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Foreword

Earth has been used as a building material for millennia. Architecture in the ancient
cultures of Egypt, the Middle East, China, Central Asia, and Latin America was
closely tied to this material. In Central Europe, as well, there is archaeological evi-
dence of the use of earth as a building material for thousands of years. Within the
individual regions, practical experiences with the material and the resulting building
rules were passed down for generations leading to construction methods which
were affordable and optimally developed for the respective climates. The buildings
were constructed from locally available materials which were sourced using envi-
ronmentally friendly methods. Earthen structures blended well into the landscape
and shaped the picture of rural regions and urban settlements over the centuries.
“Recycling” of the buildings did not pose any problems: earth building materials
could be reused indefinitely or could be returned to the natural cycle without harm-
ing the environment.

In modern times, all of these aspects can be more or less summed up under the
term “sustainable building.” For a long time, building materials and architectural
design were mainly assessed in terms of structural design, material technology, and
economy. Today, however, ecological criteria, particularly a building’s energy con-
sumption and its impact on the environment, have become increasingly important in
the interest of sustainable development. Clients are requesting nontoxic, healthy
building materials which create a comfortable indoor climate. Other popular aspects
are the sensual characteristics of building elements, such as unusual textures as well
as pleasant tactile surface qualities and a wide range of colors. These add to the
desirability of earth as a building material.

In this context, earth can be seen in a new light after years of being marginal-
ized from conventional construction by industrially mass-produced building
materials. Today, private as well as public clients are increasingly opting for the
building material earth.
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viii Foreword

This book describes the planning and execution of earth building projects from a
modern perspective: it highlights the preservation of traditions for historic conser-
vation and renovation projects while, at the same time, showing current trends in
modern earth building. Special emphasis is placed on aspects of sustainability and
on how earth can be combined with other “modern” building materials.

The idea of the life cycle of earth as a building material is the recurring theme of
this book: it covers all of the processing steps of the soil including the sourcing and
extraction of the material, the soil’s preparation and processing into building materi-
als and building elements, the useful life of the finished building and its mainte-
nance, and, finally, the demolition and recycling of the building which completes
the cycle. Today, the life cycle model of a building material is a generally accepted
methodological approach which is used for the quantitative recording and assess-
ment of the production of building materials and building products with regard to
sustainability.

This book sums up my years of experience working with earth as a building
material. It reflects the knowledge I have gained through my practical work on
building sites, as part of my research and teaching at the Bauhaus University in
Weimar, Germany, and as a consultant for various national and international organi-
zations and clients. Above all, it has been my 20 years of serving as the President of
the German Association for Building with Earth (Dachverband Lehm e.V.), as well
as professional exchanges with members of the association while working on
numerous projects, which have contributed to the writing of this book.

The first German edition, published in 2010, was soon out of print. The second
edition was published in 2013 and incorporated many changes, especially the newly
published DIN standards for earth building materials. Many of my international col-
leagues have expressed an interest in an English translation of this book. Together
with my publisher, I have now decided to respond to this wish and hope that the
English translation will be met with the same level of interest as the original German
version.

The second, revised German edition, which has been reviewed and slightly
updated, serves as the basis for the English translation. I hope that earth builders
worldwide benefit from this book.

Weimar, Germany Horst Schroeder
March 2015
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2 1 The Development of Earth Building
1.1 Historical Roots of Building with Earth

Depending on the prevailing climate and vegetation as well as the geological condi-
tions of a region, different building styles and construction methods developed over
the course of the history of humankind: in hot and dry climates without major
sources of wood, massive construction using load-bearing earthen walls dominates. In
addition, these structures function as a “heat buffer” against intense insolation. In
transitional climates or mountainous regions with abundant sources of wood, framed
construction prevails: here a separate wooden skeleton carries the structure’s loads.
Earth, often in combination with stone, is used as an infill material and has a space-
enclosing function. There are also transitional construction types which combine
the two systems.

Both building styles can be traced back thousands of years in the different regions
of the world.

Based on what is known today, the transition to a sedentary lifestyle started in
Southwest Asia, in the region of present-day Turkey, Iran, Iraq, Lebanon, Syria,
Jordan, and Israel. This is also where archaeological evidence of the first permanent
dwellings dating back to 10,000 Bc has been found.

Among the oldest permanent earthen houses are those found in the area of
present-day’s Anatolia in Turkey and in Palestine (Figs. 1.1, 1.2, and 1.3). The
approximately 8000-year-old structures of Catal Hoytik, Anatolia, exhibit a surpris-
ingly high standard. The load-bearing exterior walls were constructed of earth
blocks with interior wooden supports carrying the roof construction. The roofs were
flat, made of poles and grasses or reed and a layer of puddled earth for protection
against rainwater. The houses were entered via the roof. The individual structures
themselves were grouped together like honeycombs touching each other [1].

Fig. 1.1 Model drawing of
an earth block house, Catal
Hoyiik, Anatolia/Turkey,
around 6000 Bc [1]
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Fig. 1.2 Archeological excavation site, Anatolia/Turkey, around 6000 Bc

E

Fig. 1.3 Earth block structures, Jericho, Palestine/Israel, around 6000 Bc
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Fig. 1.4 Rammed earth
construction in Ancient
China, Shang Dynasty,
around 1320 Bc [2]

Large areas of China are covered with clay-rich soils, particularly loess soil.
There is evidence of load-bearing structures made of earth as well as framed con-
struction in combination with earthen materials spanning several thousand years.

Figure 1.4 is a historical depiction of the rammed earth building technique which
is tied to the following story: Fu Yueh, a minister under a ruler of the Shang Dynasty
(around 1320 BC), is said to have been the inventor of this technology and the first
“rammed earth master builder.” According to legend, Fu Yueh acquired his position
in an unusual way: one day, the Emperor had such a vivid dream of a wise and able
man that he woke up and had a picture drawn of the person he had seen in his dream.
He sent messengers with the picture of this man all over the country to look for him.
The messengers encountered Fu Yueh who resembled the person in the picture and,
at the time, was busy building a rammed earth house. This is the scene depicted in the
illustration. Fu Yueh was called to the court and appointed to a minister position [2].

The production and use of earth blocks has also been known in China for thou-
sands of years. Figure 1.5 shows the production of earth blocks during the time of
the Ming Dynasty [3].

The largest and most famous structure in China is the Great Wall of China. It is
also the largest structure ever built by humans. It took around 2000 years to build
the approx. 50,000 km of total length known today. Depending on local availability,
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Fig. 1.5 Production of
earth blocks in Ancient
China during the time of
the Ming Dynasty [3]

Fig. 1.6 The Great Wall of China, section in Gansu Province, built around 220 Bc [4]

the materials used included wood, stone, and earth (also in the form of fired bricks)
as well as vegetal material for reinforcement. Figure 1.6 shows a section of the wall
dating back to the Quin Dynasty built using the rammed earth technique around
2200 years ago [4].

Egypt is another classic example of an earth building country with a building
tradition dating back thousands of years. The annual floods of the Nile River brought
fertile mud from the Ethiopian highlands which dried in the sun and became solid.
‘When the mud got wet, it became malleable once again. This fundamental knowledge
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Fig. 1.7 Production of earth blocks in Ancient Egypt, around 1500 Bc [5]; depiction in the tomb
of Vizier Rekhmire, Theban West

formed the basis of the production of sun-dried mud blocks which could be made
stronger and more durable by adding sand or plant fibers and could be improved
even further through firing. The Old Testament describes the use of chopped straw
in the production of earth blocks [Exodus 5:7f.; 16:18f].

Figure 1.7, an illustration from around 1500 Bc, shows the individual technologi-
cal steps used in the production of earth blocks from soil preparation to using the
blocks for building [5]. The symbolic depiction of Hatshepsut, the reigning pharaoh
of that time, as a master builder during the production of earth blocks emphasizes
the importance of this activity in Fig. 1.8 [6]. The origin of vault construction using
sun-dried earth blocks can also be traced back to Egypt. Figure 1.9 shows an earth
block vault used as a storage room in the tomb of Ramses II from around 1300 Bc.

There is archaeological evidence of an earth building tradition dating back thou-
sands of years in the relatively woodless but clay-rich regions of Mesopotamia,
located between the Euphrates and Tigris, in Afghanistan and Iran. Figure 1.10
shows sun-dried earth blocks from different parts of this region [7]. They exemplify
the already highly developed technique of prefabricating building elements.

Earth blocks were also used to construct large religious buildings in this region.
Built in the shape of pyramids, these buildings can easily be compared to the ones
in Egypt in terms of their size. Figure 1.11 shows the condition of the pyramid
(Ziggurat) of Chogha Zanbil after its restoration. It was built around 1500 Bc by
Elamite rulers in the area of present-day Iran [8]. This category of buildings also
includes the Tower of Babel [Old Testament, Genesis 11:3] which was built using
sun-dried earth blocks with an exterior cladding of fired bricks.

Furthermore, this region is home to the oldest known written rules for building
with earth. Documented on fired clay tablets, they date back to the time of the
Babylonian ruler Hammurabi who lived around 1800 Bc [9].

To the north are the Central Asian steppes and deserts of Turkmenistan,
Uzbekistan, and Kazakhstan whose cultures go back thousands of years and where
earth has been used as a building material for more than 5 millennia [10]. Figure 1.12
shows the ruins of the ancient city of Afrasiab, the predecessor to present-day
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Fig. 1.8 Pharaoh Hatshepsut during the production of earth blocks made of mud from the Nile
River, around 1500 Bc [6]

Fig. 1.9 Earth block vault near Luxor/Egypt, around 1300 BC
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Fig. 1.10 Sun-dried earth blocks and prefabricated building elements in Mesopotamia and
Afghanistan, fourth millennium to sixth century Bc [7]

Fig. 1.11 Ziggurat Chogha Zanbil, Iran, around 1250 Bc [8]

Samarkand in Uzbekistan which was completely destroyed by Genghis Khan dur-
ing the Mongol invasion in the thirteenth century. Present-day Samarkand, Bukhara,
and Chiwa are cities with a 2500-year-old history and earth building tradition.

Along the Indus River, in present-day Pakistan, lies Mohenjo Daro, a city built of
earth blocks around the beginning of the third millennium Bc [11].
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Fig. 1.12 Earth block walls in the city of Afrasiab, present-day Samarkand, Uzbekistan

In the so-called New World as well, in Pre-Columbian Peru, people were famil-
iar with different earth building techniques. It is estimated that 130 million sun-
dried adobes were used to build the Huaca del Sol pyramid of Moche (around
200-500 ap) whose dimensions are 120x 120 m2 Chan Chan, the largest city in
Pre-Columbian America, had approximately 60,000 inhabitants in the fourteenth
and fifteenth centuries. Today, the city still covers 25 km? and is blanketed by large
mounds of adobe block debris. The different city quarters were laid out at right
angles and surrounded by high adobe walls. The rammed earth building technique
was also known.

Figure 1.13 shows a rammed earth palace wall in Chan Chan decorated with
friezes (thirteenth century ap) [8].

There is also a long history of building traditions in North America. Figure 1.14a
shows the concept of a Pueblo Indian pit house (Arizona, New Mexico) incorporat-
ing a support structure of wooden beams for the flat roof and a layer of puddled
adobe as a cover. The houses were entered via a ladder through an opening in the
roof (around the second century ap) [12]. This type of house construction is surpris-
ingly similar to the Neolithic earth block homes of Catal Hoytik, Anatolia (Fig. 1.1),
which were also entered via the roof.

The small town of Taos along the Rio Grande Valley north of Santa Fe, New
Mexico (USA), has preserved a Pueblo Indian settlement with its main core dating
back to the thirteenth and fourteenth centuries. The settlement’s building style has
its roots in the pit house. The buildings as well as their entrances are at ground level
and rise up to four floors (Fig. 1.14b). The walls, which are made of adobes, are
refinished with earth plaster once a year.

The “Pueblo de Taos” is a UNESCO World Heritage Site.
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Fig. 1.13 Ruins of a palace constructed in rammed earth technique, built in Chan Chan in present-
day Peru in the thirteenth century ap [8]

Fig. 1.14 Adobe homes of the Pueblo Indians in the Southwestern USA. (a) Pueblo Indian pit
house in North America about second century ap [12]. (b) Pueblo de Taos, New Mexico, USA,
adobe buildings with flat roofs and earth plaster

1.2 Earth Building as Cultural Heritage

In the course of the centuries, the knowledge of traditional earth building techniques
became lost in many parts of the world. Even in the poorest developing countries,
“modern” building materials such as concrete and cement have begun to replace or
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have already replaced earth as a building material. Here, earth or mud often equals
poverty. As soon as they can afford it, people use concrete or fired brick for building,
particularly in urban areas. In the rural regions of developing countries, however,
earth as a building material has survived in the everyday building practice.

It is in large part due to the international activities of the organizations ICOMOS
and CRATerre in the field of the preservation of traditional earthen architecture that
building with earth has once again become part of peoples’ cultural identity in many
third-world countries. Within ICOMOS a number of specialized work groups focus
on the preservation of historical structures, among them the International Committee
for Earthen Architectural Heritage (ISCEAH) which works in the field of earth
building (http://isceah.icomos.org).

The inclusion of historical earthen buildings in the UNESCO World Heritage list
of architectural monuments [13] has triggered a change in thinking in the countries
concerned: presumed poverty is slowly changing to pride in the countries’ own his-
toric building traditions and accomplishments. Out of the 759 cultural monuments
added to the World Heritage list in 2013, 143 or 19 % are partially or completely
built out of earth. Among them are the Great Wall of China; the earth block “tower
houses” of Shibam, Yemen; the famous Alhambra in Granada, Spain; or the Potala
Palace in Lhasa, Tibet [52].

The status of an architectural monument brings with it the commitment to adhere
to the principles of conservation and restoration of historic structures according to
the Venice Charter which was agreed upon by the participants of the Second
International Congress of Architects and Specialists of Historic Buildings in 1964.

In developing countries, “sustainable” tourism is beginning to develop around
these restored earthen architectural monuments leading to desperately needed
foreign revenue. The rammed earth houses in Ait Benhaddou in Southern Morocco,
shown in Fig. 1.15a, have been designated a UNESCO World Heritage Site and
serve as an example of this development. These houses give impressive testament to
the engineering skills and accomplishments of their builders. Although this building
technique is still known in rural areas today, especially by the older generation, it is
at risk of being forgotten. The reason for this can be traced to profound changes
within the building practice itself: whereas building used to be an activity mainly
conducted by the village community or the extended family, it is now carried out by
small businesses for money.

Efforts to preserve special earth building techniques will lead to the creation of
new museums similar to the open-air museums found in Germany. In this context,
it is essential to document endangered earth building structures and traditional earth
building techniques as part of our cultural identity.

In 2011, a “Map of Earthen Heritage in the European Union” was published as
part of an EU-funded project. The map was created in cooperation with 50 authors
from 27 European countries [14]. It can be found at www.culture-terra-incognita.org.
This map shows the geographic areas for the different earth building techniques of
half-timber construction with various types of earthen infill, earth block masonry,
rammed earth, and cob. The representation of the respective areas in Germany is
based on an incomplete data base. Therefore, a map based on geographic informa-
tion systems (GIS) is currently under development (dev.lehmbau-atlas.de) [15].
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Fig. 1.15 Cultural heritage of earth building materials. (a) UNESCO World Heritage Site: tradi-
tional rammed earth houses in Ait Benhaddou, Southern Morocco. (b) “World Monuments in
Danger 2008 (WMF)”: urban settlements using earth building materials dating back to the
Sumerian time period (around 3500 Bc) located in the former Iraqi war zone (www.wmf.org)

Such “inventories” have already been taken in many different European countries
and regions, such as France [16], Portugal [17, 18], the Czech Republic [19] (http://
hlina.info/cs.html), and Italy [20].

For more than 40 years, the activities of the private organization World Monuments
Fund (WMF) (www.wmf.org) have been dedicated to keeping at-risk architectural
monuments from further deterioration or destruction. Monuments in isolated and
difficult-to-access places and war zones are particularly threatened. Every 2 years
the WMF publishes a list of the 100 most threatened architectural monuments with
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the goal of drawing attention to the precarious situation of these monuments and of
finding worldwide sponsors for urgently needed stabilization work.

On the WMF 2008 Watch List, the situation of the archaeological excavation
sites of the Uruk and Sumerian period (around 3500 Bc) in Iraq, which are located
in the middle of the Iraqi war zone, is defined as particularly critical. The walls of
these urban settlements are made of earthen materials (Fig. 1.15b).

1.3 Historical Development of Earth Building in Germany

Around 8000 years ago, mixed farming slowly made its way to Central Europe and
present-day Germany via trade routes from the Southeast. Wood and earth were avail-
able almost everywhere as building materials for house construction, but in this region
houses had to be planned differently: whereas in the Eastern Mediterranean region the
houses needed to protect their occupants, livestock, and supplies from the summer
heat, they now had to protect them from precipitation and the cold of winter.

The building designs of that time can be reconstructed today with the help of
post holes which stand out from the surrounding building area as dark circular dis-
colorations. The design principle of these houses was based on post constructions
with woven branches as the support frame for a coat of straw clay (Fig. 1.16) [1].
Reconstructions of these early wooden post buildings can be seen in a number of
open-air museums, such as in Oberdorla or at the State Office for Preservation of
Monuments and Archaeology (Thiiringischen Landesamt f. Archéologie u.
Denkmalpflege) in Weimar in the German State of Thuringia (Fig. 1.17) [21].

Fig. 1.16 Longhouse of Central European woodland farmers around 4000 Bc [1]
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Fig. 1.17 Model of a Neolithic longhouse in wood post construction with wattle and daub,
Thiiringisches Landesamt f. Archéologie und Denkmalpflege, Weimar [21]

One of the largest Neolithic settlements in Central Europe dating back to
around 4500 Bc was recently discovered near Erfurt—Gispersleben during the
construction of the new German highway A71. House structures dating back to
around the same time period were also found while excavating the foundation for
the underground library depot of the Duchess Anna Amalia Library in the town
center of Weimar. The historic aspects of earth building of that period are the
topic of a student research paper at the Bauhaus University Weimar in coopera-
tion with the Thuringian State Office for Preservation of Monuments and
Archaeology [21].

The oldest written record of building with earth in Germany can be found in the
work “Germania” by the Roman writer Tacitus from around 100 Ap. In his descrip-
tions, the buildings were still very similar to those of the former woodland farmers
which are approximately 4000 years older. Their walls consisted of wooden posts
which had been rammed or dug into the ground. The openings between the posts
were filled with a wattle made of willow branches and covered with a paste-like
straw-clay mixture which enclosed the entire surface.

It is assumed that these post-built houses, with their woven lattice of branches
and an applied layer of daub, later developed into the load-bearing earth building
technique which today is known as cob in Central Germany. Probably as a result of
continuous repair work during the lifetime of the building, but also for reasons of
fire protection, the daub eventually enclosed the load-bearing posts and the wattle
with a layer that was several decimeters thick. At some point, the load-bearing func-
tion was finally transferred to the earthen building material and the posts and wattle
could be omitted.
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For the region around Weimar, this gradual transition has been dated to the time
after the ninth century ap by Behm-Blancke [22]. The remains of a solid earthen
wall dating back to the tenth to eleventh century, which was presumably built using
the cob technique, have been found on an early medieval farmstead within the town
of Weimar [23]. From that time on there is evidence of the use of limestone slabs for
the base of walls. These slabs do not show any depressions for wooden posts.
Instead, they were enclosed by “collapsed” earth. This most likely serves as evi-
dence of “load-bearing” earthen walls. Although archaeological literature speaks of
“rammed walls” in this context, it is more probable that they are cob walls. Rammed
earth using formwork did not establish itself in Germany until the turn of the eigh-
teenth to nineteenth century. The oldest known example of cob building in central
Thuringia is a building which combines living quarters and stables in Wiilfershausen
near Arnstadt. It was built in 1577 and no longer exists [24].

