5 Test results of water vapour transmission [g/(30cm?e24h)]

Untreated MH Remmers 300 TEOS

""" Sample1 077 o0é o065 072
Sample 2 0.72 0.62 0.62 0.71
Average value 0.74 0.63 0.64 0.72
Apl % — 14.86 13.51 2.70

5 Shear Strength

The increase in mechanical strength due to consolidation is determined by the di-
rect shear test according to the standards®.

The variation of the shear strength between the treated and untreated samples
shows an increase of the cohesion (c/kPa) but a decrease of the angle () of internal
friction (Table 6). The increase of cohesion observed for Remmers 300 and TEOS
treatments is more or less the same, but for MH it is strongly lower. As for the inter-
nal friction, the change is variable among the various treatments. The specific reason
needed to be investigated. Ideally, a lower increase in strength is desirable, because
it guarantees a mechanical compatibility with the substrate. Shear strength has a pos-
itive correlation with compressive strength and therefore with Young's modulus. If
there is too much difference in Young's modulus between the treated and untreated
earthen samples, the stress related to variation of moisture or temperature might be
high enough to damage the interface cohesion between the treated and untreated
earth.

ple’s Republic of China(1999). Standard for soil test method (GB/T 50123-1999).
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Untreated MH Remmers TEOS
c/kPa o/° c/kPa 0/° c/kPa o/° c/kPa ©/°
Sample1 940 2875 1099 3026 2735 2965 2165 2486
Sample 2 96.3 32.0 157.2 27.3 194.8 30.7 191.8 28.6
Average value  95.15 30.375 133.55 28.78 234.15 30.175 204.15 26.73
A — — 38.4  -1.595 139 -0.2 109 -3.645
Aluntreated/% — — 4036 -5.25 146.09 -0.66 11456 -12.00

6 Thermo-hygrometric aging cycles

The daily and annual thermo-hygrometric cycles to which earth structures are nor-
mally subjected are the most probable cause of decay. It is therefore necessary to
evaluate the behavior of the treated earth with respect to thermo-hygrometric cycles.

The diffusion of water molecules into the earth and the permeation of water va-
pour will weaken the bonding force between the consolidant and the earth, and will
also weaken the chemical bonding effect of the consolidant itself.

On the one hand, the thermal action will accelerate the diffusion of water mole-
cules, on the other hand it will strengthen the further crosslinking of consolidant to a
certain extent. The thermo-hygrometric aging of treated earthen samples is the result
of these two aspects.

With reference to the standards**¢, the procedure was as follows:

- put the treated samples on the plate with grid, and then place them all into a

closed environment at R.H. 96+2% and temperature of 65+1°C for 8h;

- move the earth samples into a closed environment at R.H. 20+2% and at tem-

perature of 20+2°C for 16h

- repeat this cycle 30 times.

W, = (m,~m)/m1x 100 3)

where, W -mass loss of the sample after thermo-hygrometric cycles compared to the
mass before aging, %; m,-mass before aging, g; m-mass after the i*" cycle, g.

dardization Administration of P.R.C. (2007). Determination of resistance to heat and humidi-
ty of paint films (GB/T 1740-2007).

5 The Ministry of Construction of the People’s Republic of China(1998). Soil stabilizer (CJ/T
3073-1998).

6 The State Economy & Trade Commission of the People’s Republic of China(1999). Ac-
id-proof and antiseptic coating used for concrete of chimney (DL/T 693-1999).
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MH treatment shows a better resistance towards the thermo-hygrometric ag-
ing, Remmers 300 places at the second place, and TEOS shows the worst behaviour
(Table 7).

Table 7 Thermo-hygrometric aging test results

Treated
Untreated — cerrrsrrrrresssm e
MH Remmers 300 TEOS
Before aging test/g 100.2130 93.6305 107.9285 96.4216
) 10 cycles/g 98.7569 93.4109 106.3282 94.1238
Eart
@ o 1 20 cycles/g 96.4452 93.3374 106.2244 93.1944
sample
30 cycles/g 25.2513 93.1823 105.7985 91.5622
W,/ % 74.80 0.48 1.97 5.04
Before aging test/g 90.0629 91.4164 101.5924 94.0068
) 10 cycles/g 88.4970 90.9095 99.4729 93.1550
Eart
@ 20 cycles/g 84.7231 90.7499 99.4663 92.2782
sample 2
30 cycles/g 81.3693 90.3177 98.8795 91.1289
Wg30/% 9.65 1.20 2.67 3.06
Before aging test/g 93.9802 99.2898 104.2880 96.8272
10 cycles/g 15.8358 98.7494 102.7106 96.5443
Earth
@ 20 cycles/g 0 98.6828 102.65001 95.9407
sample 3
30 cycles/g 0 98.3302 102.6024 95.0195
W,/ % 100 0.97 1.62 1.87
A ———
verage 61.48 0.88 2.09 3.32
value W930/%

Summarizing the laboratory tests, we can conclude that the MH treatment shows
a better overall behaviour with respect to the Remmers 300 and TEOS for Ruguanyao
kiln site.

FIELD TESTING

For in situ testing, MH was sprayed into the kiln soil continuously and slowly. At
first, MH penetrated the soil rapidly, then more and more slowly and liquid MH re-
mained on the surface. When MH remained on the surface for 90s, spraying stopped
(Fig. 7).

After 2 hours, a self-made sampling pipe was inserted into the treated soil area to
evaluate the penetration depth then the penetration depth with the liquid traces has
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been measured as the initial depth (Fig. 8). The final depth was measured according
to its hydrophobicity after one month.

The consolidation depth of three test areas is more than 8 cm. There is no colour
and gloss difference before and after treatment.

Fig. 8 Measurement of the depth reached by the consolidating treatment in the field immediate-
ly after application: trace of consolidating liquid in the sampling pipe

188



JINFENG ZHANG

The in situ water vapour transmission test was conducted as follows: firstly, a blue
gel indicator of about 40g was put into a plastic cup, and then the cup was covered
with a plastic square mesh net. Finally, the cup was fixed on the untreated and treat-
ed earth areas with the plasticine.

Fig. 9 In situ water vapour transmission test

The mass of water vapour transmission in situ can be calculated as follows:

WVTF=m,-m, (5)
where WVTF- water vapour transmission in situ, g; m,-weight of cup and blue gel in-
dicator before the start of water vapour transmission, g; m,-weight of cup and blue
gel indicator after the end of water vapour transmission, g.

The rate of water vapour transmission can be calculated as follows:

RWVTF = (m,—m,) / (m, - m)) x 100% (6)

where, RWVTF-rate of water vapour transmission in situ, g. m,-weight of cup, g.
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After MH treatment, the water vapour transmission decreases slightly but this de-
crease can be considered acceptable (Table 9).

Table 9 Test results of water vapour transmission in field

Mass of Duration Mass after

Cup . Mass of Rate of
No mass/g P and time absorp- hydroscopicity/g hydroscopicity/%
9 gel /g (h:min) tion/g y prety’g -y prety
untreated 2.1 42.6 22:49 45.8 3.2 7.90
treated A 2.1 48.7 22:46 52.2 3.5 7.51
treated B 2.3 43.2 22:45 46.1 2.9 7.09
treated C 2.1 42.5 22:44 45.5 3 7.422

The in situ test was carried out on 2 July 2010. The treated area has remained in
good condition until now.
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INTRODUCTION

The province of Xinjiang in China is located in the middle part of “silk road”, with
a long history of convergence of four civilizations and the honour of being a “nat-
ural museum”. There are 9542 cultural heritage sites today and 113 of which are
state-level sites. There are 49 earthen sites out of 113 state-level sites. These earthen
sites include ancient city ruins, temples, grottos, tombs, beacon towers, post hous-
es, etc. As for the earthen cities, the ancient city of Gaochang, sited near the oasis
of Turfan, still has all the city walls left while the ancient city of Loulan, sited in the
middle of the desert, has basically nothing visible on the ground. Some sites, which
have existed for more than a thousand years, are in poor conditions because most of
them consist of earth, which easily decay, suffering from earthquake, rain and wind,
etc. (Zhao H., 2003).

The ancient city of Gaochang is located 35 km east of Wulumugqii city, which today
is the capital of the Xinjiang province. It was built in 48 BC and was abandoned in
1275 because of the war. The city has an irregular square shape with an area of 2.2
million m? (Fig. 1). The original city, similar to Chang'an city in Tang Dynasty, consist-
ed of the palace, the inner city and the outer city, which means Tang dynasty's archi-
tectural culture had a deep influence on the construction of Gaochang city. However,
what is now visible are mostly the outer walls and several towers.

Different craftsmanships were involved in the process of construction of the city,
which has the following construction types:

1. Rammed construction. Most parts of city were built with rammed earth tech-
nology, such as the outer city walls, palace walls, Dongta Buddhism tower,
etc. Most of the outer walls are well preserved with a width of 12m and a
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depth of 11.5m. Some tree branches are still visible among the rammed
earth blocks and this kind of technique is still widely used at present in
Tulufan region of Xinjiang.

2. Adobe masonry. Some parts, such as Xita tower, Dongnan Buddhism tower,
etc. were built in earthen bricks with dimensions 500mmx=240mmx110mm
or 420mmx220mmx120mm. As masonry mortar, a mixture of mud and
straw was used.

3. Excavation. The Kehanbao fort was dug in the ground and this kind of con-
struction ensured excellent thermal insulation in hot summers and cold
winters.

4. Stacked mud. There are some building parts built by stacked mud in the
northern zone of the city.

The conservation of the ancient ruins of Gaochang has been carried out since
2005, using various measures to counteract collapses, weathering, erosion, etc.
Some interventions were effective others less. This article focuses on the detailed
measures used in the conservation of Gaochang, with the aim to be a reference for
subsequent restorations, because there are basically new collapses every year.

Fig. 1 General aerial view of ruins of Gaochang city (Xinjiang, China)

192



Jical Lu

MAIN TYPES OF DECAY PHENOMENA

Gaochang was abandoned about a thousand years ago. However, in recent years,
some farmers have begun to grow crops near the ruins. Like most earthen sites, the
ruins of Gaochang suffer various phenomena of decay.

1. Collapse along the city walls (Fig. 2). The walls have been there for almost a
thousand of years and there are many factors responsible for their collapses
such as rain, wind, earthquake, etc. The earth has an affinity for water and
after the rain, the clayey component expands and then shrinks, losing its
strength and causing cracks. If this process is repeated several times, the
wall may collapse, especially if triggered by the effect of earthquakes.

2. Undercutting due to strong winds (Fig. 3). In this area, there are an aver-
age of 36.2 days per year with winds above force 8. The longest duration
of winds is 8 days with 8.35h every day. The windward wall surfaces suffer a
lot and the masonries acquire a mushroom shape because the wind carries
a greater amount of coarse sand at ground level. At the end, with the pro-
gressive basal erosion, the masonry collapses.

3. Fissures (Fig. 4). They are formed because of unloading or structural stress-
es. Unloading cracks are caused by the redistribution of stresses due to the
loss of some mass. Structural fractures develop when walls were built utiliz-
ing timber planks as a support, and then fracture between planks expands
with time.