The oldest known example of load-bearing earth block construction north of the
Alps is the hill-fort Heuneburg an der Donau, southwest of Ulm, dating to the time
around 500 Bc. It is assumed that it was built under Celtic influence which would
indicate a time long before the Roman occupation. Connections to Greek architec-
ture by way of the Danube River are also possible because, at the time, the Greeks
had long been familiar with the construction of load-bearing earth block walls.

A second development based on Neolithic walls made of a woven lattice of
branches and an applied earthen daub led to half-timber construction. Throughout
the centuries and into present times, the half-timber construction technique with its
regional stylistic differences has defined the architectural appearance of urban set-
tlements and rural areas in Germany and other European countries as well as in
Asia. Figure 1.18 shows the development of the load-bearing timber frame: starting
with the early post-built house with a ridge post, a woven lattice of branches and an
applied daub, continuing on to the center-column timber-frame house with an
anchor beam, and finishing with the half-timber house using story framing [25].

The self-supporting wooden posts, which had originally been driven into the
building ground, were elevated to protect them from rotting and eventually placed
on a foundation of stone slabs. The post-built house thus became a post-and-beam
house with the result that the restraining effect of the building ground was lost.
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Fig. 1.18 Development of support structures from the post-built house to half-timber construction [25]
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Fig. 1.19 “Gothic House” Limburg/Lahn (1289), lattice work with straw clay [26]

Now the individual construction elements of the longitudinal wall, transverse wall,
ceiling, and roof were designed as self-supporting, panel-like systems made up of
vertical posts, horizontal sills and noggin pieces, and diagonally positioned braces
which were connected with mortise and tenon joints. As with the early post-built
houses, the openings between the vertically, horizontally, and diagonally positioned
timbers, the so-called panels, were filled with a lattice work of stakes and flexible
branches and sealed with straw clay.

Today, there is still evidence of a large number of infill techniques. Figure 1.19
shows panel analyses carried out by Volhard [26] on a half-timber house built in
1289, the “Gothic House” (Gotisches Haus) in Limburg a. d. Lahn (see Fig. 4.1).
The manner in which the straw-clay mixture was applied can be seen clearly.

The rise of cities in Central Europe starting around the twelfth and thirteenth
centuries led to a lack of building land which resulted in the need for constructing
second stories. Population growth, ensuing town fires, and wartime destruction
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led to a shortage of wood which, at the time, was the favored building material.
Earth, which was “fire resistant” and readily available, gained in importance. This
development also found its expression in the formation of special guilds, compa-
rable to present-day chambers of crafts and trades. Figure 1.20 shows the “Claiber”
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Fig. 1.20 Depiction of the earth builder (“Kleiber”’) Hans Piihler (died in 1608 in Nuremberg),
from the house books of the Nuremberg Twelve Brothers Foundations [27, 28] (Stadtbibliothek

Niirnberg, Amb. 317b.2°, . 76r)



18

1 The Development of Earth Building

Deffen Generale,

bod :oauen mit Wellermdnden betveffend, vom §. Huguft 1786,

Aoc. 1786, §ricdrich Auguft Sadbfen 1.
ich Yug Gb'n m’&i"
f‘vgn bem an fammiliche Crevf » Hauptleute und die

ForftsAemeer eclajfenen Generali vom 2. Yuy.
1763, *) ift bereité unter andeen vorgefdrieben, baf
bie Auffubrung neuer Gebdude mit hélsemen Sehros
ten roeiter nidht yu geftatten, vielmebr barauf yu fer
Pen fep, bamit das untere Stockroert derer Abehns
gebdude, ingleidhen bie Sebeunen und Stélle, wo
mbglidy, von Steinen aufgefibres, obder boch mit Jies
&r}‘aui fet ober allenfalld gelledt, oder aud, nach

aenbeit bes Ortd, fogenannte TBelermdnde
von ¥ehin gefestiget werden follen. -
Die Banart it lajjen ¢6 Dictbey noch ferner bemwenten,

o '"-l
sowm 2.
1763

burdy gnabiaft, und befehlen, ibr wollet in vortooy Suwan 4
menden §alen bie Unterthanen auf obige WVoridynft ndr, o
aufmertfun madyen, aud) dieienigen, melde BPaw imm o
boly aug Unfern Laldungen befommen, dabin, Nf:?' bl

fie Die neu aufyufubirenden Sebdude renigftens nut
leimernen YBellervodnden yu ervichten,  oud) die
Dadyung von Lebmfdhindeln u veranftolien wmd
biecyu jidy vechindlidy yu madhen haben, ammeifen,
temnddft m foldyen Fillen, o roegen unentgeldlis
dher Abgabe von Baubélyern Beride ju erftamen
:’[I, roenn diefe ‘Bauast in cmem oder andem emyelnm
Walle nidyt anvoendbar rodre, feldhes famme ben Lk
dyen beftimmt mit anineclen. 2n bem gefchiehet Unfer
ABille und Veinung. Gegeben ju Dresden, am
8. Mug. 1786.

son Welete b yyollen befonders an denmjenigen Orten, 1wo tas

wisden o8 oy oierioie an febm ju eclangen ift, und bingeaen Aug dem gebeimen Finany:
:{.,.:'“;' Siteine yum debuann‘anbﬂa alé git viclen Kefien ollegio.

bm pu ers Nicht Ju Daben find, Die Bauart von Iellerrodnden An

langen iR, all ingefitbet wiffen, begebren daper any  die Sorfts Aemrer,

unb of &0 6 C.Lmﬂ.".ﬂ 1. &, 153

Fig. 1.21 Decree by the Saxon Elector Frederick Augustus from 1786, concerning the construction
of cob walls [29]

(earth builder) Hans Piihler who died in Nuremberg in 1608, in an illustration
from the House Books of the Nuremberg Twelve Brothers Foundations [27, 28].
Today, the German name “Kleiber” has survived from this time and is the old
word for the profession of earth builder.

An increasing shortage of wood became the driving force behind the develop-
ment of earth building in Central Europe. Evidence of this can be found in specific
written building regulations. To reduce the use of construction timber, the “Saxon
Forestry Regulations” (“Forst-und Holzordnung”) of 1560 stipulated that a build-
ing’s ground floor be constructed out of stone or earth. According to the “General
Appointment of Forest Personnel” (“Generalbestallung fiir die Forstbedienten™),
issued in 1575, construction timber was only to be made available if there was no
other possibility of constructing the ground floor out of “stones or cob walls.” The
Ernestine “Territorial Law Code” (“Landesordnung”) of 1556 banned solid timber
construction in Thuringia and only allowed new construction utilizing half-timber,
cob, fired brick, or stone [23]. Figure 1.21 shows a decree by the Saxon Elector
Frederick Augustus dating back to 1786 concerning the construction of cob walls
[29]. Similar regulations for earthen construction existed in Prussia (1764) and
Austria (1753), here in connection with the use of unfired (“Egyptian”) bricks [30].

At the end of the eighteenth century, the French master builder and architect
Francois Cointereaux published a series of writings which summarized French
experiences with rammed earth (pisé in French) and, by doing so, significantly
influenced the development of rammed earth building in Germany [31].
Cointereaux describes the building material, technology, and construction tech-
niques at great length and presents these elements as a unity. Advice on the prepa-
ration and processing of earth building materials as well as a detailed description



1.3 Historical Development of Earth Building in Germany 19

Fig. 1.22 David Gilly,
Prussian state master
builder and promoter
of earth building, based
on an illustration by
L.W. Chodowiecki,
1790 [29]

of the tools and equipment needed make these writings the first modern “textbook™
for building with earth.

The chief Royal Prussian building officer David Gilly was instrumental in
spreading this building technique in Prussia and Silesia. Figure 1.22 shows Gilly in
a contemporary engraving by Ludwig Wilhelm Chodowiecki dated 1790 [29].
Influenced by his writings, government lawyer Wimpf constructed multistory
rammed earth residential buildings in Hesse. A six-story residential building from
1830 in Weilburg/Lahn is still in use today and is considered Germany’s tallest
rammed earth building (Fig. 1.23).

Radical technical innovations in firing systems and mechanical engineering in
the nineteenth century led to fundamental changes in the construction industry:
large-scale mining of hard and soft coal for modern furnaces and kilns and the ensu-
ing transition to gas and oil firing led to the industrialization of brick production.
The development of the cement industry and with it the rise of concrete and rein-
forced concrete as building materials would not have been possible without the
transition from wood to coal firing (and later oil and gas).

The goal was to increase the strength of the building materials so that the dimen-
sions of the building elements intended for the same purpose could be decreased.
This was particularly well accomplished through the combination of steel and con-
crete. Earth building materials, however, could not adapt to this development due
to their limited strength and the added flaw of low water resistance. Thus, earth as
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Fig. 1.23 Six-story
residential building using
rammed earth technique in
Weilburg a. d. Lahn, built
by W.J. Wimpf around 1830

a building material became increasingly marginalized until it eventually lost all
significance.

In the twentieth century, during and after WWI and WWII, earth as a building
material regained some importance, but mainly only because factories for the pro-
duction of building materials were largely destroyed and transportation was not
possible.

“Postwar” earth building was particularly significant for the area of the former
GDR: in addition to millions of people who had lost their homes, there were mil-
lions of refugees arriving from the eastern territories which had been lost as a con-
sequence of the war. Within a short time, housing had to be created using available
building materials, among them earth. It is important to mention Order No. 209 of
the Soviet military administration in this regard. This order stipulated the construc-
tion of 200,000 homes for so-called new farmers. At least 40 % of the houses were
to be built using natural and locally available materials.

Earth as a building material was once again becoming the subject of government
regulations, but this time universities, as well, began working with the material.
In East Germany, it was mostly projects for farms and settlements for new farmers
which were carried out using various earth building techniques. The projects were
designed and planned at the Weimar University of Architecture and Fine Arts, the
predecessor of today’s Bauhaus University [32]. Figures 1.24 and 1.25 show two
different types of examples that were built: half-timber construction with earth
block infill and massive wall earth block construction [33]. Designs for two-story
apartment buildings using rammed earth, among them an 18-family residential
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NAA

Fig. 1.25 New farmers’
homestead using earth
block technique, load
bearing, 1946 [33]

building built in Gotha in 1951, originated at the same university [34]. Figure 1.26
shows a renovated multifamily apartment building using rammed earth construction
built in the 1950s in Miicheln in the Geisel valley near Merseburg. The building’s
exterior displays a wall frieze depicting the earth building technique used during
construction.

The history of earth building in the former Soviet occupation zone and GDR
has been studied by Rath [35]. At the time, earth building had reached a high
technological standard in the GDR. The new territory movement in the Soviet
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Fig. 1.26 Multifamily apartment building using rammed earth technique in Miicheln in the Geisel
valley near Merseburg, built in the 1950s with wall frieze

Union, especially in Kazakhstan, also benefited from this knowledge [36]. In addi-
tion, a housing project using the rammed earth technique was completed in
Hamhung, North Korea, as part of a reconstruction agreement.

Around 1960, earth building ended in the GDR due to political decisions which
stipulated an industrialization of the production of building materials and the housing
industry.

1.4 Earth Building Today: Ecological and Economic Aspects

After the release of the report “The Limits to Growth,” commissioned by the Club
of Rome (Meadows, 1972), and the first global oil crisis in 1973, it became apparent
that energy consumption could not continue unchecked and keep pace with eco-
nomic growth. Today, this realization applies to resource consumption as a whole.

In a report by the Intergovernmental Panel on Climate Change in 2007 (IPCC,
www.awi.de), it is noted that the CO, concentration in the air increased by 35 %
from the beginning of the Industrial Revolution at around 1750 until 2005. The rate
of increase in the past 10 years has been the highest in 50 years. Today’s numbers
are the highest in the past 650,000 years. Seventy-eight percent of this increase can
be attributed to the use of fossil fuels and 22 % to a change in land use, such as the
deforestation of the tropical rainforest. The same time period saw an increase of
148 % in methane concentration in the air.

Although only traces of these two gases can be found in the air, an increase in
their concentration is considered to be anthropogenic and one of the causes of the
“greenhouse” effect in the atmosphere, leading to global warming. The effects vis-
ible so far are listed in the IPPC report in detail. The global surface temperature has
risen by +0.74 °C and sea levels by approximately 3 mm per year since 1993, total-
ing 17 cm in the twentieth century.
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1.4.1 Sustainable Building

In the Brundtland Commission report to the United Nations World Commission on
Environment and Development entitled “Our Common Future” (1987), the term
“sustainability” was first used to describe a lasting development of humankind.
Sustainable development ensures that it “meets the needs of the present without
compromising the ability of future generations to meet their own needs” [37].

The building process always has a more or less severe impact on natural resources
and cycles. To apply the term ‘“sustainability” to construction means that in all
phases of the life of a building, and with respect to the users’ requirements, the
use of existing resources and the environmental impact need to be minimized.
Traditionally, during the construction process, the main assessment focused on
function and design, structural engineering, material technology, and building practice.
Today, the building process is increasingly seen as an optimization task where user
demands and environmental requirements by the legislature need to be in harmony.
Therefore, the term “sustainable development” comprises three aspects which must
be considered as equals over an appropriated period of time [38]:

— Ecology
— Economy
— User demands (sociocultural concerns/functional quality)

Additionally, all buildings constructed according to the requirements of sustain-
able building must meet predefined technical parameters and corresponding quality
levels in terms of planning and construction for each of the three aspects.

In Germany, the general requirements placed on building materials and building
elements with regard to their technical quality are regulated by the Model Building
Code (MBO) for the states of the Federal Republic of Germany (Musterbauordnung
fiir die Lénder der Bundesrepublik Deutschland—MBO). According to the MBO,
building products, materials, elements, and systems are produced for permanent
installation in structures. “Building products are only to be used if the structures
they are used in, along with proper maintenance over a time period which is propor-
tionate to its purpose, meet the requirements of this law or are suitable for their
intended use based on this law” (MBO, §3.2).

The MBO lists the following aspects as the main requirements for the building
materials’ and building elements’ suitability for use:

— Mechanical strength and stability

— Fire protection

— Hygiene, health, and environmental protection
— Safety in use

— Sound insulation

— Energy conservation and heat insulation

The Regulation of the European Parliament and of the Council for “Laying down
harmonized conditions for the marketing of construction products” published in
March 2011 [39] introduces an additional requirement: the sustainable use of
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natural resources. According to the regulation, buildings must be designed, built,
and demolished after their use in a manner which facilitates the sustainable use of
natural resources and guarantees the following:

— The building, its building materials, and building elements need to be recyclable
after demolition.

— The building must be durable.

— Environmentally friendly raw materials and secondary building materials must
be used in the construction of the building.

This regulation also requires the national governments of the EU to apply prin-
ciples of sustainable development to building activities in their respective countries.
In order to establish sustainable development, it is necessary to explicitly formulate
protection objectives regarding the environment, the economy, and the users’ interests.
Examples of general protection objectives are the avoidance of harmful substances,
areduction in the use of energy as well as land and resources, and the prevention of
waste through material recovery. Based on the knowledge of cause-and-effect
relationships, action strategies need to be derived from the protection objectives.
These strategies should target three levels: raw and building materials, building
construction, and surroundings [40]. The effects caused by the building process on
these levels need to be described through indicators and by defining assessment
standards.

Standards for the assessment of the sustainability of buildings in terms of their
environmental, social, and economic qualities are specified in the DIN EN 15643
group of standards. Whereas the ISO 21929-1 international standard defines a frame-
work for the development of indicators and for the compilation of core indicators for
buildings, ISO 15392 formulates general principles for sustainable building.

1.4.1.1 Raw Materials and Building Materials

The selection of building materials for sustainable building is of particular impor-
tance. Generally, the building materials used in sustainable building projects are
labeled as ecological building materials and have a low impact on people’s health
and the environment for the building’s entire lifetime. For the selection of building
materials, this means in particular:

The raw materials used for the production of the building materials must be
sourced in an environmentally friendly and sustainable way. They should be renew-
able or available long-term and free of harmful substances.

Energy expenditure for extracting the raw materials and production of the build-
ing materials should be kept as low as possible. This energy expenditure is also
referred to as the primary energy content (Sect. 1.4.3.2). The energy expenditure for
subsequent life cycle phases (Sect. 1.4.2) also needs to be taken into consideration.

Energy expenditure for transportation as well as the transit times between the
individual steps of the life cycle need to be minimized.
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Pollution during the production and processing of the building materials should
be largely prevented. This is especially true for the actual lifetime of the building
with regard to its occupants (damages, indoor air quality, and health) as well as for
the demolition of the building and the disposal of the demolition materials.

The building materials need to be reusable or recyclable. After the lifetime of a
building, the materials need to be reusable or recyclable or, at least, disposed of in
an environmentally friendly way using minimal energy. This reduces waste and
minimizes landfill space.

The building materials need to be long lasting because their lifetime factors into
the overall assessment of the building. The building materials used in structures need
to fulfill usability requirements for an adequate period of time deemed appropriate
for the structure’s purpose.

1.4.1.2 Building Construction

Buildings which meet the abovementioned requirements for sustainable construction
should be built in a manner which facilitates recycling. This means that the connections
between building elements should be detachable, making it easy to separate the
individual building elements and thus allowing for the sorting and recovery of
the (preferably recyclable) demolition materials.

Buildings should be constructed in a simple and compact manner and should be
easy to repair and flexible in terms of their usage. The application of passive solar
design in connection with the use of suitable building materials would add to a
reduction in heating energy requirements and create a comfortable year-round ther-
mal climate.

Buildings should allow the use of ecological building materials as long as the
requirements of the MBO are met. For this, the function and requirements placed
on the structure or the building elements need to be precisely defined. Building
materials susceptible to moisture (e.g., earth) are thus not allowed, or only to a
limited extent, for exterior use. For interior use, appropriate design precautions
need to be taken.

When it comes to the protection objective “limitation of energy usage” and, with
it, a reduction in CO, emissions, legislators have made the requirements for a build-
ing’s thermal performance more stringent over the past years. Oftentimes, this leads
to complicated exterior wall structures, made up of several layers with integrated
insulation, forming an inseparable material bond. Leaks within the wall structure
often create airflow which can result in moisture damage and mold.

There are special requirements with regard to indoor air quality. Therefore, it is
particularly important to use suitable materials for finishing building elements. These
building materials should be free of harmful substances which could outgas into the
indoor air. In particular, they should be vapor permeable and sorption capable in
order to “buffer” rapid changes in indoor humidity, thereby reducing the risk of mold.

DIN EN 15643-2 defines the framework for the assessment of technical aspects
of the environmental performance of buildings.
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In addition to these technical requirements, the assessment of the sustainability
of buildings also includes sociocultural factors. “Soft” factors such as health and
comfort (Sect. 5.1.3), safety, design quality, and functionality determine the well-
being of the building’s occupants. These factors depend on subjective perceptions
which result in the assessment of user satisfaction. In connection with the quality of
the surfaces of building elements, clients are increasingly looking for an aesthetic
design (color, structure/texture, pleasant tactile surface qualities). Basic conditions
for the assessment of the sociocultural performance of buildings are defined in DIN
EN 15643-3.