4.  Flaking (Fig. 5). The surface layer of the wall forms a thin coat of dense earth
after the rain, which explodes and falls in the case of sunshine, wind, etc.
The maximum precipitation per year is 48.4mm in Gaochang region and the
minimum is only 2.9mm. In case of rain, that usually happens in summer, the
runoff can produce large mudflows. Because of the high summer tempera-
tures (even more than 45 °C), the wet earthen masonry surfaces dry quickly
with consequent shrinkage and final falls.

5. Holes due to biological activity (Fig. 6). There are many holes along the bot-
tom of the walls made by wasps or mice. These holes decrease the strength
of the earth body and favour the action of water.

6. Human action. Some farmers have built irrigation pipes along the base of
the outer city walls, which has a bad influence on the stability of walls. There
are some gaps cut by farmers to pass through the walls.
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Fig. 2 Collapse of the rammed earth walls

Fig. 3 Rammed earth wall eroded by winds
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Fig. 4 Fissures on rammed earth walls

Fig. 5 Thin layer formed on the surface of an earthen wall after rain, subsequently cracked and

about to fall
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CONSERVATION MEASURES

Different conservation interventions were carried out since 2005, aiming to in-
crease the resistance against decay.

1) Measures against collapse - adobe masonry or bolt anchoring

Those portions of the walls at risk of collapse have been stabilized with adobe ma-
sonries supports or bolt anchoring.

Adobe masonry was used when the erosion depth was less than 2m, and an ex-
tra buttress was applied if the erosion depth was more than 2m. The bricks were
made with the collapsed earth and straw but in case there is no enough collapsed
soil,nearby earth was selected according to the colour of the original walls. The di-
mension of the earthen bricks was the same as the original ones. Before making the
adobe masonry support, the loose earthen material was scraped off the walls and a
flat hardened foundation was made by pressing the ground. During the construction
of the adobe masonries, care was taken not to exceed the height of 0.8m every day
to avoid massive structure and therefore a deeper compaction. When we put some
adobe masonry together, the overall height will reduce afterwards. If the height is
too high, there will be a large reduction in height and this could lead to cracking.

Then drainage holes with a diameter of 20mm were drilled at the height of 0.2m
from the bottom to decrease the side effect of uprising underwater. Finally, the
shrinkage fissures were sealed with a suitable lean earthen mixture. The criterion of
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“Minimum intervention” was followed throughout the process. Fig. 7 and Fig. 8 show
the walls before and after the construction of the adobe masonry support.

As for bolt anchoring, basically the same procedure as for ordinary engineering
was followed, with the difference that bolts were made of geo-filament wrapped in
hemp wire with an epoxy binder instead of steel bar, and the grouting was an earth
mixed with cement and fly ash (proportions 85:5:10 in mass) with an addition of 5%
silicone acrylic emulsion. The tail of the bolts was driven into the walls for about 100
mm and the top of each bolt was covered with mud.

Fig. 7 General view of rammed earth walls before the construction of an adobe masonry support

Fig. 8 General view of rammed earth walls after the construction of an adobe masonry support

197



CoONSERVATION MEASURES OF ANCIENT CITY RUIN oF GAOCHANG

2) Measures against fissure - grouting

The rain can run along the fissures of the walls favouring their collapse, therefore it
was important to seal these fissures. First of all, the powdered earthen material inside
the fissures was removed. Afterwards, the inner surface of the fissures was moistened
and grouting pipes were placed along the length of the fissure every 500mm. The fis-
sures with a width of less than 30mm were filled with a mixture of clay and fly ash and
the fissure more than 30mm wide were filled with earth blocks and a grouting slurry.
Then, once the surface dried, 5% of silicone acrylic emulsion was put into the pipes
to increase the cohesion. The proportion of earth, cement and fly ash was adjusted
according to the specific location.

3) Measures against weathering (wind and rain)

(1) Protective coat
The main factor affecting the top of the walls is rain, because rain can wash away
the earth. The importance of capping is well-known. Therefore, the main method is
to add a protective coat (Fig. 9). This coat protects the top from the direct action of
rain, wind, external forces, etc. by acting as a “sacrifice layer” that will be destroyed
in place of the original walls. The original walls will be affected by decay decades or
even more years later.
The whole procedure was as follows:
- Firstly, the dust on the top of the walls was cleaned up with brushes, etc.
- Then a 20mm thick layer of mud mixed with straw was spread above the walls
- After that, a solid geo-engineering grid was placed on the top of mud/straw
layer.
- Finally, a 50mm thick layer made of mud mixed with water repellent material or
reinforcement agents was laid to improve resistance to rain and wind.

Fig. 9 Capping of the wall against rain erosion
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(2) Consolidation of the earthen walls

The procedure for applying the consolidating product was as follows: scaffolding
was placed along the walls and a shading net over it to maintain right temperature
and humidity. Then a 5% or 8% silicone acrylic emulsion was used as a consolidating
agent for the earthen surface. It was applied with an atomizer spray in three times at
an interval of 3-6 hours (Fig. 10). In the case of areas highly exposed to weathering,
the application according to the dripping method was utilized (Fig. 11).

Fig. 11 Application of the consolidating product through dripping method
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CONCLUSIONS

The conservation of the ruins of the ancient city of Gaochang began ten years ago
and was an opportunity to gain considerable experience considering both the suc-
cesses and the failures of the conservative measures tested.

Examining the current conditions of conservation, the intervention overall showed
a good result. Nevertheless, a continuous maintenance is necessary, and also careful-
ly selecting the most suitable conservation methods.
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ABSTRACT

The effectiveness of the reinforcement treatments of earthen archaeological ma-
sonries largely depends on the compositional/physical properties of the earthen
mass and on the environmental conditions where the archaeological site is located.
In this paper, in view of the conservation of earthen Lajia Ruins in Qinghai Province
(China), the compositional characterization of the earth and tests to realize more du-
rable earthen mixes were carried out in order to select the most suitable reinforcing
products. The evaluation tests include colorimetric tests, unconfined compressive
strength, penetration depth and freeze-thaw cycles. The experimental results show
that the earthen mixes with the addition of BYG1003 showed the best performances
against decay.

INTRODUCTION

Located in Lajia Village, Guanting Town, Minhe Hui Nationality Autonomous
County, at 101°05’-103°01" east longitude and 35°42'-37°09’ north latitude, Lajia
Ruins represent a large-scale Bronze age settlement sited along the upper Yellow
River. Its cultural connotations incorporate Majiayao culture, Qijia culture and Xindian
culture. The effects of the multiple disastrous events such as prehistoric earthquakes
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and the Yellow River floods or mudslides have been observed at the site, making it
an extremely rare prehistoric site (Wang, 2008). Due to its significant value, the Lajia
ruins were named one of the “National Top Ten Archaeological Discoveries” in 2001
(Qu, 2002), and the site was approved by the State Council to be included the fifth
batch of “National Key Cultural Relics Protection Units”. In 2005, during the 11th
Five-Year Plan period, it was identified as one of the 100 major historic sites by the
State Administration of Cultural Heritage. In 2013, it was included in the list of the
second batch of national archaeological site park.

CHARACTERISTICS AND DECAY PHENOMENA OF THE LOCAL SOIL
1 Compositional characteristics of the local soil

The intrinsic factors linked to the deterioration of earthen sites depend on the
compositional characteristics and physical properties of the earthen material.
Therefore, in the long-term conservation of earthen sites, the full understanding of
the physical-chemical characteristics of the earthen material is necessary.

Lajia Ruins are located in the Guanting Basin, a small intermountain basin in the
upper reaches of the Yellow River. Starting from the Jishi Gorge in the west and
reaching the Sigou Gorge in the east, Guanting Basin is about 12 kilometres long
from east to west and about 5 kilometres wide from north to south, and has an area
of about 60 square kilometres. Furthermore, the basin is surrounded by mountains
with an altitude of about 2,100 meters, mainly composed of purplish red and red
Cretaceous sandstone. Plateaus composed of loess and red soil are widely present
in front of the mountains (Zhang et al., 2009). These materials were utilized to make
the masonries of the archaeological site. Since the soil properties of different earthen
sites vary widely as well as and the forms of decay, in this study, soil samples collect-
ed from the Lajia site numbered F29 were tested and analysed to identify the com-
position, structures and properties.

The soil samples were burned in a muffle furnace at 900° to test the LOI (loss on
ignition). The chemical composition was detected by X-ray fluorescence spectrome-
ter and the grain size distribution was carried out by sieving according to the follow-
ing fractions: sand 2-0.075 mm, silt 0.075-0.005 mm, clay < 0.005 mm). The mean
granulometry is the following: sand 1.8 %, silt 83.23%, clay 14.97%. Therefore, ac-
cording to the standard’, the bulk soil of Lajia Ruins is regarded as a silty soil.

50145-2007).
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2 Physical and mechanical characteristics of samples taken from the local soil

The physical characteristics of the soil samples taken around the site are shown in
Table 1.

The soil samples shown a low strength, being subject to shrinkage, cracking, col-
lapsing or water swelling with changing seasons.

Table 1 - Physical characteristics of the soil samples

Test Measured value on soil samples
- Watercontent®) 733
Wet density (g/cm3) 1.502
Dry density (g/cm3) 1.390
Specific gravity 2.71
Plastic limit (%) 15.66
Liquid limit (%) 26.51
Cohesion (kPa) 180.3
Internal friction angle (°) 12.41
Free swell (%) 16
Unconfined compressive strength (MPa) 1.16
Tensile strength (MPa) 0.75
Electric conductivity (us/cm) 205
pH 7.6

3 - Main decay phenomena

There are many typical deacy phenomena in Lajia Ruins (area F29), such as wind
erosion grooves, fissures and......, fissure and destruction caused by tree growth, etc..
The wind erosion stripping and the damage due to plants are the most serious. The
decay due to the action of the wind leads to the detachment of the earth in the weak-
est parts of the wall ruins which is eroded by the wind in flakes or small pieces and
falls, forming an irregular honeycomb shape on the wall or leaving some small pro-
trusions, such as shown in Fig. 1 and Fig. 2. Changes in water content of soil, air tem-
perature and humidity will promote the development of weathering layers with dif-
ferent physical-mechanical and chemical properties in respect to the substrate. The
damage due to plant growth can be divided into the presence of moss, turf, shrubs
and trees. The damage due to biodeteriogens in the Lajia Ruins was also caused by
microorganisms, as shown in Fig. 3 and Fig. 4. As the site area is outdoors, changes
in temperature, humidity, light, nutrient source, etc. in some areas of the site they
lead to growth and reproduction of algae and moulds.
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Fig. 1 Weathering of a southern surface Fig. 2 Weathering of western surfaces of
of area F29 of the Lajia site area F29 of the Lajia site

-

- BUUR w am

Fig. 3 Surface blackening in area F29 due Fig. 4 Biodegradation caused by mould in
to algae development area F29 (red square)

EARTHEN SAMPLES REINFORCEMENT TESTS
1 Selection of the consolidating products

The earthen samples obtained from the local soil have been consolidated with
the following products:

1. Silicate grout: the main component is an admixture of potassium silicate and
sodium silicate. The concentration of the material to be tested is 7% and the
viscosity is low. After the silicate grout has penetrated into the soil, the soil
has significantly improved its mechanical strength and has good resistance
to atmospheric erosion and freeze-thaw cycles (He, 2007).
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2. Ethyl orthosilicate grout: the main component is ethyl orthosilicate; the con-
tent of SiO? is about 38-42%, the solution concentration is 5%; after the re-
action with the soil, SiO? is produced.

3. BYG1003 reinforcing agent: it is the series of soil reinforcement products of
Baiyun Cultural Heritage Conservation Engineering Co., Ltd. (Guangzhou,
China). The main component is ethyl silicate and its oligomers, and the solu-
tion concentration is 80%. The material is colourless, transparent and highly
permeable. Combined with the aggregate minerals from the rock mass, the
material generates Si-O-Si chemical bonds, strengthening the surface of the
soil site.

4. Silicone-acrylic emulsion grout: the main component is silicone acrylic emul-
sion, and the solution concentration is 5%. The mass of silicone monomer
is 8%, indicating a best comprehensive performance of the emulsion. The
emulsion has the combined advantages of silicone and acrylic emulsions and
its cured product is similar to the soil in terms of main components. It is also
characterized by excellent weather resistance, temperature resistance, high
mechanical strength and long service life of 15 to 20 years (Wang, 2011).

2 Experimental methods and operating procedures
2.1 Preparation of reshaped samples

1. Aplurality of reshaped samples were prepared using a mould; among these
samples those with a height of 120 mm and a diameter of 20 mm were used
for measuring the penetration depth, the samples with a height of 62 mm
and a diameter of 20 mm used in the wetness test, and the samples with a
height of 20 mm and a diameter of 20 mm were used in other tests.

2. The milled air-dried soil was passed through a 20-mesh sieve and then a
suitable amount of passing material was taken to measure the water content
in the air-dried soil.

3. Water was added to the air-dried soil samples in order to reach the optimal
moisture content (18%-19% for Lajia site soil), and the admixture was thor-
oughly mixed and then placed in a closed container for 24 hours.

4. With reference to the standards?, the test samples were prepared by com-
pacting on one-time pressure moulding, in order to ensure uniformity of the
sample density and compliance with dimensional requirements (Fig. 5 and
Fig. 6).

5. The prepared reshaped samples were placed in a cool and dry place for air
-drying drying and subsequent use (generally after no less than 3 days).

50123-1999).

205



ARCHAEOLOGICAL SITE OF LAJIA RUINS

Fig. 5 Remoulded sample blocks Fig. 6 Remoulded samples
at different heights all 62 mm high

2.2 Reinforcing method

The soil samples were divided into five groups, one of which was used as a ref-
erence group without reinforcing, and the remaining four groups were reinforced
with the four different reinforcing materials respectively. The volume of the cylindri-
cal samples was measured and the chemical material content for the treatment was
calculated according to the requirements of the technical specifications of soil pro-
tection tests. Finally, the upper and lower bottoms and the side of the samples were
uniformly sprayed (or brushed) with the reinforcing materials.

3 .Testing and characterization
3.1 Penetration depth

Three samples (20 mm in diameter and 120 mm in height) were placed on a po-
rous stone, then in a container; the reinforcing materials were added until the solu-
tion reached the top surface of the porous stone (i.e. the bottom surface of the soil
sample). The penetration height of the reinforcing material was measured after 12 h.
The steps were repeated until all reinforcing materials were added.

Fig. 7 shows the experimental process of the depth of infiltration in the soil sam-
ple of the four treatments with reinforcing materials
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Silicone-acrylic BYG1003 reinforcing
emulsion grout agent

Fig. 7 Penetration depth test on cylindrical soil samples treated with four reinforcing materials

Ethyl orthosilicat "
'yl orthosilicate Silicate grout
grout
" S 7 ,'.?—. B
i L -

3.2 Unconfined compressive strength

The unconfined compressive strength of test samples was tested according to
standards?, in each group of three samples and the average value of compressive
strength of the three samples was taken. Then the increasing rate of unconfined com-
pressive strength of the samples after the reinforcement treatment was calculated
and finally the mechanical properties before and after the reinforcement treatment
were compared.

3.3 Colour difference

DC-P3 automatic colorimeter was used to measure the chromatic values of the
surface of the three samples before and after the reinforcement treatment. It is re-
quired that each measuring point before and after the reinforcement should be cor-
rectly compared during the measurement process. The samples were then placed flat
for curing (to prevent interference). Finally the average value of the colour difference
AE* was calculated.

3.4 Dry-wet cycle test
The dry-wet cycle test was carried out according to the test method specified in

chapter 6 of the standard®. After 80 cycles, the changes in surface structure of the
samples were observed and recorded.

House, 2012 (WW/T0039-2012,).
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3.5 Freeze-thaw cycle test

The freeze-thaw cycle test was performed in accordance with the testing method spec-
ified in Chapter 7 of the standard®. After 10 cycles, the changes in surface structure of the
samples were observed and recorded.

3.6 Wind erosion test

The wind erosion test was carried out according to the testing method specified in
Chapter 8 of the standard®, to obtain the wind erosion resistance of the samples after the
reinforcement.

3.7 Shrinkage test

The volume shrinkage test was carried out in accordance with the testing method
specified in Chapter 9 of the standard*, to obtain the volume shrinkage rate after the
reinforcement.

4 Discussion of test results
4.1 Penetration depth

The depth of penetration is an essential indicator for the reinforcement of the earth-
en artefacts. If the penetration depth is too low, only the surface is reinforced rather than
the internal structure of the soil sample, easily leading to the formation of crusts. Through
the comparison by different time gradients, the depth of penetration of the four reinforc-
ing agents on the soil samples at different times was obtained. Each group of samples
was placed on the porous stone and then placed in the container; the reinforcing materi-
als were added till the liquid surface went up to the top surface of the porous stone (i.e.,
the bottom surface of the soil sample). The penetration time and depth of the reinforcing
material was measured within 12 hours, and the average value of three samples was cal-
culated. Table 2 shows the penetration depth of the soil samples reinforced with four rein-
forcing materials by capillary action for 12 h and it varies greatly. Silicone-acrylic emulsion
material has the poorest penetration depth, only 4.26 cm, and the penetration results by
capillary action of the other three materials are not much different.

4 Technical specification for soil relics protection test [S]. Beijing: Cultural Relics Publishing House,
2012 (WW/T0039-2012).
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Time [h] . Ethyl Silicone-acrylic
Silicate - BYG1003 )
orthosilicate emulsion
........... o 000 0

0.5 2.48 243 2.23 1.02
1 3.62 3.67 3.54 1.81
2 4.72 4.71 5.12 2.35
4 6.04 5.93 6.28 2.57
6 7.23 7.04 7.36 3.26
12 10.89 10.78 11.0 4.26

4.2 Increase rate of unconfined compressive strength

Table 3 shows that after the reinforcement respectively with four reinforcing mate-
rials, the compressive strength of the soil samples has been improved; among them
the soil sample reinforced with BYG1003 has the highest increase in its compressive
strength, followed by soil samples reinforced with silicate and silicone-acrylic emul-
sion, and the soil sample reinforced with ethyl orthosilicate has the lowest strength
improvement. As measured by the unconfined compressive strength, the soil sample
reinforced with BYG1003 has an obvious increase in strength.

Table 3 - Compressive strength of soil samples before and after reinforcement by
different reinforcing materials

Blank sample 5.05 -
Silicate 6.76 33.86
Ethyl orthosilicate 6.28 24.36
BYG1003 6.98 38.22
Silicone-acrylic emulsion 6.48 28.32

4.3 Colour difference before and after reinforcement

The reinforcement treatment has been performed following the principle of pre-
serving the original appearance of the cultural relics as much as possible, that is, the
colour should not change significantly. Table 4 shows that the maximum AE* value
of the ethyl orthosilicate reinforced soil, the silicate reinforced soil, the BYG1003
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reinforced soil and the silicone-acrylic emulsion reinforced soil are 3.63, 2.03, 1.86
and 3.19, respectively. It is indicated that after the reinforcement, the ethyl ortho-
silicate reinforced soil has a relatively large colour change, while the BYG1003 rein-
forced soil has a lowest colour change.

Table 4 - Colour difference of soil samples after reinforcement by different reinforcing materials

Silicone-
. Ethyl :
Blank sample Silicate - BYG1003 acrylic
orthosilicate .
emulsion
AE* -—- 2.03 3.63 1.86 3.19

4.4 Dry-wet cycle test

Table 5 indicates that silicate and BYG1003 reinforced samples have no significant
change after 80 dry-wet cycles, yet ethyl orthosilicate and silicone-acrylic emulsion
reinforced samples have relatively poor results in dry-wet cycle test.

Table 5 - Dry-wet cycle test results of samples

Samples Change of wet-dry cycling resistance
""""""" Silicate reinforced sample ~~~ No change after 80 cycles
Ethyl orthosilicate reinforced sample Cracking on surface after 47 cycles
BYG1003 reinforced sample No change after 80 cycles
Silicone-acrylic emulsion reinforced sample Cracking on surface after 63 cycles

4.5 Freeze-thaw cycle test

Located in Qinghai Province, Lajia Ruins suffer maximum temperatures of 30-35°C
and a minimum temperature up to -24°C (Gao, 2010). Therefore, it is important to
evaluate the resistance to the freeze-thaw cycles. Table 6 indicates that the soil sam-
ples treated respectively with ethyl orthosilicate and silicone-acrylic emulsion ma-
terials were pulverized after 4 cycles, and the soil samples treated respectively with
silicate and BYG1003 materials maintain their cohesion up to 10 freeze-thaw cycles.
The BYG1003 reinforced sample shows the best performance without showing signs
of deterioration after 10 freeze-thaw cycles.
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Main Initial Volume after Volume
3 volume, VO 10 cycles,V  change after Description of change in form
component B 5
(cm?) (cm?) 10 cycles (%)

Cracks appear after the first cycle
and expand in the second cycle,

Silicate 157.87 157.09 0.49 and develop completely after the
third cycle and is maintained until
the 10th cycle.