Buildings which are designed according to the principles of sustainable building
also need to be able to hold up to a comparison in terms of economic efficiency. This
includes the minimization of life cycle costs and the general improvement of eco-
nomic efficiency during construction. DIN EN 15643-4 defines the framework for
the assessment of the economic performance of buildings.

1.4.1.3 Surroundings

Negative impacts on the surroundings of the building caused by the construction
process should be kept as low as possible. In this regard, action strategies can be
developed in two directions [40]: open space design and urban structure.

Building projects in open spaces should be mindful of conservative and envi-
ronmentally and socially acceptable land use while being sensitive to existing
structures. Users and residents should not be subjected to water and soil pollution
or poisoning or to the improper disposal of wastewater, smoke, and solid or liquid
waste.

Inner-city green spaces need to be connected to surrounding open spaces
within the city or region and, above all, meet the needs for recreation and nature
conservation.

The overall urban energy needs should be reduced to an environmentally accept-
able level. By implementing the concepts of sustainable mobility, urban life could
“slow down,” private transportation could almost entirely transition to public
transportation and, as a result, the inner-city street space could be designed as a
living space.

1.4.2 The Life Cycle and Material Cycle of a Building

The evaluation of the action strategies described above in terms of their environ-
mental impact in all life cycle phases of a building leads to the key principle of
sustainable building: the analysis of the life cycle of the materials used in a building.
The goal of this analysis is to reduce waste and keep the environmental impact as
low as possible by “closing” the cycle. During an inventory, the entire life cycle is
assessed. This includes the sourcing and extracting of the raw material, the use of
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the material to produce building elements and structures, the use of the finished
building including its maintenance, and, finally, the demolition of the building and
the recycling of the demolition materials. Transportation between the individual
phases as well as production-related material and energy flows are also included in
this evaluation.

When passing through each phase of the life cycle, the building material needs
to meet the requirements of sustainable building defined in Sect. 1.4.1. These
requirements are described with the help of relevant parameters which are deter-
mined through standardized testing procedures. For example, a building material
needs to have adequate compressive strength to be suitable for load-bearing con-
struction. Meeting the test criteria ensures that the required qualities for a certain
life cycle phase have been attained after completing this stage. Only then is the
building material or building element suitable for use.

Figure 1.27 shows the life cycle model for earth as a building material [41]. After
passing through each life cycle phase, the earthen material attains a new quality:
raw soil becomes soil for construction; construction soil is processed into earth
building materials; etc. By reusing recycled earthen materials, the life cycle becomes
self-sustaining.

Table 1.1 links essential features for assessing the technical, environmental,
sociocultural, and economic performance of earth structures and displays them in a
matrix. It lists parameter groups and parameters related to the cycle phases of “con-
struction soil,” “earth building material” and “earthen structures” according to
Fig. 1.27. When planning a specific construction project, the relevant parameters for
describing the suitability along with the respective test criteria can be derived from
this matrix based on the particular conditions of the project. The last column of
Table 1.1 indicates the corresponding chapter numbers in this book.

Preparation,
Prospection, fDJ:"::g-._
extraction, L

classification

Manufacture
/.~ and application

Recycling - | ||

... Use period and
maintznance

Resources, energy, auxiliary supplies
Emissions, by-products, waste

Building
demolition

Fig. 1.27 Life cycle of earth as a building material [41, 53]
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1.4.3 Environmental Management and Life Cycle Assessment

Environmental management is part of the management system of an organization. It
develops action strategies for environmental protection at the company level as well
as the official authority level in order to ensure the environmental compatibility of
the products and processes developed by the company and its staff performance.

The term “life cycle assessment” describes the systematic, quantitative analysis
of the environmental impact of products throughout their lives in the form of eco-
logical assessment results. Here, “environmental impact” refers to the use of
resources as well as the environmental effects of emissions at every phase in a prod-
uct’s lifetime. The results of the analysis make it possible to find measures for
reducing the environmental impact or for comparing different products.

The life cycle assessment has become a generally accepted methodological
approach for the quantitative evaluation of the sustainability of building materials
and building products.

On a European level, the following standards for conducting a life cycle assess-
ment are currently available:

DIN EN ISO 14040:2009-11 Environmental management— Life cycle assessment—
Principles and framework

DIN EN ISO 14044:2006-10 Environmental management— Life cycle assessment—
Requirements and guidelines

According to DIN EN ISO 14040, the life cycle assessment consists of four
phases. These phases correspond to each other and cannot be viewed separately:

— Defining goal and scope

— Life cycle inventory analysis
— Impact assessment

— Interpretation

1.4.3.1 Defining Goal and Scope

A determination of the goal and scope must define the use and function of a product
and its general life cycle from raw material sourcing to disposal. Figure 1.27 shows
this cycle for earthen materials.

In terms of building materials and building products, this phase is used to select and
define different material and construction options. To facilitate this process, so-called
functional units are determined to serve as a reference (such as a quantity unit of a
building material or a sample building as a product-specific size). The results of the
analysis of the environmental impact can then refer to these functional units. Product
units which are to be compared need to match exactly in terms of their functions.

At the beginning, the system boundaries need to be determined by deciding which
indicators to include in the analysis and which to leave out. “From cradle to factory
gate” and “from cradle to grave” are typical examples of system boundaries. The
selection of these indicators can influence the result of the life cycle assessment.
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1.4.3.2 Life Cycle Inventory Analysis

During the life cycle inventory analysis phase, the defined material and construc-
tion variations within the determined system boundaries are established for the
relevant material and energy flows. The life cycle inventory analysis contains
information on all relevant consumption of raw materials and energy, the kind and
quantity of emissions and harmful substances and, if applicable, all quantities of
waste generated throughout the entire lifetime of the materials and buildings. This
initial information needs to be obtained from the manufacturer. The determined
material quantities are linked with their environmental impact during the impact
assessment phase. The life cycle inventory analysis itself does not include an eval-
uation. Collection of the required data can be very time consuming unless existing
databases can be used.

Primary Energy Intensity

The energy expenditure needed for the production of building materials including
the production and transportation of the source materials is an important indicator
for the selection of “ecological” building materials. This energy expenditure is
called the “primary energy intensity” (PEI) and is mainly related to the system
boundary “from cradle to factory gate.”

When it comes to meeting energy needs, the available energy includes renewable
(e.g., biomass), inexhaustible (e.g., sun), and nonrenewable (e.g., fossil fuels)
sources. The supply of nonrenewable energy sources is limited and they should,
therefore, be used sparingly. When determining the PEI, the amount of nonrenew-
able energy sources is identified. This also makes the PEI a measurement for the
environmental impact “use of energy resources” category.

Applied to traditional earth building, the manual processing of suitable excava-
tion material into earth building materials and structures on the building site was
and still is the ideal situation as far as the PEI is concerned. Particularly the fact that
no transportation of the earth building material was required resulted in a PEI of
practically zero.

Modern earth building, however, is largely mechanized and characterized by the
physical separation of building material production and product use on the building
site. This automatically leads to energy consumption and transportation. Producers
of earth building materials in various European countries have begun exporting their
products to other countries. Long-distance transportation and high specific energy
consumption have a negative impact on an ecological assessment of building mate-
rials, e.g., in the case of artificial drying (Sect. 3.3.3). Table 1.2 shows the PEI for
common modes of transport according to [40]:

In terms of their PEI, earth building materials are still unrivaled compared to the
main conventional building materials. This is even true when additives with a high
embodied energy are used. A selection can be seen in Table 1.3 [42]:
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Table 1.2 Energy use of

Mode of transport
common modes of transport

PEI [kWh/tkm]

Rail 0.43
Passenger car, Western Europe | 1.43
Truck, 40 metric tons 0.72
Truck, 28 metric tons 1.00
Truck, 16 metric tons 1.45
Van, <3.5 metric tons 3.10
Cargo ship overseas 0.04

Cargo ship inland waterways 0.27

Table 1.3 Primary energy Building material PEI [kWh/m?]
intens.ity for selected building Earth 0-30
materials
Straw panels 5
‘Wood, domestic 300
Derived timber products | 800-1500
Fired bricks 500-900
Cement 1700
Standard concrete 450-500
Sand-lime bricks 350
Sheet glass 15,000
Steel 63,000
Aluminum 195,000
Polyethylene PE 7600-13,100
PVC 13,000

Cumulative Energy Demand

The cumulative energy demand encompasses the energy demand of a building over
its entire lifetime (system boundary “from cradle to grave”). According to VDI
guideline 4600: 2012-01, it is estimated with the help of specific assumptions and
scenarios. The corresponding environmental impacts are compared to this energy
demand (Table 1.1, PG 8).

Frequently, the PEI of a building material or a building technique is only used for
a comparative evaluation. A realistic assessment, however, needs to take all phases
in the life of a building into consideration because the actual production of a build-
ing material and the construction of a building represent relatively short time peri-
ods. Therefore, the advantage of a “low PEI” of an earth building material might
come at the expense of the durability of the structure or a higher maintenance
requirement. Insulating materials with a higher PEI can offset this “disadvantage”
by reducing the required energy for heating, thereby lowering emissions for the
entire lifetime of the building. In addition to the positive environmental impact,
these materials can therefore also offer financial advantages to the owner. As a
result, the determination of how long a building will be in use becomes an addi-
tional important system boundary which has an effect on the number of required
maintenance cycles for the building element or material layers.
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Table 1.4 Selected ecological parameters for stabilized earthen blocks [43]

CED CO, equiv. | SO,equiv. | TOPP Raw material
Option [kWh] [kg] [ke] equiv. [kg] | consumption [t]
CSEB (manually 215 94 0.37 0.59 2.53
produced)
CSEB (mechanically 655 189 0.49 0.70 3.05
produced)
Fired brick 1347 508 1.68 3.03 1.55

1.4.3.3 Impact Assessment

In this phase, the material and energy flows collected during the life cycle inventory
analysis are evaluated in terms of their environmental impact on the basis of selected
indicators and defined system boundaries: the causes are compared to the impacts.
This is when the environmental impacts described in Table 1.1, PG 8, are examined.
Currently, a number of computer programs containing databases of relevant values
can be used for calculating the impact assessment. The data analysis must be car-
ried out according to defined standards. The programs GaBi (www.gabi-software.
com), Ecolnvent (www.ecoinvent.ch, approx. 4500 data files), and WECOBIS
(www.wecobis.de of the German Federal Ministry for the Environment, Nature
Conservation, Building and Nuclear Safety) are examples of commonly used envi-
ronmental databases. The latter has been available since January 2015. It is struc-
tured based on the criteria of DIN EN 15804 and currently contains approx. 1300
data files which also cover earth plaster, earth blocks, and rammed earth.

Using the program GEMIS (www.gemis.de), Freudenberg [43] has determined
various parameters of a life cycle assessment for compressed stabilized earth
blocks (CSEB). Table 1.4 partially compares these parameters for manually and
mechanically produced earth blocks, stabilized with 5 % cement, as well as for
fired bricks based on 1 metric ton of final product each.

1.4.3.4 Interpretation

Depending on the specific situation, the final interpretation of the calculated results
can be carried out in different ways, such as:

— A comparison of suggested design variations (preferred variation)
— Ecological impact assessment (hazards)
— Impact in relation to already existing environmental pollution

Today, life cycle assessments are indispensable for environmental decision mak-
ing, for example, when trying to determine binding regulations for orders of magni-
tude for decreasing CO, emissions in relevant documents on an international level.
Environmental goals can only be achieved if they are defined as guidelines in appro-
priate standards and regulations. This also includes product standards in the field of
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building materials. The technical information sheets “Technische Merkblatter
02-04” [44-46] published in 2011 by the German Association for Building with
Earth include a procedure for determining the CO,-equivalent value on the basis of
DIN EN ISO 14040. Appropriate procedures have been included in DIN standards
for earth blocks and earth mortars (DIN 18945-47) as optional tests (Appendix A).

A life cycle assessment requires a significant effort during the planning stage as
well as the willingness to add sustainable building concepts to conventional plan-
ning operations. Often, a lack of sufficient data poses a problem. Although the
indicators mentioned above allow for a very detailed description of ecological
impact categories, there are still harmful environmental effects which are generally
known but, so far, have not been able to be measured quantitatively. The reference
accuracy of correlations for indicators which have already been defined also remains
questionable. Finally, the reliability of the life cycle inventory data collected in the
available environmental databases must be examined. This more or less limits the
validity of each result.

On the other hand, life cycle assessments are already a suitable tool for checking
if seemingly feasible, ecologically founded arguments can hold up in reality.
However, the necessary fundamentals and instruments need to be improved further.

1.4.3.5 Environmental Product Declarations and Certification
of Buildings

The life cycle analysis according to DIN EN ISO 14040 provides systematic and
standardized data for recording energy demands and environmental consumption as
well as their environmental impacts over the total life cycle of a building.

In addition, the environmental performance of a building according to the prin-
ciples of sustainable building (Sect. 1.4.1) comprises its technical quality, functional
aspects, sociocultural criteria, as well as location, e.g., transportation infrastructure.
Finally, costs are an important consideration for the client. Corresponding parame-
ter groups are listed in Table 1.1. These aspects exceed a “pure” life cycle analysis.

Two instruments have been developed for analyzing the environmental perfor-
mance of a building product:

— Environmental labels/environmental declarations for manufacturers of building
products
— Environmental building certificates for owners/clients

Environmental Product Declarations
Currently, three categories of environmental labeling are available to manufacturers
of building products:

— Type I environmental labeling according to DIN EN ISO 14024 consists of
symbols or logos which have been awarded by external bodies for outstanding
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environmental performance. The eco-labels “Blue Angel” and “natureplus” are
typical examples. Several earth building products carry the latter [47].

— Type 1II environmental labeling according to DIN EN ISO 14021 consists of
environmental declarations by the producers themselves. This means that the
producers are responsible for their own declarations which they can have verified
by external bodies.

— Type III environmental labeling according to DIN EN ISO 14025 consists of
voluntary standards, commitments, or guarantees for building products. They are
provided by producers, organizations, and quality assurance associations in order
to establish the “environmental performance” of buildings in the form of a cer-
tificate awarded by external bodies. This type of label is known as an environ-
mental product declaration (EPD).

The following standards currently exist for the development of EPDs for build-
ing products:

DIN EN 15804 Sustainability of construction works —Environmental product dec-
larations— Core rules for the product category of construction products

DIN EN 15942 Sustainability of construction works —Environmental product dec-
larations — Communication format business-to-business

DIN EN ISO 14025 Environmental labels and declarations— Type III environmen-
tal declarations —Principles and procedures

ISO 21930 Sustainability in building construction—Environmental declaration of
building products

Such declarations must include all phases of the life cycle of a product by
describing the environmental impact during production and use as well as possible
health hazards for the users. In order to meet these requirements, a standardized
assessment diagram has been developed. It consists of the four life cycle phases
(stages) which need to be declared as well as column D which records benefits and
loads (consumption) (DIN EN 15804) (Table 1.5).

Environmental Product Declarations (EPDs)

EPDs have become instruments for the selection of products with regard to the envi-
ronment. They stimulate the use of environmentally friendly products through com-
petition and help to protect the safety and health of consumers by keeping unsafe
products off the market.

Earth building materials are inherently environmentally friendly because they do
not pose any health risks and have a low PEI compared to other building materials
(Table 1.3). Currently, producers of mineral building materials with higher PEIs are
providing certified EPDs according to DIN ISO EN 14025 for building materials
containing lime, gypsum, and cement based on requirements by their respective
industry organizations. When assessing the emissions of greenhouse gases,
described by the CO, equivalent (GWP) (Table 1.1), producers take advantage of
the trade-off, for example, by “consuming” CO, during the carbonation of lime or
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by “recovering energy” from waste instead of using fossil fuels. In this manner,
producers can reduce the “sustainability gap” between their conventional materials
and earth building materials. This emphasizes how environmental product declara-
tions are increasingly assuming the role of a competitive tool on the building mate-
rial market.

Producers of industrially manufactured earth building materials have to become
aware of the fact that the given environmental credibility of earth products will not
suffice in the future. To remain successful in an increasingly competitive market,
appropriate life cycle assessments (EPDs) for earth building materials need to be
drawn up. There are now life cycle assessments for industrially produced, naturally
moist earth mortars which, with regard to their manufacturing process (from raw
material to delivery ex works), have an energy balance value that is 5-10 times
lower than that of building materials made of lime and gypsum [48].

Certification of Buildings

Nowadays, home owners must account for the environmental performance of their
houses during the use phase with regard to energy consumption. The Energy
Conservation Regulation EnEV 2014 [49] requires owners to present an energy
pass to anyone interested in renting or purchasing.

However, energy consumption only represents a partial aspect of the environ-
mental performance of a building. Currently, the following standards can be applied
in a comprehensive quantitative assessment of the environmental performance of
buildings:

DIN EN 15978 Sustainability of construction works — Assessment of environmen-
tal performance — Calculation method

DIN EN 16309 Sustainability of construction works — Assessment of social perfor-
mance — Calculation methodology

DIN EN 16627 Sustainability of construction works— Assessment of economical
performance — Calculation method

These standards use the assessment diagram for EPDs according to DIN EN
15804 (Table 1.5).

A number of organizations and associations have developed systems for the cer-
tification of the environmental performance of buildings based on criteria catalogs
which are more extensive than those found in DIN EN 15804. An example is the
certification of buildings issued by the German Sustainable Building Council
(DGNB — Deutschen Gesellschaft fiir Nachhaltiges Bauen) [S0]. This system uses a
core catalog of six quality categories with additional weighted partial criteria—
ecology, economy, sociocultural, and functional aspects—and technical criteria
(amounting to 22.5 % each), as well as process quality (amounting to 10 % of the
total assessment). The category “location” is included in the total assessment
indirectly. For compliance with each quality category, external auditors award com-

99 <

bined points leading to the quality seals “bronze,” “silver,” and “gold.”
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The German government has decided to make it mandatory to apply the principles
of sustainable building to all future federal building projects by using a rating sys-
tem called “Sustainable Building for Federal Buildings” (Nachhaltiges Bauen fiir
Bundesgebiude —BNB), published by the Federal Ministry of Transport, Building
and Urban Development [38, 51]. Federal buildings are thereby intended to serve as
role models.

1.4.4 Economic Aspects

Clients often ask if and how much more “expensive” it is to build with earth. Placing
earth building components within the overall cost structure of a building can differ
considerably from region to region. For example, in typical timber-frame construc-
tion with earthen infill, the earth building materials might account for less than 10 %
of the total building costs depending on the type and quantity of earth building
materials used [41].

With the improved availability of earth building materials, current prices could
become more “attractive” to the consumer. When making a decision about using a
very “specific” earth building material, clients need to consider additional transpor-
tation needs which would have a negative impact on the assessment of the building
in terms of ecological criteria.

Conventional cost estimates, calculations, and assessments are carried out
according to DIN 276 on the basis of all services performed up to the completion or
the final handover of the building. These calculations and assessments do not yet
consider the important advantages of earth as a building material with regard to their
medium- to long-term “benefits” to society in general and the client in particular.
Among the benefits are the undoubtedly low primary energy balance (Sect. 1.4.3.2)
and recyclability (Sect. 6.2.2), along with the durability of the materials when prop-
erly installed, the architectural aesthetics, and, above all, the health benefits of earth
building materials, particularly in terms of indoor air quality (Sect. 5.1.3). These
aspects have already been included in comprehensive systems for the certification
of buildings (Sect. 1.4.3.5).