The upper and lower parts begin
to exfoliate during the second cy-
Ethyl or- 156.39 B B cle; the remaining middle part be-
thosilicate ’ gins to exfoliate in the third cycle;
in the fourth cycle cracks appear in
the middle part

BYG1003 158.56 157.98 0.37 No significant change
Cracking occurs in the fourth cy-
Silicone- cle; the crack runs through the
acrylic 159.93 - - sample in the seventh cycle; and
emulsion the eighth cycle leads to broken
sample

4.6 Wind erosion test

The wind erosion tests show that the soil samples reinforced with silicate and
BYG1003 have the least mass loss by erosion, and little difference in wind ero-
sion modulus. Therefore, as shown in Table 7, the soils reinforced with silicate and
BYG1003 will effectively stand up to sand erosion. The silicone-acrylic emulsion re-
inforced soil sample shows the largest mass loss by erosion, up to 48.73 g, and the
value of the wind erosion modulus is half of the untreated sample.
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Height Erosion  Mass Mass  Amount
Sample Erosion  Erosion 9 Wind erosion
) from rate before  after of
and duration area ) . . modulus
ground \% erosion erosion  erosion

treatment t (min) S (cm?) E (kgem-?eh-)

Blank 30 3376 10 18 28602 198.64 87.38 51.77
sample
Silicate 30 34.87 10 18 285.87 261.95 23.92 13.72
Eth,)fl 0 33.82 10 18 286.38 25225 4413 26.10
orthosilicate
BYG1003 30 33.19 10 18 285.69 263.53 22.16 13.35
Silicone-
acrylic 30 34.08 10 18 286.19 237.46 48.73 28.60
emulsion

4.7 Shrinkage deformation test

Table 8 reports that when the soil is treated with silicate and BYG1003 reinforcing
agent, the volume changes not much, only by 0.22% and 0.90%, respectively. The
largest change in volume occurs in the soil sample reinforced with silicone-acrylic
emulsion, with a shrinkage rate of up to 2.85%.

Table 8 - Shrinkage deformation test

Sample Volume shrinkage a (%)
""""""" Slicate reinforced sample 0%
Ethyl orthosilicate reinforced sample 1.46
BYG1003 reinforced sample 0.22
Silicone-acrylic emulsion reinforced sample 2.85

In summary, soil samples reinforced with four reinforcing products (silicate, ethyl
orthosilicate, BYG1003 reinforcing agent, silicone-acrylic emulsion) have been com-
pared concerning penetration depth, compressive strength, colour difference, wet-
dry cycling resistance, freeze-thaw resistance, wind erosion resistance and shrinkage
deformation before and after the reinforcement and the results are as summarized
in Table 9.
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_— -, Ethyl Silicone-acrylic
Performance indicator Silicate - BYG1003 )
orthosilicate emulsion

Penetration depth [cm] 10.89 10.78 11.00 4.26
Compressive strength
) 33.86 24.36 38.22 28.32
improvement rate [%]
Change of color differ-

2.03 3.63 1.86 3.19

ence [AE*]
Dry-wet cycle [cycle] 80 47 80 63
Freeze-thaw cycle
10 4 10 8
[cycle]

Wind erosion modulus

13.72 26.10 13.35 28.60

[kgem-2eh]

Shrinkage deformation

0.90 1.46 0.22 2.85

[%]
Comprehensive
Good Poor Excellent Average

Evaluation

The laboratory tests performed on reinforced soil samples reveal that silicate and
BYG1003 have good reinforcement and protection effect with small colour change,
outstanding water resistance, improved compressive strength and good penetration
depth of the consolidating product.

CONCLUSIONS

In this paper, the preliminary tests on the reinforcement of earthen samples ob-
tained from the soil taken from around Lajia Ruins have been carried out. The effec-
tiveness of the reinforcement treatments highlighted the following trend: BYG1003
reinforcing agent > silicate > ethyl orthosilicate > silicone-acrylic emulsion. The
Qinghai Province where Lajia Ruins are located, belongs to the plateau climate,
characterized by few rains and large temperature fluctuation throughout the year.
Therefore, freeze-thaw resistance and dry-wet resistance were very important char-
acteristics to consider. According to the results of freeze-thaw cycles and dry-wet cy-
cles, BYG1003 reinforcing agent showed the best performances, followed by silicate.
The ethyl orthosilicate monomer showed relatively poor freeze-thaw resistance and
dry-wet resistance.
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INTRODUCTION

Historical earthen sites are an important part of the cultural heritage but can be
easily damaged by water, wind and soluble salts (Sun, 2007; Sun, Li, 2007; Li, 2006).
Chemical reinforcement materials occupy a prominent position in the study of pro-
tection of earthen sites from weathering (Zhou H., 2004; Hu, 2010). At present, the
research on the protection and reinforcement materials of earthen sites in China fo-
cuses mainly on products capable to guarantee good performances in the dry and
cold regions of the west (Wang, 2009; Wang, 2003; Chen, 2007). Several chemical
materials including PS (a kind of high modulus K,SiO, solution) (Wang 2008; Zhao,
2006; Su, 2000), fluoropolymer (He, 2002) and acrylic non-aqueous dispersion system
(Zhou, 2003; Zhou S.L., 2004) have been applied for the protection and reinforcement
of historical earthen sites in these regions. Instead, the research on the protection of
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earthen sites in moist environments has been carried out at the Tangshan site of
Liangzhu Culture in Zhejiang (Zhou, 2008) and at the Jinsha site in Sichuan (Li, 2009)
where abundant and heavy rainfalls strongly hit the earthen buildings. Despite this,
the earthen sites are severely eroded. This fact indicates that studying the protection
of earthen sites in the humid environment is still a difficult task to accomplish (Liu,
2013).

The Tongguan kiln site in Changsha, Hunan province, has unique and important
historical, cultural, artistic and scientific values in ceramics history. It is a kiln site more
than 1000 years old from Tang to Five Dynasties periods and it is the birthplace of
the underglaze colour ceramics. Centred in Wazhaping site, the Tongguan kiln site
has 17 kiln ruins including Tanjiapo and Lanjiapo, of which the Tanjiapo site is the
most intact. Figure 1 (a) and (b) shows the archeological ruins and long kiln in the mu-
seum of Tanjiapo site, respectively.

The circulation of dry and humid air and surface transpiration, in addition to the
serious damage caused by the incineration of the core area, have also caused vari-
ous pathologies, such as cracking of the kiln body, pulverization of the archaeolog-
ical interface, powdering of the residual pottery surface. In addition, the geograph-
ic environment of the Tongguan kiln in the southern humid region within Tkm from
the east bank of the Xiangjiang River further exacerbates the occurrence of soil ero-
sion and surface weathering, which further threaten the long-term preservation of
the Tongguan kiln site. Based on the analysis of the chemical composition and phys-
ical-mechanical properties of the soil samples from the Tongguan kiln site, this paper
focuses on the assessment of the reinforcement effect of the site and the screening
test of reinforcing materials. The results of this paper can provide basic data and
conservation strategies for the protection of a large number of important earthen
sites in southern humid areas, including Tongguan Kiln site, Laosicheng Site and
Chengtoushan Site.
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Fig. 1 (a) Archeological relic; (b) Long kiln in the museum of Tanjiapo site
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EXPERIMENTAL APPROACH

The earth samples used in this paper were collected from the following regions:
the Tongguan kiln and the Long kiln site inside the museum of Tanjiapo site; the
open-air site region; the ground surface of the Tongguan kiln site. The samples were
marked as 1# (earth sample from the museum), 2# (earth sample from the open-air
region) and 3# (earth sample from ground surface). X-ray fluorescence (XRF), X-ray
diffraction (XRD), and scanning electron microscope equipped with energy dispersive
X-ray detector (SEM-EDX) were used for characterizing the microstructure and the
chemical-mineral composition of the earth samples.

Earth samples for the consolidation and selection of the restoration materials and
the evaluation tests were uniformly moulded from an iron frame. Before moulding,
the collected samples were ground and sieved. The final size of the samples after
moulding was about 5 cm x 5 cm x 7 cm. During the preparation process, an appro-
priate amount of water was maintained to ensure that the moisture of earth is always
moderate. Additionally, all the samples have a similar degree of compactness when
controlled by weight. Twelve samples were prepared for each kind of earth, and
dried at 105°C for 24 hours before being used.

It is important that the protection materials used for the restoration of the earthen
sites are capable to satisfy the necessary conservation requirements, such as colour-
less, non-glare, low viscosity, good fluidity, small shrinkage, good wettability, strong
permeability, moderate bonding ability, as well as structurally similar to the earth
(Tian, 2011). Furthermore, in view of the climatic characteristics of the humid regions
of southern China, the consolidation materials should have good water resistance as
well as good permeability, resistance to light, temperature and humidity change, UV,
heat, acid and alkali corrosion, and freeze-thaw cycle (Yuan 2002). The three consol-
idation materials tested in this paper are KSE OH300 (ethyl silicate) produced by the
company BioLine (China), silicone Wacker OH 100, and Primal SF 016 (aqueous acryl-
ic emulsion dispersion) with 50% solid content.

The consolidation products were applied through unilateral permeation and com-
plete immersion. Through the unilateral permeation it is possible to test the permea-
bility and the penetration depth of the different consolidating products.

As for the application through unilateral permeation, the samples were kept in
contact with the consolidating product through one side of the samples (3 mm above
the bottom of the sample). Then, the ascending level reached through capillary force
of the consolidating material was recorded after 1 minute, 3 minutes, and 5 minutes,
respectively. Meanwhile, the weight of the samples was determined and the absorp-
tion rate was calculated. The chromatic alteration and surface hardness of the consol-
idated samples were measured after three weeks curing at room temperature as well.

Regarding the application through complete immersion reinforcement, the con-
solidation absorption rate, chromatic alteration, capillary water absorption rate, sur-
face hardness and water resistance were tested.
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The chromatic alteration and surface hardness were tested by a DC-P3 automat-
ic colorimeter (Xingguang, Beijing) and an EPUO-TIP2 Leeb hardness tester (Fuiji,
Japan). The capillary water absorption rate was tested by Custer bottle. These de-
tailed test procedure was described in the reference (Liu, Sun, Gao et al. 2013).

RESULTS AND DISCUSSION

1 Chemical composition and mechanical properties of the earthen site

Figure 2 shows the SEM-EDX results of the earth samples. The SEM images clear-
ly show the loose structure of the lamellar morphology of earth. EDX results show
that the main chemical compositions include O, Si and Al, and a small amount of Fe
and K. The XRF results (Table 1) show that the main chemical composition are SiO,
(68~70 wt.%), Al,O, (18~20 wt.%), Fe,O, (6.3~7.0 wt.%), and a small amount of K,O,

CaO and MgO. It is consistent with the EDX results.
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Fig. 2 SEM-EDX results of the three earthen samples; (a) 1# (earth inside the museum);

(b) 2# (earth from the open-air); (c) 3# (earth from the ground surface)
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| 3# (earth from : : : : : : : : : : :
‘theground  69.152:18.321:6.237 12,158 1 1.347 1 1.035 : 0.816 : 0.454 : 0.193 :0.287
sur‘face) . . . . . . . . . . .