Currently, operating costs, including expected maintenance costs during the
entire lifetime of the building, can only be assessed in a basic manner. Aspects of
sustainability in terms of a quantitative life cycle assessment cannot be recorded at
this time. It is, for example, not possible to forecast what the disposal costs for
building waste will be in 100 years’ time, at the end of the lifetime of a building
which is built today. But it is this question in particular which would be of interest
when pricing earthen materials and earth building work. A realistic comparison with
other building materials would show that building with earth is already cost effec-
tive in today’s world.

DIN EN 16627 can be applied for assessing the sustainability of buildings with
regard to economic aspects.
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1.5 Classification of Earth Building as a Field of Science

Figure 1.28 shows an interconnecting model of relevant fields of science which are
significant to earth building. Here, the building-material fields are assigned to the
fundamental sciences, while the fields dealing with earth building elements and
structures are tied to the disciplines of structural planning, engineering, and design.
Earth building can therefore be approached in different ways via the various fields

of science.

BUILDING MATERIAL

Building material science

— Selection of building materials

Soil mechanics

— Sourcing and assessment of

cohesive loose soils
Geology
— Soil formation
— Extraction

Soil science/medicine

— Characteristics of clay minerals

(cation saturation)
— Rock weathering

Mineralogy/chemistry
— Clay minerals
— Salts

Heavy clay ceramics
— Processing

Fig. 1.28 Classification of earth building as a field of science

EARTH
BUILDING

BUILDING ELEMENT/
CONSTRUCTION

Aesthetics

— Building / Environment
— Typology

— Surface / Structure

— Color

Construction

— Execution of construction work

— Use / Restoration
— Demolition / Recycling

Function

— Residential
— Public

— Commercial
— Industrial

— Agriculture
— Defense

History
— Archeology
— Building research

Planning

— Standards

— Costs

— Building ecology

Calculation
— Structural engineering
— Structural physics
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1.5.1 Terminology

In general terminology, the classification of earth building as part of the construction
field is defined by the terms “architecture” and “building” (French, architecture de
terre; German, Lehmbau). Architecture is part of human activity with the goal of
creating buildings for various human needs.

Depending on whether a structure is built primarily above or below ground, it is
classified as above-grade or below-grade construction. Structures above grade are
typically also called buildings.

Generally, earth building is the processing of earth building materials into build-
ing elements and aboveground structures with load-bearing or non-load-bearing
structural characteristics. It differs from foundation engineering, road construction,
or hydraulic engineering in that earth building structures are generally dry in their
finished state (Sect. 3.3).

1.5.2 Building Material and Building Technique

For the conventional building materials, concrete, steel, reinforced concrete and
fired brick, and specialized fields of science have developed within the area of civil
engineering, particularly over the past 50 years. This development has also led to
intensive teaching and research activities at universities. Later, the same became
true for timber construction. As described above, for earth as a building material,
things have developed differently.

A separate field of science for “earth building” is only in its beginning stages.
It will gain an importance and autonomy as the demand for standardized solu-
tions for earth building materials and for their use in the production of functional
building elements and structures increases on the building site and as earth build-
ing becomes a building engineering technology. Compared to the conventional
building materials mentioned above, systematic earth building research has not
been conducted for decades due to the fact that earth has not been widely used as
a building material. It will take some time to reduce this “research backlog.” As
part of a research project at the German Federal Institute for Material Research
and Testing (BAM —Bundesanstalt fiir Materialforschung und—priifung) from
2009 to 2011, selected building material and building element aspects of earth
building were systematically examined on a larger scale for the first time. The
results of this project were incorporated into the development of DIN standards
for earth building.

On the other hand, earth building will always also remain a nonengineering tech-
nology because earth as a building material is, unlike concrete and steel, not syn-
thetically produced, but rather a naturally “produced” and non-standardized
material. By far the largest part of earth building activities today is carried out by
owner-builders in developing countries using traditional methods.
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The intertwining of various fields of science is also characteristic for earth building.
And so the “raw material” earth has many functions within the various fields, for
example, as the raw material for the production of ceramic goods in heavy clay
ceramics, as subsoil for setting up foundations in the field of ground engineering, as
soil for the cultivation of crops in soil science, and even as for medicinal purposes
in medicine. Every discipline has developed its own parameters or terminology for
specific applications of the “raw material” earth thereby providing the basis for
successful communication. Parameters always have content, expressed by a unit of
measurement, and a scope which serves as a qualitative statement about a specific
property of the value or parameter.
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Topsoil layer: decomposed vegetable and animal matter
with mineral soil

Zone of depletion / accumulation: colloids (clay etc.) and
salts (lime) leached by rain, leaving sand and silt. This
has less organic matter than above and a higher clay / salt
content

Parent material / rock: significantly weathered rock and
mineral matter from which the overlying solum horizons
were derived. Thickness from about one meter to many
meters thick overlying the unweathered bedrock layer

Fig. 2.1 Simplified pedological standard profile [1]

2.1 Natural Soils

2.1.1 The Formation of Natural Soils

Clay-rich soils are part of the top layer of the earth’s solid crust which was formed
under the influence of weathering, flora, and fauna. This makes them available
nearly everywhere. In soil science, this layer of the earth’s crust is also termed soil,
while in engineering geology, it is called loose rock.

2.1.1.1 Soil Profile

During soil formation, the decomposition products of inorganic and organic parent
material are transformed and structured into new soil components which are charac-
teristic for the soil (clay and humus). These components are then washed off, trans-
ported, and mixed with the help of precipitation or groundwater in the soil or by soil
tilling and the activities of organisms living in the soil. The result is the differentia-
tion of the original rock into a soil profile with an eluviated humus-rich topsoil
(A horizon) and an underlying layer of subsoil in which certain materials such as
lime are precipitated (B horizon). The unweathered parent rock is called the C horizon
(Fig. 2.1 [1]).

While the humus-rich A horizon forms the basis for vegetation and agriculture,
soil suitable for construction can be sourced from the lighter-colored, humus-free B
horizon. In some cases, horizons A and B are completely missing, for example, on
uncovered rocky surfaces.
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2.1.1.2 Soil Components

Soil contains solid, liquid, and gaseous components which is why the term ternary
system can be applied. The components’ spatial arrangement and distribution deter-
mine their usability for construction purposes (Sect. 3.6.1).

Solid Components

The solid components consist of inorganic and organic matter. The inorganic parts
are formed from residual parent rock and parent minerals such as quartz (silicates),
feldspar, mica, lime, gypsum, clay minerals, water-soluble salts, oxides of alumi-
num, and iron.

On the one hand, inorganic or mineral soils can be divided into four main types
according to their prevalent grain size d (Table 2.2):

Coarse grain: gravel, sand, silt
Ultrafine grain: clay

Generally, soil consists of a blend of these main types. Clay-rich soils are typical
examples of mixed-grain soils.

On the other hand, soil types can be differentiated by the amount of clay they
contain: cohesive soils (high clay content) and non-cohesive soils (low or nonexis-
tent clay content). The clay portion contains cohesive parts (clay minerals) and non-
cohesive parts (such as quartz and mica). The cohesive clay minerals fulfill the task
of holding together the coarse grains of silt, sand, and gravel which make up the
soil’s “skeleton.” Clay-rich soils are cohesive soils.

Depending on the amount of organic material, the different soils are furthermore
divided into inorganic (no organic material), interspersed with organic material
(alow percentage of organic particles), and organic-rich loose rock (a high percentage
of organic material). Soils typically contain both inorganic and organic materials.

A classification of soils for building purposes is always based on the soil’s solid
components (Sect. 2.2.3).

Liquid Components

Liquid soil components are formed by soil water. Soil water can be divided into
groundwater that is formed by seepage water which can move freely in the soil
voids and bound capillary and sorption water (Fig. 2.33).

Gaseous Components

Gaseous components include air as well as water vapor in the pore spaces.


http://dx.doi.org/10.1007/978-3-319-19491-2_3
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2.1.1.3 Factors Influencing Soil Formation

The process of soil formation is influenced by a number of factors [2]:

— Climate

— Time

— Vegetation

— Parent material
— Topography

— Human activity

The physical, chemical, and biological processes which are triggered by these
forces have a continuous impact on the soil. They create a dynamic balance which,
if the ratio between these forces is comparable, leads to analogous profile formation.

Climate and Vegetation

Depending on the degree and fluctuation of air temperature and precipitation, solid
rock is loosened mechanically to a greater or lesser extent. This allows precipitation
or meltwater containing a number of substances to penetrate the cracks and crevices.
Here it transforms minerals with complex structures (silicates, quartz, lime) into
simpler chemical compounds (alkali and alkaline earth ions as well as silica) through
a weathering process. Clay minerals are then newly formed out of these simpler
compounds. Along the water-soluble salts, these clay minerals are transported to
lower depths by seeping rainwater (eluviation). Due to their low solubility, Fe and
Al ions, on the other hand, remain largely in their original location where they accu-
mulate. The diagram in Fig. 2.2 (according to [2]) shows the process of decomposi-
tion and transformation of the base minerals and the new formation of clay.

For example, the corresponding chemical equation for the mineral orthoclase is:

2K (AISi,0; )+ 2H" +H,0 — 2K " +4Si0, + AL,Si,0, (OH)

orthoclase clay mineral kaolinite

4"

The newly formed clay minerals are silicates with a layer lattice structure. Due to
their small particle size (d<0.002 mm) and their large specific surface area, they
cause water sorption and are thus responsible for structural characteristics such as
shrinkage and swelling. The main clay minerals are kaolinite, illite, and montmoril-
lonite. Their formation is dependent on the intensity of rock weathering and eluvia-
tion by seepage: montmorillonite is a mineral with extremely high swelling
properties and is formed by inhibited eluviation, while kaolinite is a clay mineral
with low swelling properties formed by strong eluviation (Sect. 2.2.3.4).

In the hot and humid climate of the tropics, the process of rock weathering hap-
pens the fastest and is the most thorough: constant hot temperatures and precipita-
tion as well as the lush vegetation act as catalysts. Simultaneous to the weathering
process, a decomposition process takes place transforming organisms, which
penetrated into the cracks and later died off, into products with a simpler structure
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(mineralization/humus). Strong eluviation caused by a large volume of seepage
water leads to the formation of clay minerals with low swelling properties. The par-
ent rock is chemically changed.

In hot and dry climates, the parent rock is mainly changed mechanically as a
result of extreme air temperature fluctuations over the course of the day as well as
insufficient or nonexistent precipitation and vegetation. This changes the mineral
composition of the rock only slightly. In desert areas, lime or gypsum-rich soils
prevail due to a lack of precipitation. In semiarid regions with pronounced dry and
rainy seasons, clay minerals with extremely high swelling properties are newly
formed as a result of inhibited eluviation.

Cold climates lack the conditions required for rock weathering. Rock and a thin
soil cover, if in existence, are permanently and thoroughly frozen (permafrost soils)
and only thaw during the summer months for a few weeks. Physical rock weather-
ing due to the freeze—thaw cycle prevails, leading to the creation of rubble zones of
loose, angular, and sharp-edged material.

Moderate climates have the same impact on rock weathering as hot and humid
climates. However, the intensity of weathering is much lower resulting in a decreased
thickness of the weathering zone. Therefore, the newly formed clay is likely to con-
tain clay minerals with high as well as low swelling properties.

Time

Most clay-rich soils in Europe were formed during the youngest geological period,
the Quaternary. Within the geological classification of rock, clay soils belong to the
group of unhardened, clastic sediments. They were formed by glacial (Holocene)
deposits, for example, or can be found as sediments in floodplains. Their formation
process started around 1.5 Ma ago and continues into the present.

Over this time period, some clay soils remained at their place of origin (resid-
ual), while others were moved by different transport mechanisms. Different types
of transport mechanisms which are determined by the climatic forces of ice (gla-
cial), water (alluvial), and wind (aeolian), and the soil’s subsequent deposition
(sedimentation), resulted in differences within the soil profile structure. The
unstratified structure is formed of more or less the same type of loose rock,
whereas the stratified structure is made up of different types of loose rock. While
stratified loose rock in a horizontal formation is referred to as undisturbed strati-
fication, all deviations from it are referred to as disturbed. When it comes to
clay-rich soils, these deviations can be deposits of sapropel, laminated clay, or
gravel lenses.

It is also possible that the climatic conditions at the place of origin changed dur-
ing this time: cold periods were replaced by warm periods and vice versa which
affected the weathering conditions of the rock and the characteristics of the soils
that were formed. Soils formed at an earlier time are called fossil, whereas soils
which are presently being formed are referred to as recent.
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Rock and Topography

Soil formation is furthermore determined by the type of parent rock. It should,
however, always be examined in connection with prevailing climatic conditions.
For example, in wet—dry tropical climates, pure limestone often produces red soils,
while marl produces black soils.

The chemical composition and the mineral structure determine the degree of
weathering resistance of the rock and thus also the duration of the soil formation.
Depending on the type of formation, solid rock can be classified into three main
groups:

Migmatite or solidified rock (depending on the percentage of SiO,: alkaline (sparse
and dark colored) and acidic (abundant and light colored))

Sedimentary rock

Metamorphic rock

In addition, there are subgroups of rock which share the characteristics of rocks
from various main groups and can therefore not be clearly assigned to one main
group. Laterites are an example of these (Sect. 2.1.2.6).

Topographical landforms such as mountains, plains, valleys, and basins along
with their respective flow conditions impact the formation of different soils as well.
For example, valleys and basins with insufficient water drainage and high ground-
water levels might produce saline soils.

Human Activity

Finally, human activities such as farming, livestock breeding, and construction also
lead to changes in soil formation processes. Examples of permanent changes in soil
quality are the large-scale deforestation of tropical rainforests and the extensive
pasture farming in sub-Sahel Africa.

2.1.2 Designations of Natural Soils

Soils in their natural deposits are classified according to their formation or genera-
tion. On geological maps they are depicted as contiguous areas of soils of the same
origin and are assigned the same petrographical and lithogenic designations. A gen-
eral map of the former German Democratic Republic in Fig. 2.3 [3] shows the
deposits of different soils differentiated in terms of their formation.

The petrographical designations also indicate the quality of specific group charac-
teristics of loose rock, such as the range of grain distribution and, regarding clay-rich
soils, the quantity and quality of clay minerals as “natural” binders. The petrographi-
cal designations are therefore included in the system of geotechnical classification of
soil types according to DIN 18196 (Sect. 2.2.3.1) by serving as “examples” through
the assignment of group symbols.
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[_I""3 Glacial deposits (l, sits. sands)
[___ === River valley deposits (clay-rich soils, sanda, gravel)
g7 -] Eluvial soils and grit from solid rock
{554 Loess and losss soils
[+ Organic deposits (peat. sapropel)

Fig. 2.3 General map of the formation of soil deposits within the former GDR [3]

There are many different types of soil formation. This means that the
characteristics of clay-rich soils can differ substantially. Therefore, the petrographi-
cal designation of a clay-rich soil can be used immediately on site for making gen-
eral statements about its suitability for the intended use and processing method and,
if necessary, about possible modifications.
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2.1.2.1 Loess and Loess Soil

Loess is glacial soil with a high lime content which has been transported by wind.
During the weathering process, the lime in the soil is loosened by rainwater, washed
out, and deposited in the lower layers of the soil in fine root casts. Through this
process, the “decalcified” loess soil obtains a higher cohesive strength compared to
loess. The use of the word “soil” in loess soil points to an advanced degree of weath-
ering of the mineral substance which creates a higher clay mineral content than in
the source material.

A typical characteristic of loess soil is its steep, narrow grading envelope in the
medium to coarse silt region (>75 %) with a low clay fraction (<10 %) (Fig. 2.4,
according to [1]). This results in low to medium plasticity as well as the risk of ero-
sion when exposed to water, which is particularly undesirable for building with
earth. A certain amount of lime in the soil results in “cementitious properties” after
processing and shaping occur and in a comparatively high dry compressive strength.

Main deposits in Germany: northern foothills of upland regions.

Loess soils are widespread in Southeast Europe and Asia. The loess deposits in

China, up to several hundred meters high, are particularly famous.

Main minerals: quartz 40-80 %, feldspar 10-20 %, calcite 0-50 %, clay minerals
(loess soil).

Color: mostly yellow ocher or grayish when an increased lime content is present.

Application in earth building:

Loess: difficult to process without additives because it is too lean, and when mixed
with powdered clay or sand, it is used for plasters and light clay applications.

Loess soil: earth blocks, light clay applications.

Letter symbol: group symbol according to DIN 18196, UL or TM (Sect. 2.2.3.1).
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Fig. 2.5 Grain envelope of glacial soil, according to [1]

2.1.2.2 Glacial Marl and Glacial Soil (Till)

Glacial marl refers to soil which was transported by glaciers during the ice age and
deposited as unstratified ground moraine. It is a material with a high lime content
and a typical broad grain envelope ranging from clay, silt, and sand to gravel and
boulders (Fig. 2.5, according to [1]). Similar to loess soil, the soluble lime parts
have mostly been washed out of the layers near the surface (glacial soil (till)).
A special feature of the structure is the so-called glacial erratic—polished and
rounded fragments of magmatic or metamorphic rock from the Scandinavian
mountains embedded in a more or less fine-grained matrix. Inclusions of clay,
sand, and gravel lenses are common, as well as sections which are completely free
of drift material.

Main deposits in Germany: ground and terminal moraine ridges in the North
German Plain

Main minerals: quartz 40-50 %, feldspar 5-30 %, clay minerals 5-25 %, lime 5-30 %

Color: ranging from gray to yellowish brown depending on lime content and degree
of weathering

Application in earth building: rammed earth

Letter symbol: group symbol according to DIN 18196, TL or ST*

2.1.2.3 Eluvial Soil

Eluvial soil is comparable to glacial soil (till) in terms of its grain size distribution
except that it has never been transported and is still found in its primary deposits.
This explains why the sand and gravel particles are still angular and sharp edged.
The profile shows a gradual transition from eluvial soil to eluvial grit and detritus
continuing on to the parent rock material (Fig. 2.6, according to [1]).
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Fig. 2.6 Grain envelope of eluvial soil, according to [1]

Main deposits in Germany: upland regions, Alpine foothills

Main minerals: quartz, feldspar, mica depending on the composition of the parent
rock, clay minerals

Color: depending on the parent rock, often brown

Application in earth building: rammed earth

Letter symbol: group symbol according to DIN 18196, GT

2.1.2.4 Fluvial and Slope Wash Soils

Fluvial and slope wash soils consist of medium to strong cohesive sediments left by
floods in floodplain areas (fluvial soils). Crumbling slopes form slope wash soils at
the base of mountains. Depending on the flow velocity, grain sizes range from clay
and silt to sand. Organic deposits are common. Slope wash soils are typically more
coarse grained and unsorted (Fig. 2.7, according to [1]).

Main deposits in Germany: floodplains, valley slopes.

Main minerals: see eluvial soils.

Color: yellow to brown.

Application in earth building: light clay applications with organic fibers and light-
weight mineral aggregates, earth blocks.

Letter symbol: group symbol according to DIN 18196, SU* or GU*.

2.1.2.5 Clays

From a geotechnical perspective, the term “clay” has two meanings: it refers to a
fine-grained soil formed as a result of the weathering process of solid rock and it
defines a grain class (d<0.002 mm) for construction purposes according to DIN
18196 (Sect. 2.2.3.1).
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Naturally occurring clays are mixtures of very fine, mechanically ground
nonplastic mineral components (such as quartz debris, feldspar remains, and mica)
and plastic clay minerals newly formed in the final stage of the rock weathering
process (Fig. 2.2). In the Tertiary period, in particular, clays were formed through
the chemical weathering of acidic migmatites (granite, syenite, and porphyry) as
well as alkaline migmatites (basalts). These were deposited and later transported.

The grain sizes of clays lie predominantly in the clay “grain” fraction (d <2 pm)
at >40 %. The proportion of d>0.06 mm (sand) is low at <10 %. The remaining
40 % of grains are in the silt grain fraction using the group symbol T according to
DIN 18196.

The color palette of clays is broad: from white and gray to black. Deposits in
Germany can be found in Mecklenburg, in the Thuringian Basin, in northern Saxony,
and in Lusatia (Lausitz), the area around Meif3en.

Looking at the grain size distribution, the difference between pure clay and clay-
rich soils becomes clear: compared to clay-rich soils, pure clay lacks the coarse-
grain fractions of sand and gravel. However, both soils contain clay minerals which
act as non-hydraulic binding agents. They harden only when exposed to air and
wrap the coarse grains as very fine coatings. They lend the material plasticity and
cohesion during the production of earth building materials. After drying they give
the material stability and strength while regaining plasticity after renewed wetting.
This mechanism can be repeated an infinite number of times, giving earth as a build-
ing material, as well as clay, a special ecological quality. Considering that this
mechanism is the same for clay-rich soils and pure clay itself, pure clay can be
regarded as a “special form” of clay-rich soil from an earth building point of view.

Clays are predominantly used as a raw material in the ceramic industry. They are
also processed industrially into powdered clays (Sect. 2.2.1.2) with various applica-
tions in construction and earth building.
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2.1.2.6 Tropical Residual Soils

Tropical and subtropical climates exert a particular influence on the formation of
soils which are used for construction in these regions. The hot and humid climate is
characterized by constant high air temperatures and high precipitation, whereas the
hot and arid climate is defined by a high daily air temperature amplitude and low
precipitation (Sect. 2.1.1.3). In terms of their construction properties, the resulting
soils differ greatly from the soils in moderate climates [4]. Examples of typical tropi-
cal residual soils used in earth building are laterites and so-called black cotton soils.

Laterites

Laterites are the typical soils of humid and semi-humid climates. They cover, for
example, around one third of Africa and are known for their brick-red to cinnamon
color which also explains their name (later: Latin for brick).

Humid climates chemically change the mineral composition of the upper rock
layers to such a dramatic extent that they show little resemblance to their parent
rock. These newly formed soils are referred to as residual soils. Continuously pres-
ent seepage dissolves the soluble minerals in the rock and moves them to lower
layers. What remains are the insoluble components such as quartz and Fe and Al
ions. These metallic oxides cement the residual materials of the parent rock together
into new soil aggregates and give the laterite soil its particular color. In addition,
clay is formed (Fig. 2.2). The dominant clay mineral in these soils is kaolinite which
has low swelling properties (Sect. 2.2.3.4). In terms of grain sizes, all grain fractions
are possible.

When laterites harden in the open air, two strength matrices are formed: the
water-soluble matrix based on the cohesive strength of the clay minerals which is
common in earth building in moderate climates as well as a water-insoluble matrix
formed by metallic oxides. The latter is similar to the effects of cement, improving
the weathering resistance of the building materials. In this state, laterites form a
transition between loose and solid rock (Fig. 3.23).

Black Cotton Soils

The term “black cotton soil” has its roots in the farming of cotton which was exten-
sively cultivated in these soils, particularly in India. The typical color of this group
of soils is black or dark gray.

“Black cotton soils” are primarily formed in plains and basin on top of Ca- and
Mg-rich alkaline migmatites with insufficient runoff. Their formation is tied to tropi-
cal wet—dry climates with major differences in precipitation levels between 200 and
2000 mm per year and a pronounced fluctuation between moisture penetration and
drying. During the dry season the soils are very hard and contain deep cracks which,
during the rainy season, act as “swallow holes” which help to soften the soils.
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Fig. 2.8 Grain envelope of clay, according to [5]

Most grain sizes lie within the clay and silt fractions. Limited eluviation and a
sufficient concentration of Ca and Mg produce clay minerals of the montmorillonite
group with extremely high swelling properties (Sect. 2.2.3.4) (Fig. 2.2). These prop-
erties manifest themselves in correspondingly high plasticity numbers (Sect. 2.2.3.2).

When used in earth building, these soils therefore need to be extensively leaned
through the addition of sand. Figure 2.8 shows a grain envelope of a black cotton
soil in Sudan [5].

Desert and Semidesert Soils

In hot and dry regions, soils lack the protective vegetation layer (A horizon). This
allows the formation and transport of dust. Water mainly runs in ephemeral or sea-
sonal streams which deposit materials from the surrounding mountains in dry val-
leys (Arabic, wadis).

Water-soluble components cannot be dissolved and transported from the soils
due to a lack of precipitation. This causes lime and salts to accumulate. When the
ground is moistened by a higher groundwater level (basins without drains, proxim-
ity to the ocean), rising and evaporating groundwater transports dissolved salts to
the surface forming crusts of lime and gypsum (Na,SO,4, MgSO,, NaCl).

2.2 Construction Soil

Construction soil is soil that is suitable for the production of earth building prod-
ucts [6]. A natural soil which is classified as construction soil might be suitable for
specific applications without much modification, such as loess soil for earth plaster.
In general, however, construction soils have certain “deficits” when it comes to



2.2 Construction Soil 61

their application which can be largely compensated for by the addition of
aggregates and/or additives in carefully planned dosages (Sect. 3.1.2.4).

Industrially produced earth building materials generally consist of different compo-
nents. Often, “construction soil” as the binding agent is supplemented with dry soils
and powdered clays which have also been produced in a plant. This balances the effects
of the construction soil’s properties as part of the final mixture compared to the charac-
teristic properties which are declared for the “finished” earth building material.

Based on current general earth building practices, it is therefore not very practi-
cal to define general fluctuation margins for grain size and plasticity/cohesive
strength parameters for testing the suitability of construction soils. Producers of
earth building materials can base their selection of a suitable construction soil to be
used for their specific building product on the data provided by the supplier (e.g.,
clay pit). They are subsequently required to verify the declared parameters of their
“finished” building product.

2.2.1 Terminology

Construction soil can be extracted from its natural deposits or can be used as a
recycling or waste product which has been returned to the life cycle of the material.

2.2.1.1 Open Pit Soil

Open pit soil is construction soil which has been extracted from its deposits in a
naturally moist state and is free from humus and root material. Producers primarily
offer this product to owner-builders for further preparation and processing into earth
building materials.

2.2.1.2 Dry Soil and Powdered Clay

Construction soil to be used as powdered soil and powdered clay is extracted from
its natural deposits in the same manner as open pit soil. It is then dried and ground
(Sect. 3.1.2.3) and sold in paper bags or big bags (Fig. 3.6) in the form of granulate
or powders, primarily to owner-builders for further processing into earth building
materials. Granulated products are also called pellets and contain approx. 10-20 %
moisture allowing for virtually dust-free processing.

Dry soil is soil without gravel or stones which has been extracted, artificially
dried, and usually ground. Dry soil can be used for producing plaster mixes or for
specific applications, for example, in oven construction. It can also be directly used
as or processed into paints and primers for wood elements and plaster base coats.

Powdered clay or milled clay is characterized by grain sizes primarily in the clay
and silt fraction. It is used to increase the plasticity/cohesive strength of lean con-
struction soils or soils with a low plasticity. Powdered clay modified with sand or
plant fibers can also be used to produce clay panels.
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2.2.1.3 Recycled Earthen Material

Recycled earthen material is obtained from demolished building elements. It is
crushed in a dry state, if necessary, and returned to the life cycle of the material
(Sect. 6.2.2). Recycled earthen material has found its way into the product catalogs
of companies working in the field of the recycling of historic building materials.

The material must be free of impurities, particularly fungus and dry-rot
spores. Salts which might have entered and accumulated in the building elements
while the structure was in use can reduce the cohesive strength of the recycled
earthen material in a similar manner to artificial chemical additives, thereby lim-
iting the possibilities for its reuse. Other limitations might be necessary for
hygienic reasons, for example, when odors in demolished stables and farm build-
ings must be neutralized.

2.2.1.4 Compressed Soil

Compressed soil occurs as a waste product during the gravel washing process in
gravel pits. It is first collected in silos and tanks as gravel-wash sludge and mainly
contains the finest grains of clay and silt which cannot be used as aggregates by the
concrete industry. The filter cake which remains in the silo after the water is drained
from the gravel-wash sludge still has a high water content. This can be reduced
through the use of a belt filter press. This process decreases the mass of the com-
pressed soil considerably. Several million tons of this material are incurred in
Germany per year (several 100,000 tons per year in Saxony alone [7]), but so far a
worthwhile use for this material has not been found. One of its current uses is the
filling of mining pits. The material’s instability, however, largely rules out a subse-
quent use of this land for construction purposes.

The application of compressed soil in earth building has so far only been experi-
mental. It is conceivable, however, because the material has already undergone
intensive processing in the form of dispersion (Sect. 3.1.2.5) during the gravel
washing process. To speed up the washing process in the gravel plant, flocculants
are sometimes added to the water. The ecological impact of these flocculants on the
possible use of the material as construction soil still needs to be examined.

2.2.2 Sourcing

The process of sourcing construction soil consists of finding relevant deposits and
taking samples for manual and laboratory testing. Sourcing investigations provide
information about the strata patterns of the soil, the spatial expanse of the soil depos-
its, and possible geological disturbances and groundwater levels. The spatial expanse
of a deposit can be determined by using suitable geotechnical surveying procedures.
In the past, raw soil was mainly extracted from local pits (clay pits) and the soil
was generally available to the owner-builder free of charge. Today, old field or street
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names still suggest where such deposits are located. Other sources for finding
suitable raw soils are geological maps as well as the locations of former brickyards.
Freyburg [8] gives an overview of 42 locations in the former GDR together with
evaluations of the suitability of the soil as construction soil.

Today, earth building materials are largely industrially produced. This makes it
necessary to obtain increasingly larger amounts of construction soil at consistent
quality levels. This can only be ensured by continuously monitoring the most impor-
tant properties of the construction soil.

2.2.2.1 Sourcing Investigation Methods

Producers of earth building materials are increasingly being supplied with construction
soil by companies specializing in excavation and construction work. These companies,
in turn, save the disposal costs they would otherwise have to pay for the excavated soil.

For sourcing new construction soil, extraction processes common in geotechnical
investigations can be applied. Depending on the amount of soil to be extracted, there
are various methods which can be used for finding construction soil sources.

Test Excavation

The test excavation pit is an accessible dig above the groundwater level with a maxi-
mum depth of 3 m (Fig. 2.9) [15]. If the material is stable, there is no need to use
bracing down to a depth of 1.3 m. Down to a depth of 1.8 m, planks must be used
for trench support and any excavation deeper than that requires a full trench box.
The advantage of a test excavation is the opportunity to both visually assess the
strata pattern down to the excavated depth and to take a direct sample for a potential
classification as construction soil. The disadvantage is the considerable effort
required for manual or machine excavation.
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Fig. 2.9 Sourcing investigation method, excavation, trial pit, and tube sampler [15]
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Penetration Tests

For penetration tests, steel rods with a groove cut into their lower ends are rammed
into the ground down to a depth of 2 m. After the probe is pulled back out of the
ground, an approximate assessment of the soil layer that it passed through can be
made. Changes in penetration resistance indicate a change in the soil layers. A direct
sampling of soil is not possible using this method. The advantage of the penetration
test is its ease of application. The disadvantage is that the assessment of the soil
quality is only approximate. For this reason, the penetration test only makes sense
in combination with test excavation and boring.

For investigating soil in larger areas, penetration and, if necessary, excavation
tests can be carried out using a grid with predetermined spacings based on the size
of the investigation area.

Potential deposits of construction soil can be more accurately localized with the
help of preliminary geophysical investigations using geoelectrical probing and seis-
mic refraction methods.

Boring

Boring can be used to investigate deposits down to virtually unlimited depths. As
depths get deeper the effort required to carry out the boring increases. When inves-
tigating construction soil, boring is only practical for large excavation sites or for
supplementing test excavations and penetration tests.

Boring equipment includes bore rods with extension and attachment pieces and
drive mechanisms (manual or engine driven). The type of attachment piece for tak-
ing soil samples depends on the consistency of the soil (Fig. 2.10 [9]): spiral augers
are suitable for solid or semisolid soil materials. The soil is pulled up inside the
auger flutes to collect assessment material or the spiral auger is used to loosen the
soil which can then be tested by utilizing other boring tools. For soft or paste-like
soils, standard augers are used for sampling. These are steel cylinders with a slit
along their entire vertical length and a sharp point at their lower end. The side of the
slit which is located in the opposite direction of rotation is curved inward in order to
allow the cylinder to collect soil while turning.

2.2.2.2 Sampling

Obtaining Samples

With regard to unaltered obtainable parameters, there are five different quality
grades (DIN EN ISO 22475-1) for obtaining soil samples.

Construction soil is tested according to grade 4. This means that the sampling is
carried out with unchanged grain composition (Sect. 2.2.3.1). The soil parameters
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Fig. 2.10 Sourcing investigation method, boring according to [9]

which can be derived from the test are the processing parameters (Sect. 2.2.3.2) and
the amount of natural impurities (Sect. 2.2.3.4).

For testing a soil, a sample of approx. 10 L per sampling site (approx. one bucket)
is sufficient. The naturally moist samples are taken from the humus-free B horizon
using a spade. The B horizon can be distinguished from the humus-rich top soil
(A horizon) by its lighter color (Sect. 2.1.1.1). When construction soil is excavated
from a large area, the A horizon is removed and temporarily stored. The minimum
depth of the excavation is 0.5 m.

If the soil profile is visibly layered or the soil deposits are disturbed (Sect. 2.1.1.3),
several samples from various locations within the sampling site need to be taken and
combined into a mixed sample.

Grades 3 and 2 describe how to obtain samples for evaluating further parameters
in undisturbed form which can be of importance for testing earth building materials:
Grade 3, water content (Sect. 2.2.3.2), and Grade 2, wet bulk density (Sect. 3.6.1.2),
of the earth building material or the earth building element. These grades can be
applied, for example, when testing the attained compaction and the drying process
of a finished rammed earth building element.

Manual Test Methods
Manual test methods are used to make a first general assessment of raw soil at the

deposit site in order to determine its suitability as construction soil on site.
Through hand contact and a few simple tests, these procedures primarily aim at
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evaluating the grain distribution and plasticity of the soil, as well as the natural
moisture content.

Manual test methods can also be used for the qualitative evaluation of consistency
and composition of soil mixtures for the processing of construction soil and earth
building materials.

A certain amount of experience is necessary to interpret the results of the manual
test methods, so the process should be entrusted to professionals. These tests cannot
replace required standardized laboratory tests when it comes to industrially pro-
duced earth building materials.

Visual Assessment of Grain Composition

In order to visually assess the grain composition of raw soil at the deposit site, the
gravel and sand grain size groups can be compared to everyday objects (Table 2.1):

Silt and clay have grain sizes which cannot be seen with the naked eye. Using
manual tests, their approximate grain proportions can be assessed by evaluating
plasticity and cohesion.

Particles which are bigger than coarse gravel are termed stones. If they are as big
as or bigger than a person’s head, they are boulders. In addition, the chemical and
mechanical stability of the coarse-grain sizes needs to be taken into consideration
due to the fact that residual soils on top of limestone also have grain size fractions
in the sand and gravel ranges.

Manual Testing at the Soil Sample Site

Sedimentation test (jar test). This test is used for the general assessment of the grain
distribution in a soil sample.

Approximately 100 g of the soil to be tested is placed in a jar with high sides. The
jar is filled with water and the contents are shaken up for a few minutes until all

Table 2.1 Comparison of the grain size fractions of gravel and sand to everyday objects

Grain size fraction Comparison

Gravel size fraction Smaller than a chicken egg and larger than a match head

Coarse gravel Smaller than a chicken egg and larger than a hazelnut

Medium gravel Smaller than a hazelnut and larger than a pea

Fine gravel Smaller than a pea and larger than a match head

Sand-size fraction Smaller than a match head and down to the limit of what can
be perceived with the naked eye

Coarse sand Smaller than a match head and larger than a grain of semolina

Medium sand As large as semolina

Fine sand Smaller than semolina but every individual grain is still

visible with the naked eye
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clumps have dissolved. The heavy gravel and sand parts settle to the bottom of the
jar first. The finest particles of the clay grains settle last and cloud up the water.

If the water already clears after a few hours, the soil sample contains only a small
amount of particles in the finest grain size fraction. With pure clay the test sample
remains cloudy even after a few days of settling.

Ball test. This test is used for evaluating the cohesive strength of raw soils. Naturally
moist soil is formed by hand into balls with a diameter of 5 cm.

Evaluation

Rich soil sticks to hands while forming (like soft soap).

Lean to semi-rich soil does not stick to hands while forming; the sample keeps its
shape after drying.

Overly lean (unsuitable) soil is very difficult to form and disintegrates easily after
drying.

Cutting test. A naturally moist sample is cut with a knife.
Evaluation

Rich soil: shiny cutting surface due to high clay content.
Lean soil: dull cutting surface, silt and sand particles dominate, grinding sound
while cutting.

Testing of dry compressive strength. A dry sample is crushed and the perceptible
resistance indicates the proportion of fine-grain sizes.

Evaluation

Rich soil: sample does not crush under finger pressure.

Lean to semi-rich soil: sample crushes into small pieces under moderate to consid-
erable finger pressure.

Overly lean soil: sample crushes after drying without any pressure or under light
finger pressure.

Rub test. A naturally moist soil sample is rubbed between the thumb and index finger.
Evaluation

Rich soil: feels like soft soap and sticks to fingers even after drying.

Lean soil: has a perceptible fine-grain structure; flakes apart after drying and falls
off fingers.

Overly lean soil: has a perceptible coarse-grain structure; individual grains fall off
fingers after drying.

Smell test. Goal: to rule out soil with a high humus content, recognizable by the
typical humus smell of the naturally moist sample. Small amounts of humus are
harmless and have positive effects on the natural processing of construction soil
through aging (Sect. 3.1.1.3).
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Color. The color of the naturally moist soil indicates the chemical composition of
the finest grain sizes. After drying is complete, a change of color from dark to light
can be observed. Soil colors range from black, gray, beige, ocher, yellow, reddish
brown, and cinnamon to red and indicate the presence of the following
components:

Light white Containing Ca and Mg

Dark brown Mn

Green Cl

Reddish-yellow Fe

brown

Gray black Humus, organic content (smell test)

2.2.3 Testing and Classification

Construction soil is tested in order to establish its general suitability as an earth
building material. The soil’s characteristics are determined with the help of param-
eters from standardized test procedures. These parameters are defined in detail in
the German Lehmbau Regeln [6] or need to be derived from the requirements of the
individual building project.

Construction soils which are used as a base material or as part of a mixture in the
industrial production of earth building materials also need to be tested for fluctua-
tions in their natural composition and with regard to the production process. The test
results must be documented to ensure a future traceability. The German Association
for Building with Earth has developed Technical Information Sheet 05 [26] in order
to offer assistance with this process.

The characteristic properties of construction soil are described as parameter
classes which are linked to specific applications. The characteristic properties which
determine the suitability of construction soil are “grain” (skeleton), any natural
additives, as well as the “binding agent” (clay minerals) (Table 1.1). Exceeding
specific limits of these properties can lead to deformations during drying.

The procedures primarily used are tests borrowed from the field of earthworks
and foundation engineering for the classification of loose rock according to DIN
18196 (as well as DIN EN ISO 14688-1, 2).