Figure 3 shows the XRD results of the earth samples. In addition to the clearly vis-
ible diffraction peaks of quartz, the peaks near 19.7°, 34.6°, and 37.6° correspond
respectively to those of mica. Furthermore, the diffraction peaks characteristic of ka-
olin are also present in the three kinds of earth samples. Consistent with the results
of EDX and XRF, the XRD results indicate that the main components of the earth of
Tongguan Kiln site include quartz, mica and kaolin. We would like to mention that
a small amount of pearl clay, which is the weathering product of aluminosilicate, is
found in the sample taken in the open-air.

a a-1# (soil inside the museum)
—— b-2# (soil from the open-air)
80.0k |- c-3# (soil from ground surface)
» 60.0k |-
€
2
8 Q
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Fig. 3 XRD results of the earthen samples collected in the Tongguanyao site
(Q-quartz, M-mica, K-kaolin, N-nacrite)

The performance of the earthen artefacts sited in humid environments often de-
pends on the relative humidity of the micro-environment and the local climatic con-
ditions (Zhang, Li, Wang et al. 2011). It should be pointed out that the test specifi-
cations about the treatments to be carried out in earthen artefacts sited in humid
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areas have not yet a standard test specification compared to those located in rel-
atively dry areas. Therefore, this paper focuses on testing the physical properties
such as plasticity, compressibility, and permeability of the earth samples collected
from the Tongguan Kiln site. Table 2 provides a comprehensive comparison of the
physical and mechanical properties of earth samples. As seen in Table 2, the densi-
ty of the earth samples is almost the same, ranging from 2.71 to 2.73 g/cm?. In con-
trast, the other major physical and mechanical properties of the earth samples, such
as water content, void ratio, porosity, saturation, liquid limit, plastic limit, plasticity
index, liquidity index, compression index, compression modulus, and permeability
coefficient, are varied within a wide range. Among them, the water content of the
yellow-brown samples, the dark brown samples and the dark red samples is signifi-
cantly different. In contrast, the porosity of the dark brown samples and the dark red
samples is much higher than that of the yellow-brown samples.

Table 2 Physical and mechanical properties of the earth samples from the Tongguan kiln site

¢ yellow- @ dark- édark-redé

;Sample ¢ broun : broun : ol
samples : samples : sampies
Water content W % 18.0 24.5 24.7
© wet p g/cm® i 1.82 1.62 1.50
density v T e
: © dry P, g/cm? 1.54 1.30 1.20
; Physical ' Graindensity © p, glem’: 273 | 272 © 271
: properties
: Void ratio e ! -— 1 0770 : 1.090 : 1.253 :
Porosity n % 43.5 52.2 55.6
Saturation Sr % 63.8 61.1 53.4
Liquid limit W, % 34.6 34.5 32.5
Plastic limit Wp % 17.7 19.6 20.0
Plasticity =~ froreererermer st
Plasticity index lp % 16.9 14.9 12.5
Liquidity index I - 0.02 0.33 0.38
Compression o1 i mpat i/ 058 | 079
:index
Compressibility i:-oeeeeeee R SR SRR LR
(Compression © g Mpa 1/ 1 340 2.85
: module : ) : : :

 Permeability Egg%i?:ﬁ"t'ty K20 D oem/s (9.52¢10¢ /1

Note:"/"means that the parameter was failed to obtained
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2 Evaluation of the earth reinforcement effect

The unilateral permeation is an effective method to test the penetration rate
and depth of different consolidation materials. Table 3 summarizes the results of
the unilateral permeation reinforcement performance of the earth samples, from the
Tongguan kiln site, after 5 min of treatment. Regarding sample 1# (earth inside the
museum), the penetration depth of KSE OH300 reached 4cm, while that of Wacker
OH 100 and Primal SF 016 was only 3cm. The restoration and consolidation of earth-
en artefacts requires that the chromatic change before and after the application of
the product cannot exceed 5 (Su, Li, Hu 2000). As showed in Table 3, the chromat-
ic alteration of the samples consolidated with KSE OH300 is the smallest after the
treatment by unilateral permeation reinforcement and all samples are less than 1.5
so that it is too small to be distinguished by the naked eyes. In addition, the surface
hardness of the samples consolidated with KSE OH300 is increased by at least 40%
relative to the original sample. Moreover, except for sample 3# (earth from ground
surface), the chromatic alteration of the samples reinforced with Wacker OH 100 can
meet the basic requirements for their application in the earthen artefacts protection.
However, the hardness of the samples consolidated with Wacker OH 100 is better
than that obtained with the other two products. In contrast, the chromatic alteration
after the application of Primal SF 016 is above 4, and the hardness increase is less
than 5%. These results show that KSE OH300 applied through unilateral penetration
has relatively good efficacy in the consolidation of the earthen artefacts.

Table 3 Sample properties test results after unilateral penetration reinforcement

Rising height (cm) of Chromatic Surface hardness (HLD)

Sample i Consolidation : Do
: : : the product after 5 : change : : : :
:  name products : : : : before : after : difference :
: : min of treatment AE* : : : :
L 1#(earth KSEOH300 4 . 044 o265 13761 111
finside the 17t
: Primal SF016 3 © 434 0 260 : 269 9 :
Smuseum) T T
Wacker OH 100 3 3.02 230 : 398 168
2# (earth KSE OH300 : 2 © 133 1 271 1383 112
Dfromithe 177t
: . Primal SF 016 1.5 4.50 261 : 270 9
sopen-ain) T T T T
Wacker OH 100 2 1.39 282 : 400 118
3# (earth KSE OH300 : 3 © 090 1 217 1321 104
E from -------------------------------------------------------------------------------------------------
: Primal SF 01 3 8.13 223 : 234 11
sground T T T
- surface) : Wacker OH 100 : 2 © 604 1 227 1360 : 133
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After the complete immersion reinforcement, tests were performed to evaluate
the absorption rate, chromatic alteration, surface hardness, capillary water absorp-
tion coefficient, and water resistance performance of the earth samples. Initial ob-
servation reveals no significant change in the samples completely immersed in KSE
OH300 and Wacker OH 100. However, an initial disintegration is observed for earth
samples immersed in Primal SF 016. This is due to the volume expansion caused by
the water absorption during the complete immersion process. In order to achieve a
more accurately evaluation of the reinforcement effect of Primal SF 016, the earth
sample was further reinforced by brushing. The aqueous dispersion of acrylic emul-
sion used for the application was diluted with distilled water for 10 times, and the
final solid content was about 5%. Samples were brushed every 15 minutes up to a
total of 5 times. Before testing, the earth samples were cured for 3 weeks at room
temperature.

Table 4 shows the chromatic alteration of the samples after complete immersion
in the consolidating products. For the tested samples, the variation of the chromatic
alteration caused by KSE OH300 is the smallest. Among them, the chromatic alter-
ation of sample 1# (earth inside the museum) and 3# (earth from ground surface) is
between 0.2 and 0.5. The variation of the chromatic alteration caused by Primal SF
016 is the largest. The chromatic alteration of sample 3# (earth from ground surface)
is higher than 8. The chromatic alteration caused by Wacker OH 100 is in between,
but the result is also significant. It is important to mention that the surface of the sam-
ples consolidated with Primal SF 016 suffers the formation of a high-gloss transparent
film. Therefore, Primal SF 016 is obviously not suitable for the consolidation of the
Tongguan kiln site.

The product that penetrates inside the sample primarily increases the strength of
the sample by filling the voids in the porous structure. The absorption rate can reflect
the amount of consolidating product permeating the samples. Generally, the higher
the absorption rate, the higher is the consolidating product absorbed. Therefore, the
reinforcement effect will be more significant. Table 4 shows that the samples consol-
idated with KSE OH300 have the highest absorption rate, followed by Wacker OH
100 and Primal SF 016.

The change of surface hardness can also indirectly reflect the reinforcement ef-
fect of the consolidation products on the site earth. Consistent with the results of the
absorption rate, the surface hardness of the samples completely immersed in KSE
OH300 is significantly increased (about 55%), followed by Wacker OH 100 (about
45%). As for Primal SF 016, the surface hardness of the treated samples does not
change significantly. The surface water permeability test can be indirectly character-
ized by the capillary water absorption coefficient and by the surface gas permeabili-
ty. Table 4 shows that the three products maintain a certain water absorption effect.

223



PRESERVATION OF THE CHANGSHA TONGGUAN KILN SITE

Sample Consolidation Chromatic Absorption Surface Capillary water
name - materials . alteration rate . hardness : absorption :
: AE* : (%) * (HLD) : coefficient (g-cm?-h) :
: Blank - - 259 1.02
: M (earth KSEOH300  : 272 : 296 417 0.90 :
sinside the frrrrrrrrrr e :
" museum) : Primal SF016* 4.07 : 0.28 © 253 0.02 :

: 24 (earth  KSE OH300 i 258 1 322 i 395 0.34 .
ifromthe il MR AR R A e A SN :
i open-ain) i PrimalSFOTe* : 202 i 046 i 250 i 001
Wacker OH 100 9.45 2.97 319 0.24
 Blank : ~ : - ©oo223 0.24
3#(ear‘th Pt
 from {KSEOH300 | 372 i 244 i 362 0.25
ground : primal SF 016* 6.24 0.19 220 0.06
SUIMFAECE) v verereeeese e e e e ettt e e
Wacker OH 100 4.92 2.54 359 0.28

It should be pointed out that the Tongguan Kiln site is located in a riverside envi-
ronment, within 1 kilometre from Xiangjiang River and often washed away by strong
rainstorms. Therefore, the damage and erosion resulting from precipitation, fluctu-
ation of groundwater level, and changes in air humidity, are particularly frequent
and significant. In order to prevent soil erosion caused by rain-wash, the water re-
sistance test is one of the most important evaluation tests. Table 5 details the water
resistance test. Compared to the blank sample, the water resistance of the samples
completely immersed and strengthened by the three consolidating products is sig-
nificantly improved. Among them, the best water-resistance effect is obtained with
KSE OH300. After being completely immersed in water for 22 hours, the sample con-
solidated with KSE OH300 shows only micro cracks on the surface. Until completely
immersed for 96 hours, the sample still remained intact overall despite the presence
of small amounts of bubbles and microcracks. Consistent with this disintegration fea-
ture, the disintegration rate of KSE OH300 treated samples is significantly reduced
from 6.5~14.4 g/min to 0.068~0.087 g/min. In contrast, after 2 hours immersion,
the coating formed on the surface of the samples consolidated with Wacker OH 100
began to break and cracks. After 24 hours immersion, the surface of the samples
looks intact, but the sample have softened and disintegrated. The samples consoli-
dated with Primal SF 016 show a poor water resistance, although a layer of coating is
formed on the surface.
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* Sample : Consolidation : Weight : Disintegration feature . Disintegration
foname fomaterials | E (9Ll SPEEE G/
: :The sample began bubbling after entering: :
‘the water. 1 minute later, the bubbling was:
: : ‘drastic and the earthen particles collapsed.:
“Blank © 499.16 i minutes later, the surface of the sampleE
:began to peel off, and became severe af-:
‘ter 8 minutes. 10minutes later, the corner:
‘of the sample collapsed and the sample:

6.65

:Bubbling after entering the water, mi-:
: ‘cro-cracks appeared on the surface of the!
51# (ol : :sample after 22 hours, and the sample re-:
R : : ‘mained intact after 96h. : :
tinside the ;oo sample began bubbiing afier entering: T
Emuseum) : ‘the water. After 1 hour, the surface of the:
:sample was broken, and about one third:
:of the sample was cracked after 2 hours.:
1100 minutes later, the sample completely:

‘Primal SFO16 : 483.21 4.832

:The sample began bubbling after entering:
‘the water. 2 hours later, micro-cracks ap-:
‘peared on the surface of the sample. 24:
-hours later, the microcracks on the surface:
‘of the sample grew, but the sample still:

‘Wacker OH 100: 443.66 <3.697

:After entering the water, a few small bub-:
‘bles appeared. 4 minutes later, the bub-:
‘bles became more. 6 minutes later, the:
‘amount of bubbles became larger, the:
: : ‘bubbles became larger and more intense.:
:Blank : 432.39 :10 minutes later, the surface of the sample: 14.41
: : ‘began to layer up, and after 12 minutes, :
‘the layer began to flaking. 16 minutes lat-:
-er, the sample was completely broken into:
‘three parts, and completely disintegrated:
‘after 30 minutes. :

:The sample began bubbling after enter-:
: : : :ing the water. 40 minutes later, cracks ap-:
‘2# (soil  KSE OH300 : 502.41 ‘peared on the surface of the sample, and: <0.087
“from the : :developed into fissures about 1 mm wide, :
‘open-air) 1 ..............butthesamplestilremainedintact. . . .......:
: :No obvious change after entering the wa-:
‘ter. 2 hours later, the cracks began to ap-:
‘pear at the surface of the sample. 24 hours:
:later, the inside of the sample was disinte-:
:grated, and the epidermis remained intact, :
‘but it had softened. :

:The sample began bubbling after entering:

‘the water, and a large number of bubbles:
: : ‘adsorbed on the surface. 45 minutes later,:
:Wacker OH 100: 397.59 :the microcracks on the surface of the sam-: >397.59
: : :ple began to expand, which resulting in the:

‘sample completely broke into two parts:

‘within 24 hours. :

‘Primal SF016 : 347.05 >2.89
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: After entering the water, tiny bubbles ap-:

‘peared. 2 minutes later, flaking appeared:

‘on the surface of the sample, and the par-:
: : ‘ticles began to fall off after 5 minutes. 18:
:Blank : 487.39 :minutes later, the sample showed weak: <6.50
: : :disintegration, and the disintegration rate:

‘was slow after 30 minutes. 75 minutes lat-:

‘er, the main body still didn't completely:

: : : : After entering the water, a few bubbles ap-:
134 (soil EKSE OH300 389.67 ‘peared. 2 hours later, even micro-cracks: <0.068

“from ‘came up on the surface of the sample; it:

fqround  feeeereeseeeneesiieeneeeeroiShll remained intact after 96 hours. sl
sgrounc : :No obvious change after entering the wa-: :
:surface)

: : ‘ter. 2 hours later, the surface of the sample:
‘Primal SF016 @ 343.80 :was cracked, and the inside of the sample: 0.239
: : ‘completely disintegrated after 24 hours,:

:The sample began bubbling after enter-:

‘ing the water, and a large number of bub-:
: : ‘bles adsorbed on the surface. 2 hours lat-:
:Wacker OH 100: 344.55 :er, micro-cracks appeared on the surface: <2.87
: :of the sample. 24 hours later, the microc-:

‘racks grew, but the sample still maintained:

CONCLUSIONS

The consolidation treatment carried out on the earth of the Tongguan Kiln site
through unilateral penetration and complete immersion reinforcement shows that
the treatment with KSE OH300 silicone guarantees good penetration and strength-
ening together with water resistance. This is a very important aspect considering the
humid area and riverside geographical environment that characterizes the site of the
Tongguan Furnace. The penetration depth of the product can reach 4cm and the sur-
face strength increases by 40%-50%. After 96 hours of complete water immersion,
despite of the occurrence of a small amount of bubbles and microcracks, the samples
consolidated with KSE OH300 remain intact as a whole and the disintegration rate is
only 0.068-0.087 g/min. In addition, the chromatic alteration caused by KSE OH300
is very small.
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GREAT WALL RURAL SETTLEMENT REGION

The Laoniuwan valley (Fig. 1), in Pianguan County, Shanxi Province, for centuries
represented the outer limit of imperial rule and there remain portions of the Great
Wall, which rises and falls according to the ancient erosion gullies of the earth. Along
the mountain ridge, great circular embankments still stand where once beacons were
lit to warn of invasion from Mongol horsemen. Here the main long, narrow road cir-
cles sweeping mountains, flanks the terraced, green fields interspersed with vernacu-
lar rural villages, thus composing a very unique natural and human landscape.

Fig. T A view from the Laoniuwan Valley to the Yellow River. On the left promontory, there is the
ancient Laoniuwan Fort and village, on the other, a modern village
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The Laoniuwan village (Lat. 39 °©38 “11.71 “N Long. 111 ° 26 "111.66 "E, s.I. 1026
m) is a very ancient one. Since the beginning of XV cent., under the Ming dynasty
(1368-1644), it raised as fortification occupying a dominant position on an important
landing along the Yellow River, playing a strategic role for the defense of borders
and for trade with the Tartars, on the Mongolian side of the river.

Under the Qing dynasty (1644-1912), when emperors no longer stationed troops
in Laoniuwan Castle, some of the soldiers remained here becoming farmers or retail-
ers, continuing trades to Tartar, and building houses in or near the walls of the for-
tress. As an increasing number of people moved to Laoniuwan, the community grew
into a walled village.

Along the road from Laoniuwan village to Deshengbao Fortress (Fig. 2) are sit-
ed lots of similar settlements, at a distance of about 20 km from each other. That is
why they had a defensive role, forming part of the fortification system of the Great
Wall, having been built during the Ming dinasty (Knapp, 1992; Linfeng Wang, 2018).
This is a widespread defensive system in northern China, from the coast in northeast
of Hebei into the Yellow River meander areas, among Inner Mongolia, Shanxi and
Shaanxi, an area along the Great Wall known as Great Wall Rural Settlement Region.

Fig. 2 Great Wall Rural Settlement Region: area from Laoniuwan village to Deshengbao Fortress.
Walled villages area showed with a star

In the late Warring States Period (476 BC-221 BC), many ancient states (Han,
Zhao, Wei, Yan, Chu and Qi) built their own defensive wall along their borders to
prevent attack from other states. When Qin state conquered those six states, creat-
ing the first empire in Chinese history, the different wall sections were put together.
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Since then, every dynasty repaired and reinforced the Great Wall until Ming dynasty.
Thus, this military defense system consisted not only of the long defensive wall, but
also of beacon towers and military settlements where troops were placed.

More precisely, at the beginning of the Ming dynasty, the preliminary role of
those settlements was to prevent invasions of northern nomadic tribes. While, in the
central period of the Ming dynasty, the commercial function increased. When the
Qing dynasty took the place of the Ming dynasty, these fortresses totally lost their
military function and became rural villages. Their earthen high walls were partly aban-
doned having lost their defensive role. Unfortunately, today most of those structures
are partially destroyed or disappeared. Nonetheless, in most of the villages' current
name is present the word “bao” or “pu” that means it was a defensive castle and
“cun” means that it is now a common village.

LAONIUWAN VILLAGE

Today, Laoniuwan’s historic urban landscape still shows the traditional morpholo-
gy (Fig. 3). On the top of the hill, the ancient castle walls, made of earthen masonry,
are still there in a very poor state (Fig. 5-6). The watchtowers, along the walls, are in
pretty much the same state of conservation and so are the keeps on the south side
of the wall. The towers were about several hundred meters apart, truncated square
pyramids in shape, each one surrounded by a smaller wall, probably constituting the
barracks of the Ming soldiers. The main entrance is surrounded by a tower, realized
by mixing earthen and local stone.

Fig. 3 Laoniuwan village map (A. D’Eredita)
Inside the fortress, one may observe the ancient beacon tower, made of stone
basement and fired bricks masonry, which has been used as a granary in mod-

ern time, and few dwellings in yaodong (Zif]) style - i.e. with structures dug or
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semi-hollow in the ground -, built with few bricks from the walls of the fortification
itself. Furthermore, walking on the edges of the rocks contouring the gorge, on a hill
about 5 or 6 km NW from Laoniuwan, there is a temple area.

Lower down, at the foot of the wall belt, following the irregularity of the topogra-
phy, some cave dwellings were excavated into flanks of elongated ravines, together
with farming terraces, and here there are also stone walls remains subdividing each
property (Fig. 4), composing a very peculiar urban shape.

Fig. 4 Laoniuwan village, a general view of yaodongs

Fig. 5 Laoniuwan Fort remains
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Fig. 6 Laoniuwan Fort remains

Those cave spaces have varied functions, constituting the minimal unit of innumer-
able rural villages (Genovese et al., 2019). Depending on the subsoil geo-morphol-
ogy and the geo-climatic conditions, yaodongs have a variety of plans, sections and
details, representing the very expression of the technical skills and traditional culture
of the Loess Plateau region (Golany, 1992). This is an area of almost 640,000 km?,
covering most parts of the provinces of Shanxi and Shaanxi and it extends into parts
of Gansu, Ningxia, and Inner Mongolia. The plateau is characterized by slopes, ridg-
es and valleys, with a very fine and loamy terrain that is highly fertile and easy to dig
(Kapp, 2015). Despite the easy erodibility, these terrains have the characteristic of
being pseudo coherent, i.e. they can be excavated and the cavities are more or less
self-sustaining like in the case of volcanic tuff. Moreover, thanks to the pseudo coher-
ent characteristics acquired by mixing with water and then dried, loess has been the
material used to build locally the different portions of the Great Wall, fortresses and
dwellings according to a particular technology.

Generally, a yaodong is a kind of artificial cave shaped like a long vaulted room,
with a semicircular entrance closed by walls, made of earthen bricks, stones of wood,
and covered with a wooden door or a quilt. This arch-shaped structure provides the
entrance to the dwelling, allowing the sun to penetrate further inside the cave even
in winter, therefore making full use of solar radiation. A thick layer of earth on top
(about 3 to 5 meters deep) acts as an effective insulation coverage and humidity
modulator. Above a yaodong, there are often little chimneys and a tunnel construct-
ed in the earth, representing the breathing system of a yaodong. The inner space has
usually a mixed use: the main living room works as well as the kitchen and sometimes
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the bedroom. In fact, the brazier for cooking also works as heating for the environ-
ment and for the adobe brick bed (kang) attached to it. While the toilet is outside of
the cave, as an individual unit.

Furthermore, Laoniuwan village has different typologies of yaodongs, as semi ter-
rain and independent ones. This last typology - hoop yaodong (giiydo) - represent a
very local type, having a chamber almost all above ground with an arched structure
inspired by the underground dwellings, and facing in a courtyard. This arch-shaped
structure realized in stone, and covered with an earthen plaster for thermal insulation
purposes, also provides the entrance to the dwelling. Walls are built with earthen
bricks and/or stone flakes, while roofs are made of stone flakes covered with earth,
to ensure the thermal insulation of the interiors.

Those types of yaodongs depend on ground morphology: the presence of the
bedrock exposed on top of the hill makes excavation somewhat difficult and mo-
tivates the construction of houses wholly above ground, while if these insist on the
slope of the hill they are partially excavated.

Usually multiple dwellings are built adjacent to or on top of one another and con-
nected together to form a multi-tiered village, often for a single clan or an extended
family. Terrain and semi terrain elements are combined with structure built above
ground in order to form an integrated complex connected by path (Knapp, 2000).
Nonetheless, dwellings are hidden in the environment, being perfectly integrated in-
to nature with minimum impact. However, they are very fragile: earthen architecture
is subject to rapid decay processes, particularly suffering the humidity, thus needing
daily maintenance.

EARTHEN WALLED VILLAGES AND CONSERVATION ISSUES

In Laoniuwan village, the main activity of the dwellers was farming, and they
were isolated from the rest of the world. In recent years, many of the residents have
moved to big cities in search of work. Now, very few people still live in Laoniuwan
village. In recent years, the Government has planned the reconstruction and resto-
ration of vernacular structures using local materials and traditional knowledge to re-
use these dwellings with the goal of local development through a sustainable tour-
ism. Laoniuwan has been faced with the challenge of not losing its vitality, safe-
guarding its environment and culture, by attracting tourism.

Nonetheless, the conservation problem still remains. Rammed earth is the main
construction technique of the large rammed earth mound walls that encircled villag-
es in the Shanxi Province. Rammed earth is a construction technique where the soil
is taken from the ground and compacted to form structures. Removable formwork
is installed, and the soil compacted within it. This technique was widely used in an-
cient constructions. The term “hangtu” is used by Chinese archaeologists to de-
scribe both rammed earth mounds and earth rammed between formwork (Jaquin,
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2008). For earthen sites, exposed outdoors two main deterioration factors can be
distinguished: natural and human. The human factor is due to technique of construc-
tion and engineering-related properties of the materials selected to build the site.
The natural factor is due to rain, wind, solar radiation, mudslides, biological action
etc. and they cause physical and chemical weathering (Li, 2009; Wang, 2004; Li,
2011; Du, 2017).

Chemical deterioration is mainly due to enrichment of soluble salts that cyclically
dissolve and crystallize leading to the destruction of cohesive forces and the erosion
of earthen material. Physical weathering is erosion by wind and rain. In arid climates,
precipitations are generally low but heavy, they contribute significantly to erosion, as
they soften and disintegrate the earth. Especially in summer season, the high tem-
perature promotes a high evaporation rate of the water leading to quickly drying the
earthen surface and turns the softened earthen material into scale like crusts, which
fall off under the combined action of wind and rain.

The following types of decay can be observed in earthen structure: erosion, exfo-
liation, honeycomb, scaling off (Cui, 2019), sapping, gulling, cracking, collapse and
biodeterioration. Among these types of deterioration, exfoliation, cracking and ero-
sion are the most frequent because wind and severe rainfall are the main impact fac-
tors of decay. All these types of decay mechanisms can threaten the stability of the
earthen site.

According to the “Principles for the Conservation of Heritage Sites in China”,
conservation intervention refers to all measures carried out to preserve the physical
remains of sites and their authenticity. The conservation involves the identification
and investigation of heritage sites for determining the values of a site, its state of
preservation, and its management context through analysis of historical documents
and on-site survey. Only if because of the previous investigation the site is formally
proclaimed as an officially protected entity the preparation of a preservation master
plan is carried out. The first step of the conservation practice is the routine mainte-
nance to slow deterioration and only if the site is considered at risk of heavy damage
the “minimal” conservation intervention is planned (Agnew, 2002).

The consolidation techniques for earthen sites include surface consolidation (Li,
1995, 2009, 2011; Zhou, 2004; Wan, 2012; Zhao, 2016; Wang, 2016), grouting, mud
bricklaying, anchor bamboo or wooden rods, and building a new wall where the wall
collapsed.

In the area of the walled villages investigated in this contribution, the remains of
the rammed earth walls are affected by various climate-related conservation prob-
lems. In fact, in the area the rains are few but intense. Most of the rain falls in the
summer period, in two months, when the temperatures are very high with conse-
quent rapid evaporation, which leads to the formation of cracks, exfoliation, honey-
comb, sapping until the collapse of the foundation. The dry but very windy winter
favors a strong superficial erosion. In addition, the presence of vegetation favors
phenomena of disintegration.
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These problems, together with a total lack of maintenance, are leading to the
complete destruction of the rammed earth walls of the villages. Therefore, an imme-
diate action is necessary both to assure structures at risk of collapse and to preserve
existing structures with surface and structural conservation methods with attention to
the construction of drainage systems for rain.

CONCLUSIONS

The conservation and enhancement of the earthen military villages should be as-
sociated with the protection of the rural landscape as required by the Venice Charter
(1964, article 1) which underlines the concept of conservation of historical monu-
ments but also the urban or rural setting in which is found the evidence of a particu-
lar civilization. In recent decades, the Chinese government has paid much attention
to the protection and restoration of the Great Wall and has implemented the “Great
Wall Protection Ordinance” in 2006, which outlines actions concerning natural fac-
tors and human activities that seriously threaten the structure of the Great Wall (last
updated on 22 September 2017).

Tangible results of this activity are highlighted in the village of Laoniuwan located
near the Great Wall in Shanxi Province. Furthermore, the series of Ming dynasty mili-
tary settlements, whose inhabitants are currently farmers, have not received the same
attention or only in some cases, there are examples of projects for the conservation
and maintenance of the characteristics of their vernacular architecture.

A reasonable solution should be a common strategic plan for conservation proj-
ects and reconstruction of earthen walled settlements that takes into account the en-
tire minor sites as well as the rural landscape. Only this more global vision will allow
local development by promoting awareness among the inhabitants of local villages
of the intrinsic values of their heritage. The Sino-Italian collaborative research still
ongoing by the authors on vernacular earthen villages, about which some results are
reported in this paper, aims at evaluate possible solutions for conservation and sus-
tainable enhancement of structures and landscapes.
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INTRODUCTION

Raw earth buildings have been built and are still present throughout Italy (Achenza,
Cocco 2015), but Sardinia, more than any other part of the country, has retained the
characteristics of its pre-industrial agro-pastoral culture, preserving a large number of
raw earth settlements that demonstrate the continuing historical use of this material
for building (Angioni, Sanna 1988; Melis, Albero Santacreu 2017, with bibliography).

The following paper analyses the situation in Sulcis, an area located in the south-
west of the island. An association, the “Museo diffuso dell'insediamento sparso”
("Territorial Museum of Scattered Settlements”, hereafter “Territorial Museum”),
founded in Santadi, has the aim of conserving and promoting settlements built using
mixed techniques — i.e. using both stone and adobe — which are known as furriadrox-
jus and medaus (Sanna, Cuboni 2008).

The earliest documented use of raw earth as a building material is found in the
Pre-Pottery Neolithic B (9600-8000 BP) context of Jericho in the Near East (Aurenche
1981). In Sardinia adobe has been used by the local population since the Neolithic/
Chalcolithic. For example, it has been identified by archaeologists in the village of
Su Coddu/Canelles (Selargius, Cagliari) (3400-2850 BP), in southern Sardinia (Melis
2010; Melis, Albero Santacreu 2017). Adobe and rammed earth floors can also be
found in Nuragic contexts from the Bronze and Iron Ages. Two cited cases are those
of Su Cungiau ‘e Funta and Nuraghe Pidighi, both in the Oristano province, in the
central-west of the island (Sebis 2007; Usai 2013). Other earthen architectures are
from Santa Anastasia of Sardara, Monte Olladiri, Monte Zara of Monastir and San
Sperate, in southern Sardinia (Ugas, Usai 1987).
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Earthen architecture accompanied the Phoenicians as they spread towards the
central-west Mediterranean and the Atlantic from the 9th century BC (Aubet 2001,
Bondi et al. 2009). It has been found in all areas colonized by the Phoenicians.
In North Africa most evidence comes from Carthage, while in Spain it is found in
Mediterranean Andalusia, e.g. at Morro de Metzquitilla and La Rebanadilla (Jaquin et
al. 2008; Sanchez Sanchez-Moreno et al. 2018, fig. 2). Furthermore, in Cadiz, on the
Atlantic side, recent excavations have produced some very interesting results (Gener
Basallote et al. 2014). In Sardinia, the technique of building adobe walls on a stone
foundation has been found in all areas settled by the Phoenicians. In Sulcis, for exam-
ple, this technique already existed in the earliest phases of Phoenician colonization.

Sulky, the first Phoenician settlement in Sulcis (Fig. 1), was founded on the island
of Sant’Antioco in the first half of the 8th century BC, and the excavations in the set-
tlement have led to the discovery of covered square rooms flanked by courtyards,
arranged at right angles (Unali 2017).

PORTOSCUSC
S. GIORGIO

Fig. 1 Phoenician and Punic Sulcis (Perra 2013)

These rooms were built using medium and small-sized stones, bound with a
mud binder and forming the base of an adobe wall, while the floors were made of
rammed earth. As early as the second half of the 8th century BC, there was a move-
ment of people from Sulky towards the hinterland, leading to the control of large
parts of Sulcis being shared with the local population (Botto et al. 2014). The building
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techniques that the Phoenicians used in Sulky have also been found in the newly es-
tablished centres such as Monte Sirai (Guirguis 2013), the fortress at Nuraghe Sirai
(Perra 2018) and Pani Loriga. Concerning the last site, the excavations carried out
by the Institute for Studies on the Ancient Mediterranean (CNR — ISMA) from 2006
(Botto et al. 2010) have revealed a settlement founded by the Phoenicians at the
end of the 7th century BC, which reached a considerable size at the beginning of
the 5th century BC, following the military occupation of some parts of Sardinia by
Carthaginians (Botto et al. 2016; Botto 2017).

Pani Loriga hill rises above the nearby settlement of Santadi, where the “Territorial
Museum” operates. The long experience that the ISMA team has gained through its
many years of excavation at Pani Loriga has been of fundamental importance in re-
constructing the history of earthen building across the territory. This has led to a close
collaboration between the archaeologists working at Pani Loriga and the members
of the “Territorial Museum” association to promote common projects for the safe-
guarding and promotion of raw earth structures in Santadi and the surrounding areas.

THE "TERRITORIAL MUSEUM"” ASSOCIATION

The association aims to help the people living in Sulcis to rediscover their past
identity and cultural heritage through the safeguarding and promotion of places
and landscapes of historical interest. By making this heritage visible, the "Territorial
Museum” has defined new spaces for art, learning, knowledge, residential use and
improved quality of life. Furthermore, the visibility of cultural objects and their new
“uses” can help make residents more aware of the advantages of safeguarding
and promotion by involving them in such activities. The mission of the “Territorial
Museum” is to make the local culture better known and more appealing to people
and to disseminate new evidence and research through a variety of communication
channels. The “Territorial Museum” encourages the development of thematic itiner-
aries throughout the territory by involving existing museums. The final aim is to cre-
ate a network of museums and culturally interesting places through the development
of a region that has much to offer both culturally and economically.