2.2.3.1 Grain Parameters

Grain parameters describe the size, distribution, and shape of mineral particles
found in construction soil.


http://dx.doi.org/10.1007/978-3-319-19491-2_1

2.2 Construction Soil 69

Table 2.2 Grain size fractions of the main soil types for geotechnical work

DIN 18196 USCS
Letter Letter
No. | Soil type symbol? Grain sizes d [mm] |symbol | Grain sizes d [mm]
1 Cobbles or X (Bo/Co) |>63 B >76.2
boulders
2 Gravel G (Gr) 2.0<d<63 G 4.75<d<76.2
3 Sand S (Sa) 0.063<d<2.0 S 0.075<d<4.75
4 Silt U (Si) 0.002 <d<0.063 M 0.002<d<0.075
5 Clay T (C]) <0.002 C <0.002
6 Organic loose rock | O (0]

Letter symbols according to DIN EN ISO 14688-1

Grain Sizes and Grain Distribution

Terminology

All types of mineral loose rock as well as all loose rock containing organic matter
are classified according to the size of their mineral grains in the grain fractions clay,
silt, sand, and gravel and are assigned a corresponding group symbol (letter symbol
in the form of capital letters). For geotechnical tasks, the grain size ranges of the
fractions are defined in specific regulations. German (European) and American reg-
ulations (Unified Soil Classification System, USCS, but also countries using [origi-
nally] Imperial measurement systems) differ from each other. This needs to be kept
in mind when classifying construction soil (Table 2.2).

Clay-rich soils are mixed-grain materials. They typically contain particles of all
grain sizes and can therefore not be assigned to a single-grain fraction. Some clay-
rich soils, for example, lack coarse-grain particles (loess soil). However, they all
contain a clay fraction.

The “clay” grain fraction with a particle size of d<0.002 mm is formed by the
plastic clay minerals and the nonplastic portions of quartz dust, mica flakes, etc.
Plastic clay minerals are also possible in the fine silt range with a particle size of
d>0.002 mm (Sect. 2.1.2.5). Various sources, such as Russian literature on soil
mechanics [23], therefore define the border of the clay-silt grain fractions at
d<0.005 mm.

Test Procedures

The grain fractions d>0.063 mm (sand, gravel) are determined by sieve analysis.
The grain fractions <0.063 mm (silt, clay) are determined by hydrometer analysis
(DIN 18123). For mixed-grain soils, a combined sieve and hydrometer analysis is
used. Accordingly, the clay and silt grain fractions are also called mud grains,
whereas the sand and gravel grain fractions can be referred to as pebble (sieve)
grains.



70 2 Construction Soil-Sourcing, Extraction, and Classification

Fig. 2.11 Sieve set for
the mechanical analysis
of sand and gravel grain
sizes according to DIN
18123 [10]
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Sieve analysis. The sieve analysis uses a set of sieves with standardized wire mesh
sizes which represent the main grain sizes of the sample. The sieve set is arranged on
a shaker with the largest screen openings on top. Each lower sieve has smaller open-
ings than the one above it. The sieve set is closed with a round receiving pan at the
base for grain sizes <0.063 mm and a lid on top (Fig. 2.11) [10]. The sample material
which has been dried at +105 °C is poured into the top sieve and screened according
to the instructions. The material which remains on each sieve is weighed and entered
into a diagram as single-point measurements. The diagram is made up of an orthogo-
nal coordinate system. The proportions of the total dry mass in % are plotted along the
y-axis, the corresponding screen openings of the sieves are plotted along the x-axis
increasing from left to right as a logarithmic scale. The individual points are combined
into a grain size distribution curve, also called grading curve or grain size distribution,
as a cumulative frequency polygon of the mass percentages (Fig. 2.12) [10].

Hydrometer analysis. The hydrometer analysis is based on the recording of the tem-
poral changes of a suspension density where the grain “diameters” are determined
as equivalent values according to STOOKE’s Law. In this analysis, approx. 50 g of
naturally moist soil is suspended in distilled water in a 1000 mL cylinder with the
addition of a chemical which prevents coagulation, such as sodium pyrophosphate.
Readings and evaluations are carried out according to a specified chronological
sequence (Fig. 2.13) [10]. The hydrometer analysis cannot be applied to particle
sizes <0.001 mm.
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Fig. 2.12 Diagram showing a grain size distribution curve according to DIN 18123 [10]

Fig. 2.13 Hydrometer
analysis using a
hydrometer for
determining silt and clay
grain sizes according to
DIN 18123 [10]
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Combined sieve and hydrometer analysis. As the first step in the combined sieve and
hydrometer analysis, the soil sample is soaked in water in order to dissolve the
“cemented structures” caused by the clay minerals. The subsequent wet screening
process breaks down the sample into its different grain fractions and the dried resi-
due is weighed. For this step, the receiving pan is fitted with a rinse water drain from
which the fine soil particles <0.063 mm are collected. After drying and weighing the
fine soil, the grain size distribution is determined using the hydrometer analysis and
the grading curve is adjusted graphically (Fig. 2.12).

Classification

According to grain size fraction/letter symbols. According to Table 2.2 the following
grain size fractions are distinguished. The capital letter refers to the corresponding
grain fraction that forms the primary fraction of the soil or is responsible for its main
characteristic properties, namely,

— In coarse-grained soils with a fine-grained portion (silt and/or clay) <5 %
— In mixed-grained soils with a fine-grained portion of 5-40 %
— In fine-grained soils with a fine-grained portion >40 %

Secondary fractions of grain fractions found in a sample do not present any
characteristic properties. They are referred to by the corresponding lowercase letters
and follow the principal fraction in order of importance. Particularly high or low
portions of secondary fractions are represented by a horizontal line above the letter
symbol, an asterisk, or an apostrophe.

Example: G, s*, u, t'—gravel, high sand proportion, silty, low clay proportion

In order to specify further properties, a second capital letter can be added to the
group symbol:

— Nonuniformity of coarse-grained soils: E (close), W (wide), and I (gap graded)

— Plasticity of cohesive soils: L (low), M (intermediate), and A (very high)
(Sect. 2.2.3.2)

— Division of mixed-grained soils according to mass percentage of fine grains
<0.063 mm: U or T low 5-15 % or U* or T* high >15-40 %

Within the grain fractions of silt, sand, and gravel, there is a further division into
the subgroups fine, medium, and coarse. The subgroups are referred to by the
lowercase letters f, m, and g. These letters are put in front of “pure soil types” which
consist only of one grain fraction.

Example: gU—coarse silt (0.02>d <0.06 mm)

As the clay mineral content increases (and with it the plastic content), the property
of “grain size composition” gives way to the question of the processing properties of
the soil. This means that, in addition to the grain parameters, processing parameters
need also to be identified.

According to the grading curve. Important technological and processing properties
(such as compactibility, compressive strength, erosion resistance, deformation, etc.)
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can be derived from the grading curve. In this context it is important to find out if
the construction soil consists of only a few different grain sizes, which means that
the soil is uniform, or of many different grain sizes, making the soil nonuniform.
Accordingly, the respective grain size distribution curves are shallow or steep.
Shallow sections within a continuous grading curve indicate a missing grain frac-
tion, whereas steep sections or jumps are a sign of a dominant grain fraction.

For road and dam construction, values have been derived from the grading curve
which can be used to evaluate the compactibility of soil types with no or low
cohesion.

Generally, nonuniform loose rock compacts more easily than uniform loose rock
of the same initial pore space. During the compaction of nonuniform loose rock, the
voids formed by the coarser grain sizes are filled by the smaller particles which
minimize the pore volume.

The uniformity coefficient C, describes the average gradient of the grading curve:
the steeper the gradient the more uniform the soil.

C,=dyld,

dgo grain diameter which corresponds to the ordinate 60 % of the grain distribution
curve.

ds corresponds to 30 %.

dyo corresponds to 10 %.

Loose rock with respective C, values is identified as follows:

C,<5 Uniform (e.g., beach sand)
C,=5-15 Uniformly graded (e.g., sand, loess soil)
C,>15 Nonuniform (e.g., glacial soil, eluvial soil)

The curvature coefficient or grading C. describes the grading curve between d|
and dgy: low C, values indicate that ds is positioned near d,,, and high values indi-
cate that dy is positioned near d.

C = (d.m )2 ldg, -d,,

c

C.<1 Poorly graded

C.= Normally graded

C.>1 Distinctly graded

C.=1-3 Well graded, e.g., gravelly sand,

eluvial soil

The more uniform the loose rock, the lower the C..
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A second letter added to the group symbols of the grain fractions gravel G and
sand S indicates the average increase or gradation of the grain size distribution curve:

Designation Letter symbol C, C.
Poorly graded E <6 Any
Well graded w >6 1-3
Gap graded I >6 <l or>3

These values apply to coarse-grained soils (nonbinding gravels and sands) with
a proportion of silt and clay fractions at <5 % making these types of loose rock
generally unsuitable for earth building.

The model of “sphere packing” can basically also be applied to construction
soils. According to this model, nonuniform construction soils (such as glacial soils)
are, for example, more suitable for rammed earth than uniform soils (loess soils).

Nonuniform soils can reach higher densities and, as a result, a higher compres-
sive strength than uniformly grained soils with the same mineral content. Compaction
is counteracted by the clay minerals, however, due to their cohesive strength.

Loose rock ideally graded for purposes of compaction has a grain size composi-
tion which follows the Fuller curve (Fig. 2.14 [11]):

x=100(d, /d,, )"

d, Mesh size x
dioo Maximum grain diameter
n Grading coefficient

The grading coefficient n=0.5 applies to “sphere packing” which has no equiva-
lent in natural soils because the shape of a grain typically deviates from the shape of
a sphere. Therefore, Houben and Guillaud [12] recommend a coefficient of n=0.35
for sands and gravel and n=0.25 for clay-rich soils.

For soil materials of this kind, the lowest possible pore volume and highest
density can be achieved through adequate compaction and an optimal water content.
A Fuller curve can be determined for each coarsest grain within the grain material.
This provides the densest grain size composition adequate for this particle size after
compaction.

This process is used to artificially compose soils for watertight cores of earthen
dams. The continuity of the grain size distribution curves alone ensures that the
dams are resistant to erosion and watertight. These soils are also referred to as clay
concrete. For tests with compacted silts, Plehm [13] used a clay concrete containing
gravelly sand as its basis (100 parts by weight), as well as Caminau silt (10 pbw)
and Guttau powdered clay (15 pbw).

For compaction work in earth building, such as the construction of rammed earth
walls, soils can be selected according to this system or can be artificially modified
with aggregates. The example described in [38] used a loess soil as construction
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Fig. 2.14 Grain size grading for different grain size distributions including Fuller curve with
dmax =60 mm [38]

soil for the construction of a rammed earth structure. It was modified with coarse
aggregates according to the Fuller curve (Fig. 2.15) in order to achieve the desired
strength values.

However, there is no general grain size distribution curve which is optimally
composed for earth building purposes. Depending on the intended application of the
earth building material, the “ideal” grading curve would need to be adjusted accord-
ing to particular specifications. Rammed earth, for example, requires a gravel por-
tion, whereas plasters need a high sand content. Sun-dried earth blocks, on the other
hand, require a higher percentage of clay.

According to plastic components. The grain composition of a soil alone does not
allow for a comprehensive assessment of its suitability as construction soil because
it fails to evaluate the specific quality of the clay minerals. The clay minerals char-
acterize the processing properties of the construction soil (Table 1.1). This is not
addressed by older diagrams based on American road construction research on the
different soil types within the clay—silt—sand triangle (Fig. 2.16 [11]). They only
classify individual soil samples as a result of a grain composition analysis.

Therefore, when carrying out the geotechnical classification of clay soils according
to DIN 18196, processing parameters are always assessed alongside grain size
parameters (Sect. 2.2.3.2).


http://dx.doi.org/10.1007/978-3-319-19491-2_1

76 2 Construction Soil-Sourcing, Extraction, and Classification

CLAY SILT SAND GRAVEL ETONE
100 FINE MEDIUM | COARSE FINE MEDIUM | COARSE FINE MEDIUM | COARSE
-‘—— )
90 4
S /
= g0 A
5 f
P
270
S h A
B 60 '.'
2 50 s r,/
i -
= 40 14 = -
5 -
= 30
5} ry =
~ 1 |41
20 e ]
NE il - L
0 AAALALL FroTTe I B I NN Y s
0,001 0,002 0,006 0,01 0,02 0,06 0,1 0,2 06 1,0 2,0 6,0 10 20 60 100
""""""""""""""" Loess from soil pit Kleinfahner Grain diameter 60 mm [38]

———————— Modified loess soil

Calculated ideal curve

Fig. 2.15 Grain size distribution of a loess soil modified with coarse aggregates to be used as
rammed earth [11]

sandy 60 > silty
AN AVAVAVAVIVAS
70 30
sandy, clayey soil\%léyey sMilty clayey soil
80 20 .
dy soil clay-rich Sty sof P2 Reading example P1:
sandy soil ¥ mixture of 40 % clay,
0 /\/\/\/\/\/\/\/\/ 10 30 %silt and 30 % sand
% / sand
100
0

0
10 20 30 40 50 60 70 80 90 % 100
silt -

Fig. 2.16 Depiction of different types of soil according to their grain distribution in a triangle [11]

Grain Shape and Grain Angularity

In addition to the grain composition of a soil, the shape and angularity of the
individual grains play an important role. The different grain shapes include spheri-
cal, prismatic, elongated, and flat, while their angularity can be characterized as
angular, rounded, or smooth (Fig. 2.17 [14]).
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Fig. 2.17 Grain shapes and grain angularity [14]

In coarse-grained soils, particle shape and angularity are influenced by the type
of parent rock and its genesis. The grains of transported soils (such as glacial soil)
typically range from rounded to smooth, while soils which have not been trans-
ported (such as eluvial soil) are sharp edged to angular. The latter exhibit a higher
shear strength. In fine-grained soils, grain shape is dependent on the type of mineral:
quartz and lime are bulky to prismatic, and clay minerals are generally platelike.

Grain shape and angularity also play a role in the artificial mixture of grain sizes
using the Fuller curve.

Grain Surface

A soil’s behavior in the presence of water is a characteristic property (Sect. 3.6.3.1).
The amount of water which can be adsorptively bound by the soil depends on the
soil’s specific grain surface area A, the surface of the grains A of 1 g dry mass m,.
The smaller the grain size, the larger the surface area because the volume increases
to the third power of the grain size, while the surface increases to the second power.
Grain shape is another influencing factor. The specific grain surface A area is deter-
mined as follows (Fig. 2.18 [14]):

A =A/m, =a/d-ps[cm2/g},
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Fig. 2.18 Grain size and specific surface of different clay minerals [14]

d Grain size
Ds Particle density
a Shape factor

The shape factors « are:

— For cube and spherical grains (quartz) at a=6
— For plates with a thickness of 0.1d (kaolinite, illite) at =24
— For plates with a thickness of 0.01d (montmorillonite) at a=204

The amount of water adsorptively bound on the grain surface is proportional to
the grain surface area and increases with dispersity. The figure also shows the mois-
ture content w for an adsorptively bound water layer of 1 x 10 mm=10 A thickness.
The molecular attractive forces of the grains exert extremely high pressure on the
adsorptively bound water leading to an increase in density and viscosity (Sect. 2.2.3.4).

2.2.3.2 Processing Parameters

Processing parameters describe the resistance of the soil sample to (plastic) shaping
and compaction depending on time and the type of processing. This resistance, also
called cohesion, is formed by the surface forces of the fine-grained mineral compo-
nents of the construction soil. Their strength depends on the grain diameter, the
structure of the clay minerals, and the moisture content.
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Moisture Content

Terminology

The moisture content w of a soil sample is the ratio of the weight of the pore water
my, to the dry weight of the soil sample my:

w=m, I m[-].

The degree of saturation S, is the ratio of the voids containing water compared to the
total voids (Sect. 3.6.1.2).

Test Methods

To calculate the moisture content w according to DIN 18121-1, the weight of the
pore water m,, is determined as the difference in weight before and after the drying
of the soil sample at 105 °C.

According to DIN 18132, the capillary water absorption of construction soils
can be calculated with the help of the testing device described by Enslin-Neff
(Fig. 2.19 [9, 15]). In this procedure, the water absorption m,, of 1 g of dried soil
my with d<2 mm is determined under predefined conditions dependent on time.

funnel

P
==
]__J{\ graduated pipette
connecting pipe

0.6
T 0.5 c
5 047 Wo -
g b // ’
§ 0.3 b - __ __ __ _ \Waterabsorption of different soils
© a
fﬂ'ig 0.2 a- low cohesion
= b - medium cohesion
0.1 w,=f(t) ¢ - high cohesion

time ——»

Fig. 2.19 Determining water absorption according to Enslin-Neff [9, 15]
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The maximum value which is attained after 4 min is referred to as the water
absorption capacity wy:

w, =m, [ m, [—]

Lab and Calculation Values

The state of a construction soil sample in terms of the water content in its pores can
be defined with the help of the degree of saturation S, as follows:

S (=) State

0 Dry
0-0.25 Moist
0.25-0.50 Very moist
0.50-0.75 Wet
0.75-1.0 Very wet
>1.0 Saturated

In terms of a soil’s water absorption capacity wy, it can generally be said that lean
construction soils (w, <0.45) tend to absorb a relatively small amount of water very
quickly. In contrast, clay-rich soils or pure clays (w,=0.6—1.5) absorb a large
amount of water but over a long period of time [15].

Water resistance can also be assessed with the help of the coefficient of perme-
ability k which is used in earthworks and dam construction. A coefficient of k
1 x 1075 mm/s describes a soil with good water resistance.

Plasticity Index PI, Consistency Index CI

Terminology

The plasticity index PI (also known as the plastic region) is the general geotechnical
classification property for defining the level of plasticity of a soil. It is determined
by calculating the difference between two standardized moisture content levels
which are independent of the natural moisture found in the soil: the water content at
the liquid limit LL and the water content at the plastic limit PL.

PI=LL-PL[-].

In a soil sample, the moisture content LL describes the transition from paste-like to
liquid consistency. The moisture content PL describes the transition from rigid to
semisolid, nonplastic consistency. Soil can be shaped within the limits of the plastic
region. The critical moisture content levels are depicted in the “consistency dia-
gram” according to Atterberg (Fig. 2.20).



2.2 Construction Soil 81

“ shrinkage

a limit SL plastic limit PL liquid limit LL

solid
=1,25

semisolid Area of plastcity PI

1,00 \ [

0.75 [ 7

0.50 \ weak Cl = 1.0 0.75 0.5 0

pasty solid semi-  stiff weak pasty liquid
solid
0 e W
sL PL LL water content w
Pl

Fig. 2.20 Representation of the critical moisture content levels in the consistency diagram accord-
ing to DIN 18122

The moisture content at the shrinkage limit SL describes the transition of a
sample’s consistency from semisolid to solid. Here, soil can no longer be shaped
using standard compaction.

The consistency or state of a soil sample, expressed by the consistency index CI,
compares the current moisture content w of the sample with the specific moisture
content levels LL and PL which have been calculated for the same construction soil
according to DIN 18122:

CI=(LL-w)/PI[-].