As mentioned above, the “Territorial Museum” covers the whole of Sulcis, but
in this first phase it operates around Santadi. As part of its activities, the “Territorial
Museum” is working to halt the continuing degradation of historical scattered settle-
ments. The model is that of “minimum-cost” interventions, which involve cleaning
the buildings or objects and making them secure and visible. Promotion, on the other
hand, is carried out through the restoration of the settlements to their original use.

One way in which the “Territorial Museum” is making the archaeological and cul-
tural heritage of Sulcis better known is through a website (www.museodiffuso.org).

Other organizations operating throughout the territory are the Autonomous Region
of Sardinia (Regione Autonoma della Sardegna), research centres, universities and
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the “Earthen Cities” (www.terracruda.org) national association, which focuses on
earthen housing and to which the “Territorial Museum” makes explicit reference in
its activities.

THE SCATTERED SETTLEMENT

Sardinian scattered settlements are very ancient and can be found across the
whole territory. They are generally of an agro-pastoral nature and used as dwellings
for individuals or groups of people linked by family or community. These commu-
nities produced a multi-centred system of scattered settlements located near the
main resources. This is a process that started during the later Middle Bronze Age
(15th-14th centuries BC) and intensified during the following Recent and Final Bronze
Ages (12th-10th centuries BC). The scattered settlement reached its zenith with the
Nuragic culture and is identified with its greatest architectural expression, the nura-
ghe, which is found throughout the Sardinian landscape. Scattered settlements con-
tinued to exist after the nuraghi ceased to be built and were mostly abandoned. With
the Early Iron Age (930-730 BC), the reorganization of the Nuragic communities is
shown by the development of villages, temples and sanctuaries (Usai 2015). In this
phase, the interactions between the local populations and the Phoenicians and the
opening of the island to international trade led to the exploitation of the territory’s
resources and brought about a reorganization of the connections between the coast-
al areas — where the first urban centres developed - and the inland areas.

Scattered settlements have survived in the inland areas of Sardinia up to modern
times, when we have the first indications of rural structures known as furriadroxius
and medaus (Mistretta 1966; Sanna et al. 2008).

The furriadroxius and medaus are small, rural, agro-pastoral settlements, usually
built in raw earth, which can accommodate a limited number of interrelated families.
Furriadroxius and medaus are both well-defined and easily identifiable types of scat-
tered settlement: the former are one-storey shelters or dwellings for arable farmers;
the latter are two-storey houses for pastoral farmers. The furriadroxius were the typi-
cal type of house in Sulcis until the mid 1990s, but at the same time they look back to
what must have been the organizational and social structures of the Nuragic people.

In Sulcis, the scattered settlement was partially abandoned in the first decades
of the 19th century, with the start of the mining industry and the creation of utopian
“mining cities”, to which a good part of the local population moved (Peghin, Sanna
2009). It is interesting to note that, even as the economy changed from agriculture
to industry, the new living spaces, particularly the smaller mines of Rosas (Narcao)
and Orbai (Villamassargia), continued to use traditional construction methods, and
raw earth allowed for the creation of a new type of settlement system: the mining
furriadroxius. These buildings are different because, although they were built in raw
earth, they were constructed near the mines, rather than near the nuraghi or in the
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agro-pastoral areas. The mining furriadroxius demonstrates that such settlement pat-
terns and traditional techniques continued to be employed independently of the
type of economy (farming, mining) to which they were linked.

Nowadays the furriadroxius and medaus have mostly been abandoned, although
several settlements are still in use. Intervention has now become urgent, because
earthen buildings rapidly disintegrate if not constantly maintained.

The Sardinian Regional Landscape Plan (Regional Law No. 8 of 25 November
2004) considers the “scattered settlement” system to be an aspect of territorial de-
velopment. In particular, the medaus and furriadroxius, which are concentrated in the
Sulcis area, represent a historical/cultural resource to be safeguarded and promoted.

RAW EARTH

Raw earth as a historical building material (Sanna, Atzeni 2007) — together with its
processing, use and end products — is currently being studied as a means to promote
the economic development of the territory through its cultural heritage. The use of
raw earth can be studied not only for the recovery and restoration of historic build-
ings (as envisaged in current planning) but also for the construction of new buildings,
which would have the advantage of being eco-friendly and improving quality of life
(Minke 2000; Mileto et al. 2012; Gauzin — Miller 2017). In the district of Sulcis, such
activities join others that have already been planned or are being planned for the
development of new methodologies and bio-building products, which use natural
substances such as algae, straw, flax, cork and sheep’s wool as inert materials that
improve the mixture’s performance (Sanna 1993; Cuboni, Sanna 2013).

Thanks to private funding, the “Territorial Museum” has started to rebuild and
renovate in raw earth, creating renewed interest both in this material and in the scat-
tered settlements themselves. Further interest is created by the fact that nuraghi, fur-
riadroxius and medaus are usually found in upland areas of outstanding natural beau-
ty, where they might be used as either permanent or touristic dwellings.

So far, the restoration of earthen buildings has been carried out by the “Territorial
Museum” by reusing local materials. In Sulcis, the alluvial deposits of gravel, sand,
silt and clay, or loose earth can be found in all the valleys of the area. These materials
have been used to produce mud bricks (adobe). All the settlements discussed — both
urban and scattered — are ancient, and in all of them walls made of stone and of raw
earth coexist. The size of the mud bricks (known in Sardinia as ladir) and the build-
ing techniques associated with them were progressively standardized, demonstrating
that such methods were the result of island-wide cultural sharings, especially in the
intensively cultivated central-south plains. Thus, the standardization of the mud brick
might be linked to the relationships between Sulcis and its bordering communities.
Ladliri are made by combining earth with vegetal fibres, sometimes with the addition
of lime, in varying proportions, depending on the type of earth used. The resulting
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mixture is cast in a wooden formwork to create a rectangular block with a ratio of
1:2:4 (usually 10 x 20 x 40 cm). The mixture is then sun-dried. The materials used to
make the ladiri are all sourced locally. Clay is often used to plaster the walls, which
need to be protected from the rain to prevent them from disintegrating (Houben,
Guillaud 1994; Achenza 2003; Achenza, Sanna 2009).

THE RAW EARTH WORKSHOP

The "Territorial Museum” intends to set up a raw earth workshop that can meet
the Museum'’s own production needs. The workshop is envisaged as a production
and visitor site, an active part of the “Territorial Museum”, with the capacity to stimu-
late interest and increase demand for raw earth products, supplying materials not on-
ly for its own projects, but also for ongoing recovery and restoration works through-
out Sulcis. The aim is to encourage the growth of a new architecture in raw earth,
not least because of the material’s high thermal insulation properties and the energy
savings that can be achieved by using it. The raw earth future workshop will therefore
be a place where research will focus both on past history and on construction meth-
ods of the future. Indeed, the intention is that within the workshop new products for
bio-architecture will be developed, as well as new forms of earth brick.

RAW EARTH RESTORATIONS

One of the activities of the “Territorial Museum” has been to restore four raw
earth buildings (two furriadroxius and two medaus) in Santadi and Nuxis. These build-
ings will be used for museum activities and, together with other historical furriadrox-
ius and medaus found in the territory that have been identified as places of interest
by the “Territorial Museum” (www.Sulcis.eu), will be a showcase for Sardinia’s forgot-
ten heritage (Fig. 2).

Sa domu ‘e Paxi

The “Sa Domu ‘e Pasc” (House of Peace), the headquarters of the “Territorial
Museum”, stands opposite the Archaeological Museum in Santadi and was built us-
ing mixed techniques: the foundations in stone and earth, and the walls in ladiri.
With the aim of enhancing the structure, the house, which dates back to the end of
the 19th century, has been restored to its original residential function. Most of the
restoration work has been carried out using traditional techniques and materials,
respecting centuries-old construction methods. The raw earth walls have been re-
stored by consolidating the pre-existing ones. The “Territorial Museum” has kept all
the photographic documentation of the various phases of the work and restoration
(Figg. 3, 4, 5).
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Fig. 2 Map of the places of interest of the “Territorial Museum” (including the completed
restorations); those in and around Santadi are marked in red (adapted from Maina’s map,

unpublished)

Fig. 3 Sa Domu ‘e Pasci, Santadi (SU), exterior of building before restoration (Photo Paolo Pasci)
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Fig. 4 Sa Domu ‘e Pasci, Santadi (SU), internal courtyard before restoration (Photo Paolo Pasci)

Fig. 5 Sa Domu ‘e Pasci, Santadi (SU), exterior of building after restoration (Photo Paolo Pasci)
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Medau Palatini

The medau Palatini is located at Is Lois at Santadi. Built mostly of raw earth, and
having been abandoned for years, the medau was literally being washed away by the
rain. As the damage progressed, so did its degradation. The rainwater had opened a
breach of over 50 cm in the raw earth wall, near the corner of the building on the first
floor, causing the partial collapse of the roof and putting the whole building at risk of
collapse (Fig. 6). The walls in ladiri, having been appropriately shored up, have now
been cleaned and repaired using local earth. Iron rods were added to ensure stabili-
ty, as documented in other similar restorations (Fig. 7).

Fig. 6 Medau Palatini, Is Lois, Santadi (SU), detail of exterior of building before restoration
(Photo Marco Bianchi)

Fig. 7 Medau Palatini, Is Lois, Santadi (SU), exterior of building after restoration
(Photo Marco Bianchi)

247



RAw EARTH ARCHITECTURE IN SARDINIA: SuLcis As A CASE STUDY

Raw earth ovens

Part of the “Territorial Museum'’s” promotion of Sulcis’s cultural heritage has been
both to conserve the scattered settlements’ characteristic raw earth ovens and to
maintain a centuries-old tradition, still widely used in Sulcis. Wood-fire baked bread
is one of the territory’s typical products. Cocoi and civraxiu, two traditional types of
bread from Sulcis, communicate a tradition that is deeply rooted and renewed every
day. Indeed, bread and oil are two products that lie at the heart of annual popular
festivals. During these events, the Santadi Ethnographic Museum, which is also built
in the furriadroxius tradition of earth and stone, lights its oven.

Raw earth ovens are particularly important to the “Territorial Museum” as they are
places where people come together. With the restoration of the Is Xianas and Tattinu
de basciu ovens (Fig. 8), and those of the Sa Domu ‘e Paxi and Is Lois (Fig. 9), the
“Territorial Museum” has been able to demonstrate how quickly and easily ovens can
be made from earth and straw. Renovating a raw earth oven may be a small act, but it
is one that is very important in safeguarding the local cultural heritage. While from an
economic point of view the cost of renovating an oven is minimal compared to that
of restoring a whole settlement, in cultural terms it has great symbolic significance.

Fig. 8 Medau Tattinu de basciu, Nuxis (SU), raw earth oven during restoration
(Photo Marco Bianchi)
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Fig. 9 Medau Palatini, Is Lois, Santadi (SU), adobe oven (Photo Marco Bianchi)
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The Bilateral project “Assessment of innovative methods for the
conservation of earthen surface” was financed by the National
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materials. This fragile architecture, due to the poor durability of
earthen materials against atmospheric agents, is in a situation of
great risk considering also the problem of climate change
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