In geotechnical terminology, loose rock soils with a clay mineral content are referred
to as cohesive/plastic (clay-rich soils and pure clays), whereas those without a clay
mineral content (sands, gravel) are called non-cohesive/nonplastic soils. The empir-
ically obtained A-line on the plasticity chart

PI=0.73(LL-20)[-]

separates the clays from the silts (Fig. 2.21). There are three plasticity levels: slightly
plastic, medium plastic, and highly plastic. For a classification of soil types accord-
ing to DIN 18196, these levels are added to the letter symbol as a second letter L, M,
or A following the group symbol (Sect. 2.2.3.1):

Example: UL, slightly plastic silt (e.g., loess)

Test Methods

Liquid limit LL. The moisture content at the liquid limit LL is determined using the
Casagrande method (DIN 18122-1). The standardized testing apparatus includes a
brass dish which the prepared soil sample is spread into. The dish is then suspended
from a device equipped with a camshaft (Fig. 2.22 [10]). A smooth groove is made
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Fig. 2.22 Apparatus for determining the liquid limit LL according to Casagrande [10, 14]

perpendicular to the camshaft using a grooving tool. The dish is lifted to a height of
10 mm by turning the camshaft. The repeated dropping of the dish onto a hard rub-
ber base causes the groove to close. The liquid limit is reached when the groove has
closed over a distance of 10 mm after 25 drops.

Plastic limit PL. The moisture content at the plastic limit PL is determined by roll-
ing out a prepared sample on an absorbent mat. The plastic limit PL is reached when
a rolled sample with a thickness of 3 mm starts cracking and breaking down into
smaller rolls with a length of 10-15 mm (Fig. 2.23 [10]).
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Fig. 2.23 Determination
of the plastic limit PL [10]

Shrinkage limit SL. The shrinkage limit SL is reached upon the completion of the
volume decrease of the soil sample by drying out the physically bound water in
its pores (DIN 18122-2). For this procedure, soil is spread into a ring and dried
until the weight of the sample remains constant. This state marks the shrinkage limit.
A visual sign is the soil’s color change from dark to light.

Lab and Calculation Values

Liquid limit SL. The liquid limit SL_as a function of dispersity and mineral constitu-
ents, is a measure of the water-binding capacity or hydration of the soil material: the
higher the SL the higher the plasticity or cohesive strength of the soil. The propor-
tion of active clay minerals increases the liquid limit.

Examples of SL [9]:

Loess soil: 0.25-0.35

Fluvial soil: 0.30-0.75

Eluvial soil: 0.20-0.45

Black cotton soils [4]: 0.66 (average value with n=627; s=16.96; v=25.7 %)

Plasticity index PI. Compared to soils with a high plasticity index PI soils with a
low PI react much faster to the addition of the same amount of water, making them
easier to work with.

Examples of PI [9]:

Loess soil: 0.07-0.18

Fluvial soil: 0.12-0.45

Eluvial soil: 0.02-0.30

Black cotton soils [4]: 0.36 (average value with n=627; s=12.95; v=35.7 %)
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The parameters PI and LL correlate with many geotechnical properties. For
example, if the PI and LL of a soil are known, qualitative statements can be made
about the clay content and the properties of the clay minerals without extensive
testing.

Shrinkage limit SL. According to Muhs [11], the shrinkage limit SL of soils with low
cohesion is approx. 5—15 %. For soils with high cohesion, it is approx. 15-40 %.
The shrinkage limit is dependent on the initial moisture content. (Krabbe [16]) fur-
ther states for the SL:

SL ~LL -1.25PL

Using the shrinkage limit SL, the swelling capacity of a construction soil can be
assessed (Sect. 2.2.3.3) [17] with the help of the shrinkage index SI:

SI=LL-SL[-].
Swelling capacity SI [%]
Low 0-20
Medium 20-30
High 30-60
Very high >60

Activity ratio I,. The activity ratio I, according to Skempton allows for a qualitative
assessment of water absorption capabilities as well as a detection of prevailing clay
minerals:

I\=P1l/(mgr/my) [-]
mgr—dry mass of the clay fraction d<2 pm
mgy—dry mass of the total sample

Assessment:
1,<0.75 Inactive (e.g., kaolinite)
0.75<1,<1.25 Normal
1,>1.25 Active (e.g., montmorillonite)

Table 2.3 shows average I, values for certain clay minerals [14, 15].

The hydration of the clay minerals can be increased further through intensive
processing as well as suitable additives (Sect. 3.4.2). Soil samples which have been
treated in this manner have higher values for LL than untreated samples of the same
soil. Conversely, the hydration of the clay minerals can be decreased by adding
synthetic binders (lime, cement).

Consistency index CI. Earth building materials are processed at different levels of
consistency depending on their intended application. It is therefore important for the
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Table 2.3 Average values of the activity ratio I, for selected clay minerals

Mineral LL [%] I, [-] w, [%]
Kaolinite 60 0.40 80
Illite 100 0.90

Ca montmorillonite 500 1.50 300
Na montmorillonite 700 7.00 700
For comparison: quartz powder 0 0 30

Table 2.4 Consistency levels of earth building materials, processing properties

Consistency of

earth building Consistency
Designation materials during classes

Consistency | of consistency | processing, according to
value CI [short form] examples Characteristics DIN 18319
0 Liquid [fl] Clay slurry for Watery mixture

light clay
0-0.50 Paste-like [br] | Earth masonry Squirts through the fingers | LBM 1*

mortar of a clenched fist
0.50-0.75 Soft [we] Straw clay Easily workable LBM 1
0.75-1.00 Rigid [st] Rammed earth Workable LBM 2

1.00-1.25 Semisolid [hf] | Rammed earth for | Can be rolled out, crumbles | LBM 2
dry compressing | and tears but cannot be
formed into clumps

>1.25 Solid [fe] Earth block Dry and light colored, can | LBM 3
only be broken apart,
separated parts cannot be
combined again

“LBM —cohesive loose rock, grain size d <63 mm, mineral constituents

earth building field to develop an understanding of the different levels of consistency.
This understanding can be gained through practical experience (Table 2.4).

Earth building materials are shapeable or plastic at paste-like, soft, and rigid
(0<CI<1) consistencies.

Plasticity According to Pfefferkorn

The ceramics industry used to apply the Pfefferkorn method for assessing the
plasticity of ceramic materials [28]. For this method, a cylindrical soil sample is
deformed by a free-falling disk. The ratio of the initial height A, of the sample to the
height of the crushed sample 4, is determined as the deformation ratio Di=h,/h,.
This crush test supplies information about the material’s consistency. D;=2.5-4
describes a consistency of clay mixtures which can be easily shaped by hand (e.g.,
material for a potter’s wheel). D;=1.25 characterizes the ideal consistency for
extruded products.
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Standard Consistency and Cohesive Strength

Terminology

To assess the suitability of construction soils, DIN 18952-2 (which has been with-
drawn) applied the cohesive strength test according to Niemeyer [18]: in this test,
clay mineral and grain composition are not determined individually but rather as an
“external” effect of both parameters in the form of resistance. This resistance is
measured as the cohesive strength cy (cohesion in geotechnical terms) of a soil
specimen at standard consistency in a tensile “break” test. Here, the term standard
consistency describes the test consistency of the soil sample which has been defined
for determining the cohesive strength.

Test Method

The standard consistency is determined empirically as follows: 200 g of a uniformly
prepared soil sample is compressed by pounding it several times on a hard, nonab-
sorbent surface. Immediately afterward it is formed into a ball. The ball is dropped
onto a smooth, hard, and firmly mounted nonabsorbent surface from a height of
2 m. The standard consistency of the soil sample has been attained when the ball
flattens to a width of 50 mm upon impact.

In order to determine the cohesive strength cy, the test sample at standard con-
sistency is formed into a figure-eight shape with the help of a wooden mold and
then placed between two metal brackets. The upper bracket is suspended from a
boom. A load-applying device is attached to the lower bracket. This device consists
of a box which is filled with sand or water at a maximum flow rate of 750 g/min
until the specimen breaks. The load is applied to the thinnest section of the figure-
eight specimen (5 cm) and is converted into a “cohesive strength” (pull) value per
cm? (Fig. 2.24 [10]).

Lab and Calculation Values

According to their determined cohesive strength cy, construction soils are classified
into various categories ranging from “lean” to “very rich” (Table 2.5 [18]):
According to DIN 18952-2, soils with a cohesive strength ¢y of <50 g/cm?
(0.005 N/mm?) are deemed unsuitable for earth building purposes. They can, how-
ever, still be used for a number of applications, such as ceiling loose fill material. For
these extremely lean soils, the cohesive strength test does not supply reliable results.
Developed in the 1940s, the classification of construction soils based on their
cohesive strength as a processing parameter has remained confined to German-
speaking countries. Internationally, a classification according to the geotechnical
parameters PI and LL is used. The growing importance of earth as a building
material, also internationally, raises the question of a “translation” of both systems.
Research conducted at the Bauhaus University Weimar has examined this question.
To start, 16 local soils were tested which represented the classes “slightly plastic,”
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Fig. 2.24 Determination of the plastic limit PL according to Niemeyer [10]/DIN V 18952-2

Table 2.5 Classification of construction soils based on their cohesive strength according to
Niemeyer

Cobhesive strength ¢y Construction soil | Degree of linear | Moisture content at standard
[g/cm?] or (N/mm?) classification shrinkage &) [%] | consistency wy [%]

50-80 (0.005-0.008) Very lean 0.9-2.3

81-110 (0.0081-0.011)  |Lean 0.9-2.3 9.5-12

111-200 (0.0111-0.02) | Semi-rich 1.8-3.2 11-15

201-280 (0.0201-0.028) | Rich 2.7-4.5 12-20

281-360 (0.0281-0.036) | Very rich 3.6-9.1

>360 (0.036) Pure clay >9.1 15-23

“medium plastic,” and “highly plastic” in terms of plasticity and “lean” to “very
rich” in terms of cohesive strength (Table 2.6 [19]).

In these tests, it could generally be confirmed that an increase in cohesive strength
is connected to an increase in the soils’ plasticity. While there was a distinct correlation
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Table 2.7 Correlative references between geotechnical and earth building parameters

Moisture content wy at standard consistency Cohesive strength cy
LL Wy=0.32LL+7.21; r,,=+0.94 cn=7.88LL—-155.94; r,,=+0.72
PL Wx=1.19PL-3.37; r,,=+0.79
Wpe Wy=1.10w,,—1.84; r,,=+0.79
PI ex=9.06PI-17.01; r,,=+0.70
Terminology

Plasticity Cohesive strength cx

Slightly plastic Lean

Medium plastic Semi-rich to rich

Highly plastic Very rich, pure clay

between the earth building and the geotechnical classification systems used to
describe the moisture content of the consistency of the samples, the correlations
between cohesive strength cy and liquid limit LL as well as for the plasticity index
PI were less clear for the tested samples (Table 2.7 [19]).

Influencing Variables

Due to slow water distribution in clays, very rich soils and pure clays require much
more intensive processing than lean soils in order to attain the “standard consis-
tency” for testing. Standard consistency defines the same degree of receptiveness
of the clay minerals, and whereas lean soils need little water, very rich soils and
pure clay require much more. This is also the reason why the moisture content wy
at standard consistency is much higher for very rich soils and pure clays than for
lean soils. Table 2.6 illustrates this tendency for selected soil samples by showing
the parameters plasticity PI, cohesion cy and moisture content wy at standard
consistency.

2.2.3.3 Deformation Parameters

Deformation in construction soils through the absorption and the release of water is
called swelling and shrinkage. Compared to other mineral building materials, they
can reach a considerable scale.

Assessing the quality of these deformations in construction soils can determine
if stabilizing measures need to be taken during the production of earth building
materials. This is particularly true if soils or clays which are known to be expansive
due to their formation genesis (e.g., “black cotton soils,” Sect. 2.1.2.6) are to be
processed into earth building materials.

The overview in Sect. 3.6.2.1 systematically lists the deformations of earth build-
ing materials.


http://dx.doi.org/10.1007/978-3-319-19491-2_3
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Shrinkage

Terminology

Construction soils experience a decrease in volume during drying as a result of the
evaporation of pore water. This causes three-dimensional deformations which are
referred to as shrinkage. They occur independent of loads and are reversible.

When testing the suitability of a soil for construction, its deformation is gener-
ally only examined in one direction: the ratio of change in linear dimension com-
pared to the initial length of a specimen, also known as the linear degree of shrinkage
er1=Al/l [%] or linear shrinkage.

The ceramic industry differentiates between “drying shrinkage” and “firing
shrinkage.” Drying shrinkage describes the transition from shaped body to “green”
body before firing, typically at temperatures <200 °C. Firing shrinkage is the defor-
mation caused by the sintering process during ceramic firing at temperatures
>800 °C. This is not part of the production of earth building materials which is why
the term “shrinkage” is sufficient.

Test Methods

According to DIN 18952-2, the shrinkage test of construction soils can be carried
out by determining the reduction in length of a standardized specimen with the
dimensions 220 x40 x 25 mm (Fig. 2.25 [10]). The soil needs to be prepared to stan-
dard consistency (Sect. 2.2.3.2). It is then placed into a mold. The mold is removed
and the test specimen is air-dried until its length remains stable. In this state, the
moisture content of the soil correlates with the moisture content at the shrinkage
limit SL (Sect. 2.2.3.2). While the soil is still moist, two reference marks are

o B
S

Fig. 2.25 Testing the linear degree of shrinkage according to DIN V 18952-2 [10]
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scratched into the sample 200 mm apart from each other. The reduction in length is
measured between these two lines as the linear degree of shrinkage ¢;,. It should not
exceed 2 %. The final result is the average value determined by three tests.

Lab and Calculation Values

According to Niemeyer [18], the correlations between cohesive strength ¢y and lin-
ear degree of shrinkage shown in Table 2.5 exist when using the test specimen
dimensions mentioned above.

The cohesive strength of the construction soil provides information about the
extent of the linear degree of shrinkage and if measures need to be taken in order to
reduce shrinkage. Therefore, the Lehmbau Regeln [6] do not require a shrinkage
test for construction soils. At a later point in time, this test is carried out on the
actual earth building material which is ready for processing. This material consists
of the construction soil, aggregates, and water added to reach the required process-
ing consistency. Only the actual soil mixture can provide a realistic picture of the
extent of shrinkage deformations to be expected. Depending on the aggregates used,
the dimensions of the test specimen differ from one earth building material to
another (Sect. 3.6.2.1).

Influencing Variables

Shrinkage of a soil sample is influenced by the proportion and structure of the clay
minerals, based on the total mass: with an overall unchanged proportion of clay
minerals, a high degree of deformation can be expected in soils with a dominance
of three-layer minerals (e.g., montmorillonite), whereas prevailing two-layer miner-
als (e.g., kaolinite) result in low degrees of deformation (Sect. 2.2.3.4). High degrees
of deformation generally manifest themselves as cracks.

The risk of cracking decreases with a lower initial moisture content of the soil
sample and a better-graded grain distribution curve (Sect. 2.2.3.1).

Figure 2.26 [27] shows the difference in shrinkage behavior of smectite and
kaolinite with the same initial consistency: the smectite sample has crumbled into
individual chunks, while the kaolinite sample exhibits “normal” crack formation
consisting of individual chunks attached to the ground.

Swelling

Terminology

Whereas soils shrink while drying, they increase their volume through water absorp-
tion. These deformations are also three dimensional and are called swelling. They
occur independent of loads and are reversible. Another use of the term “swelling”
applies to elastic deformations which develop temporarily in the form of compres-
sion of the specimen after a load has been applied and which reverse immediately
after the load has been removed (Sect. 3.6.2.1).


http://dx.doi.org/10.1007/978-3-319-19491-2_3
http://dx.doi.org/10.1007/978-3-319-19491-2_3
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Fig. 2.26 Shrinkage and swelling of clay minerals [27]. (a) Shrinkage based on the same initial
consistency: left, smectite; right, kaolinite. (b) Swelling based on equal amounts of a mixture of
clay minerals and sand: left, smectite; right, kaolinite

Test Methods

The free-swell value F (“free-swell test” [17]) can be used to estimate the expansion
capabilities of a soil sample in a rapid test.

For the test, 10 cm® of a soil sample are passed through a 0.4-mm sieve and
mixed with 100 cm?® of distilled water in a graduated cylinder. After settling has
occurred, the difference between the final and initial volumes based on the initial
volume of the sample in % is used to determine the free-swell value F.

A more exact method of calculating the swelling potential of construction soils
is to determine the vertical swell h' with the help of an oedometer, a device which
is commonly used in soil mechanics (Sect. 3.6.2.2). This test examines the volume
increase of a waterlogged soil sample which is not prevented from expanding laterally
and is under a device-specific imposed load tension of 1.6 kN/m? (0.0016 N/mm?).


http://dx.doi.org/10.1007/978-3-319-19491-2_3
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The measured increase in height of the sample Ak based on the initial height A, is
the vertical swell A’

h = Ah/h,[%)].

Lab and Calculation Values

Free-swell value F; [%] and swelling potential according to [17]:

<50 Low
50-100 Moderate
>100 Very high

Bentonite clays reach free-swell values in the range of F;=1200-2000 %.

Influencing Variables

The absorbed water is integrated into the structure of the clay minerals: three-layer
minerals (e.g., montmorillonite) have the capacity to absorb a large amount of water,
whereas two-layer minerals (e.g., kaolinite) absorb relatively little (Sect. 2.2.3.4).

Figure 2.26 [27] shows two bottles filled with water and the same amount of a
sand/clay mineral mixture: smectite on the left, kaolinite on the right. Whereas the
sand in the bottle filled with kaolinite settles to the bottom, the sand in the bottle
filled with smectite is “lifted” and evenly distributed within the suspension due to
the high swelling potential of smectite.

With an increase in plasticity PI, as well as clay content and water absorption
capacity w,, the vertical swell i’ also increases as a result of swelling as does the
free-swell value F..

2.2.3.4 Chemical-Mineralogical Parameters

The chemical-mineralogical compositions of construction soils, particularly the
quantity of clay minerals and their structure, are decisive factors in regard to a soil’s
processing properties and its deformation parameters. In addition to relevant geo-
technical processing parameters, qualitative statements can be made about the pro-
cessing behavior of construction soils based on the results of suitable tests.

Large quantities of extracted soil and the industrial production of earth building
materials require continuous monitoring of the quality of the construction soils
used, especially after changing from one extraction site to another. In addition to
testing the physical-mechanical parameters, chemical-mineralogical analyses also
need to be carried out.
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Fig. 2.27 Structural basic units of clay minerals [9]

Clay Minerals

Terminology

In chemical terms, clay minerals are aluminum silicates. They mainly contain the
elements Si, Al, oxygen, and hydrogen. Other elements include Fe and different
elements of the alkali and alkaline earth groups, particularly Mg, Ca, and K.

Clay minerals are classified based on their internal structure. The structural
building blocks of all clay minerals consist of a Si-O-tetrahedron formed by Si
and oxygen and an Al-OH-octahedron formed by Al, oxygen, and hydrogen
(Fig. 2.27 [9]). Both building blocks have an excess of negative charge because for
every central ion with a positive charge, there are several accompanying ions with
negative charges. The tetrahedron SiO,, containing a tetravalent Si atom with a posi-
tive charge, has a tetravalent excess of negative charge resulting from the eight
negative charges of the four oxygen ions. In the octahedron AI(OH)s, there are
six negative charges from the six OH ions for every Al atom with a trivalent posi-
tive charge causing a trivalent excess of negative charge.

These excess charges are balanced by cross-linking with other tetrahedra and
octahedra. First, the tetrahedra and octahedra form stable configurations of hexago-
nal rings (Fig. 2.28 [9]) which build netlike sheets through the addition of further
hexagonal rings. In addition, bridge bonding formed by specific oxygen ions causes
cross-linking of tetrahedra and octahedra. This succession of ion sheets is also
called packaged sheets or layers. Several layers are called layer stacks. Several
layer stacks form a clay mineral crystal lamella which is visible as a single structure
under a scanning electron microscope (Fig. 2.31).

The cross-linking between tetrahedron and octahedron sheets not only occurs
through one tetrahedron sheet attaching to one octahedron sheet but also through
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layer
stack
0o distance
® OH
@ Al
@ Si layer stack
two-layer mineral three-layer mineral

Fig. 2.28 Two- and three-layer structure of clay minerals [9]

two tetrahedron sheets attaching to either side of a octahedron sheet. Figure 2.28 [9]
shows hexagonal ring sections of a two-layer and a three-layer stack. Depending on
the structure of the crystal (consisting of two- or three-layer stacks), the minerals are
called two-layer or three-layer minerals.

Kaolinite is the most common two-layer mineral and is mainly formed from
acidic migmatites during intensive (tropical) weathering (Sect. 2.1.2.6).

The three-layer mineral illite is typically formed from mica under temperate and
humid climate conditions. It can be found, in different proportions, in nearly all
types of cohesive loose rock. The three-layer mineral montmorillonite develops pri-
marily through the weathering of alkaline rock under semiarid climate conditions
(Sect. 2.1.2.6).

Test Methods

Analyses of a soil’s mineral content provide information about its processing behavior.
The overall percentage and the type of clay minerals are examined in these tests. The
test results make it possible to assess plasticity and cohesive strength as well as drying
behavior (shrinkage). Nonplastic minerals (such as quartz, feldspar, calcite, dolomite)
act as “tempering agents.” The chemical analysis (Al,O5/Fe,03) offers further insight
into water-binding capabilities.

Due to the effort they require and their limited validity, wet chemical analysis
procedures are rarely carried out. They are used to obtain quantitative information
about the chemical composition of the soil material.

Differential thermoanalysis (DTA) is a thermal analyzing method suitable for
soil testing. For this analysis, the sample is heated, and the resulting endothermic
and exothermic effects provide reliable information about the type of clay minerals
present and their concentration. The relevant processes occur in the temperature
range of 100-750 °C.

Among the test methods based on the application of X-rays, X-ray diffraction
can be used to provide significant soil testing results. With this method it is possi-
ble to obtain reliable information about the soil’s mineralogical composition by
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Fig. 2.29 X-ray diffraction analysis of a loess soil [10]

determining intensity values, glancing angles, and layer thicknesses of the crystal
lattices (d-values). The Thuringian loess soil shown in Figs. 2.15 and 2.29 [10]
exhibits a relatively large proportion of the nonplastic minerals quartzite and calcite.
In addition to qualitative assessments, quantitative determinations can be made
in order to obtain information about the chemical and mineralogical composition of
the soil.
Table 2.8 [29] lists results for Gotha loess soil.

Influencing Variables

Mineral structure. The stability of the mineral structures described above greatly
influences the soils’ and clays’ characteristic properties such as plasticity, shrinkage,
and swelling. In this context, clear differences can be seen between two-layer and
three-layer minerals:

The crystal lattice of two-layer minerals is rigid and electrically neutral on the
surface due to the complete assignment of all charges. This reduces the capability of
these minerals to store water or ions dissolved in pore water as well as their tendency
to shrink or expand. Only between the layer stacks and the individual crystal lamella,
in other words at the outer edges of the layers, do free electric charges become avail-
able through breaks in the hexagonal rings. This is therefore the only place where
water molecules can be stored and where shrinkage and swelling can occur.
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Table 2.8 Gotha loess soil: mineral content and chemical analysis

Mineral content

Quartz 35 %
Plagioclase (feldspars) 8-10 %
Calcite 10-12 %
Dolomite 2-3 %
Kaolinite 8 %
Illite or mica minerals (with a prevailing portion of mica) 20 %
Intercalated minerals 8 %
Swellable minerals of the montmorillonite group 8 %
Chemical analysis

Loss on drying at 100 °C 1.4 %
Loss on ignition at 1000 °C 7.5 %
SiO, 65.2 %
AlLO; 10.9 %
Fe,0, 35 %
CaO 5.6 %
MgO 2.1 %
K,O 2.55%
Na,O 0.91 %

The crystal lattice of three-layer minerals is unstable. In addition to its shape
described above, the tetravalent central Si ion can be replaced by a trivalent Al ion.
Furthermore, in the octahedra, the trivalent Fe, the divalent Mg, and even the mon-
ovalent Li can take the place of the trivalent Al. Sometimes the central atom is miss-
ing altogether. However, if the higher-valent positively charged central atoms are
replaced by lower-valent atoms and the number of negative charges of the surround-
ing ions remains unchanged, the result is an excess of negative charges in the entire
lattice. This excess needs to be neutralized with positively charged pore water cat-
ions or with water molecules.

Another result of the unstable crystal lattice of the three-layer minerals is that the
distances between the layer stacks are not fixed. Instead they are dilatable. This
makes it possible for additional water molecules to attach between the layer stacks
increasing plasticity as well as shrinking and swelling capabilities. These specific
properties are often undesirable in earth building and can be influenced by chemical
additives, typically by the binding agents lime and cement.

Often, minerals do not fit into the described pattern of two-layer and three-layer
minerals. Such minerals are known as transition minerals or minerals with a mixed
layer structure. They do not consist of a succession of uniform layer stacks but are
made up of different stacks with a regular or irregular mixed layer structure.
Figure 2.30 [9] gives an overview of the most important minerals in the respective
groups along with a structural diagram.
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Structure type Mineral group | Formation through Deposits in
Mineral name weathering of

Two-layer minerals Kaolin minerals Acidic rock containing feldspar | Kaolin (impure kaolins),
Kaolinite ceramic clays

O | Halloysite
4 Meta-Halloysite

Basic formula

AlSiz05(0OH),
Three-layer minerals Montmorin minerals Volcanic ash, Bentonite (highly-plastic clay)
Montmorillonite Alkaline rock

_ T | Beidellite (basalt, gabbro)

7 Nontronite

%7723 o

_ Micaceous clay minerals Mica Cohesive loose rock (clay-rich
T | llite soils)

Basic formula Vermiculite

Al:Sis010(OH) 12

T Tetrahedron sheet, O Oktahedron sheet

Fig. 2.30 Structural diagram and main clay minerals [9]

Figure 2.31 gives an idea of the actual size ratio between the clay mineral crystal
lamella and the nonplastic quartz fragments in the “clay grain” fraction d<2 pm.
The differences in size illustrate the role of the clay minerals as binding agents
between the coarser grains [11].

The shape of the clay mineral crystal lamellae and the type of contact between
them greatly influence how construction soils are further processed and dried and
which mechanical properties the finished building products possess.

Figure 2.32 [27] shows two different clay mineral crystal lamellae: (a) needles,
single and cemented (illite/montmorillonite), and (b) plates (chlorite) (also
Fig. 2.31b (kaolinite)).

According to Fig. 2.32 [20], different types of contact between the individual
clay mineral crystal lamellae can also be distinguished: dot-like (c, Fig. 2.32b: chlo-
rite), linear (d, Fig. 2.30b: illite), and planar (e, Fig. 2.31b (kaolinite)).

Planar contact between the crystal lamellae, also known as band structure, is the
most stable and, therefore, shows more resistance to processing and compaction.
Dot-like contact is an open structure which is also called the house-of-cards struc-
ture. When drying, this structure shows low resistance to water on its way to the
evaporation surface thereby reducing the required drying time. Shrinkage and
swelling can be largely “buffered” by the open structure. This makes any measur-
able deformation insignificant.

Cation-exchange capacity. The type of cation saturation greatly influences the plas-
ticity of soils and clays because any additional excess electric charges enable them
to bind more water. With a qualitative change in sorbed cations toward H* = Al** =
Ba?*= Ca* = Mg?*= K*=Na*, the ability to bind water, called hydration, is
improved. This in turn increases the plasticity of the soil (see Fig. 2.31, Na- and
Ca-bentonite). Following this order (“Hofmeister series”), the ions on the left are
more easily replaced by ions which are further to the right and vice versa.

The capacity to exchange such ions is called the cation-exchange capacity and is
expressed in milliequivalent per g or per 100 g of soil [mequ]. Kaolinite minerals
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Fig. 2.31 Size ratio of clay minerals and quartz particles with adhering water films [11]. (a) Size
ratio of three-layer/two-layer clay minerals and quartz grains with adhering water films [11].
(b) Quartz grain and adhering clay mineral lamellae in SEM [Wikipedia]
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Fig. 2.32 Structure and types of contact between clay minerals. (a) Needles/acicular or cemented,
illite; structure, “house of cards,” SEM [27]. (b) Platy, chlorite; structure, “house of cards,” SEM
[27]. Types of contact between clay mineral lamellae [20]. (¢) Dot-like. (d) Linear. (e) Planar

exhibit a comparatively low cation-exchange capacity, whereas montmorillonite
minerals have a high cation-exchange capacity (Table 2.9).

Surface tensions and bound water. The surface tensions working on the extremely
small particles of the clay mineral lamellae, with their interaction mechanisms
between the solid and liquid phases of water, are the cause for the cohesion of these
small particles and, therefore, for the “cohesive” properties of all loose rock con-
taining clay minerals.

The surface tensions are of electrical nature and lead to the formation of a force
field surrounding each particle causing the sorption of water molecules (dipoles)
and of ions dissolved in the groundwater. The water molecules arrange themselves
into continuous water films around the solid particles. Depending on their distance
from the solid mineral core, these water films have different properties (Fig. 2.33
[3]): located directly on the surface of the solid substance, the adherent water acts
like a solid body (sorption water) due to the extremely high surface tension. As the
distance increases, the water properties become similar to those of viscous asphalt
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Table 2.9 Cation-exchange capacity and swelling behavior of selected clay minerals, according

to [36]
Exchange capacity

No. Clay mineral [mequ/100 g] Evaluation Swelling

1 Kaolinite 0-15 Moderate Moderate
2 Montmorillonite 60-150 Very strong Very strong
3 Illite 340 Moderate Medium

4 Vermiculite 100-150 Very strong Strong

5 Halloysite 5-50 Medium Medium

6 Chlorite 3-40 Medium Medium

Fig. 2.33 Principle of the
interaction between clay
mineral and water
molecule [3, 23]. (a)
Depiction of the water
bond. (b) Alignment of
water dipoles on the grain
surface. (c¢) Forces of
attraction depending on the
distance between mineral
particle and water

tension

——

f o s st b

; sorpuon water
~ (firmly bound)

solvation water
\ /(loosely bound)

free water

distance
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(solvation water) and only at a distance of >0.5 pm do they regain their “liquid”
properties. In addition to this “liquid” water, water vapor can be found within the
fine pore spaces. This vapor moves independent of gravity under the influence of
molecular forces.

The surface tensions and the water film thickness are influenced by the specific
surface area (particle size) and the type of mineral substance, by the availability of
free cations and by the temperature: the smaller the particle size the higher the cohe-
sive strength. The more unstable the crystal structure of the particle the thicker the
water films, under the condition that enough water is available. In the case of an
increased thickness of the water sheaths, the attraction between the individual par-
ticles decreases and the grain skeleton becomes more unstable. This, however,
improves the capacity of the particles to move past each other (workability).

The small particles stick to the surfaces of the coarser grains with the help of
hydrogen bonds. The thinner the water layer film the more stable the bonds. The
cation sheath of the clay lamellae adhering in this manner binds additional particles.
With the continued drying of the grain mixture, the clay mineral lamellae which are
suspended in the pore water find themselves in an increasingly smaller space. They
crowd together into the corners of the pores which are formed where the coarser
grains touch each other (Fig. 2.34 [20]). Finally, a stable bridge is formed between
the coarse grains giving the grain skeleton adhesive strength. In soil mechanics, this
phenomenon is called cohesion (Sect. 2.2.3.2).

Diagram [20]
1) sand, silt

Very fine particles are freely
suspended in the pore water

Drying

Very fine particles are
crowded together in the pore
corners where the coarser
mineral grain grains meet, the grain-to-

in polarized light [27] grain tension increases

Fig. 2.34 Principle of load transmission in earth building elements with “grain-to-grain” —tension,
diagram/polarized light in polarized light [27]
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Further drying increases the attractive forces within the pore spaces where the
grains meet. This forms a stable strength matrix within the entire grain structure
similar to concrete. This strength matrix enables load transmission through “grain-
to-grain” pressure and “load-bearing” earth building. However, the strength of this
bond between the clay minerals as “binding agents” and the coarse grains is always
lower than the strength of the individual coarse grain. An “overload” therefore
always results in a break along the surfaces of the coarse grains or the pores. In
contrast to concrete, this bond is dissolvable by water.

Color. Construction soils exhibit a wide range of colors which serve as an indication
of the prevalence of specific chemical elements within the clay mineral structure
(Sect. 2.2.2.2).

Natural Additives

In addition to the mineral soil components which form the basis of a classification
for construction purposes (Sect. 2.1.1.2), construction soils can also contain natural
additions. These include water-soluble salts and organic matter. These natural addi-
tions can influence the construction properties of the soil, such as plasticity and
strength properties.

Lime Content

Terminology. Lime components are the most common natural addition in construc-
tion soil. They are caused by weathering and eluviation of soluble rock and top soil
products.

Test methods. A qualitative assessment of the lime content in construction soil can
be carried out on location using hydrochloric acid. For this test, diluted hydrochloric
acid is added to the soil sample and the foaming quality is assessed: the more inten-
sive the reaction the higher the lime concentration (Table 2.10).

A quantitative analysis is carried out using the loss-on-ignition method described
in DIN 181209. In this test, approx. 20 g of dried construction soil is weighed out in
a porcelain crucible and heated at approx. 900 °C for 2 h. After the sample has

Table 2.10 Qualitative assessment of the lime content of soils according to DIN EN ISO
14688-1

Lime content v, [%] Reaction of the sample after adding HCI Evaluation

<1 No foaming Lime-free

1-5 Weak to pronounced, short foaming Some lime content

>5 Strong, long-lasting foaming High lime content
Vea=Mea/My

mc, mass percentage of total carbonates, based on my
my dry mass of the sample
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cooled in the desiccator, it is weighed to determine the weight loss and the lime
content v, is evaluated.
Quantitative testing can also be carried out by X-ray diffraction (Sect. 2.2.3.4).

Influencing variables. The presence of lime in a soil limits the activities of the clay
minerals. This leads to a decrease in the water absorption capacity and plasticity of
the construction soil. A certain amount of lime forms a stable lime matrix between
the coarser grains after drying which can improve the strength properties of earth
building structures.

Lime can be added to a soil mix in order to purposefully change the properties of
available construction soils for specific applications (Sect. 3.1.2.4).

In desert and semidesert soils (Sect. 2.1.2.6), the natural lime content can be
quite significant. Bazara [21] has detected proportions of more than 20 % in con-
struction soils from the wadi Hadramaut/Yemen. At comparatively low dry bulk
densities (dominant silt grains), these soils can at times reach high degrees of dry
compressive strength. More than 8 N/mm? (Shibam) have been measured in speci-
men cubes with an edge length of 8 cm [22].

Lime-rich soils have also been used for earth building purposes in southern
England [30].

Water-Soluble Salts

Terminology. In addition to lime, other water-soluble salts can occur naturally in
soils, particularly sulfates (gypsum), chlorides, and sodium and calcium nitrates.
Moisture moves these salts through the building element where they crystallize on
the surface when the water evaporates.

Test methods. These salts are damaging to building elements and can be detected in
laboratory tests using the chemical substances of nitrate of silver AgNO; and bar-
ium chloride BaCl.

Influencing variables. Crystallization causes a softening of the structure on build-
ing element surfaces which leads to the different types of damage shown in Sect.
5.2.1.2, Fig. 5.13. Depending on their water solubility, they form different horizons
(Fig. 5.12).

The characteristic property of “harmful concentration” generally refers to solu-
ble anions in the individual salts and is expressed by different levels of contamina-
tion. The following classification in Table 2.11 [25] refers to plasters.

The permissible concentration of damaging salts for industrially produced earth
building materials is given as follows according to DIN 18945-47:

Nitrate <0.02 mass in %
Sulfate <0.10 mass in %
Chloride <0.08 mass in %

The total percentage of damaging salts should not exceed 0.12 mass in %.
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Table 2.11 Contamination levels of plasters with damaging salts

Sulfate Chloride Nitrate Concentration
No. |[massin %] |[massin %] |[massin %] | [mmol/kg] Evaluation
1 Upt00.024 |Upto0.009 |Upto0.016 |Upto2.5 Level 0—no contamination
Upto0.077 | Upto0.028 | Upto0.05 |Upto8.0 Level I—low contamination
3 Upto0.24 | Upto0.09 |Upto0.16 |Upto?25.0 Level [I—medium
contamination
4 Upto0.77 |Upto0.28 | Upto0.50 |Upto80.0 Level III—high
contamination
5 Above 0.77 | Above 0.28 | Above 0.50 | Above 80.0 Level IV —extremely high
contamination
Table 2.12 Classification of Loss on ignition vy [%] | Designation
soils with organic matter < Inoreanic soils
according to DIN 18128 norganic sot
5-30 Organogenic soils or

soils with organic matter
>30 Organic soils (e.g., peat)
Vo =Amg/my
my dry mass of the sample before ignition
Amg mass loss during ignition based on my

Different earth building regulations in other countries, however, specify the per-
missible content of water-soluble (damaging) salts found in construction soils in the
range of 1-2 mass in % (e.g., [31, 32]). This is more than ten times the value given
in [33]. These regulations mainly evaluate the possible effects of salts on chemically
acting additives, particularly cement. It seems that possible damaging effects of the
salts on the structure itself played only a minor role when these values were
determined.

Organic Matter

Terminology. Organic matter in the soil consists of living soil organisms and dead
plant and animal material as well as soil-specific conversion products (humic mat-
ter) (Sect. 2.1.1.2). These decomposition and intermediate products are commonly
referred to as “humus.”

Test methods. The proportion of organic matter in a soil is determined and evaluated
with the help of the loss-on-ignition method according to DIN 18128 (see also loss
on ignition, lime content, Sect. 2.2.3.4) (Table 2.12).

Influencing variables. Organic matter increases the water absorption capability of
construction soils considerably and, with this, their plasticity. It also reduces the dry
compressive strength of earth building materials.
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Organogenic and organic soils in the form of cut sod were traditionally used in
Scandinavia, Great Britain, and especially Ireland for the construction of houses [24].
With the roots facing up, the sod was stacked like masonry units into one-story load-
bearing wall structures (sod houses). These houses became increasingly stronger as
the sod dried (Sect. 4.3.3.1).

2.2.4 Extraction, Transport, and Quality Monitoring
2.2.4.1 Extraction

Before extracting construction soil the organic topsoil needs to be removed and
deposited separately from the earth building soil. Organic matter, tree roots, gravel
lenses, etc. also need to be screened out in order to avoid mixing them with the
construction soil.

In traditional earth building, construction soil was extracted manually with the
help of hoes, spades, and shovels, a method which was very labor intensive and not
very effective. The amount which could be extracted per day depended on the
deposit density of the construction soil: a group of 10 workers with 15 wheelbarrows
could extract 3.2 m® of loosely compacted and around 0.8 m? of very densely com-
pacted soil [34].

Today, construction soil is extracted mechanically with the help of suitable
equipment such as bulldozers with blades, front-end loaders, and scraper dozers
(Fig. 2.35a). With these machines one person can extract approx. 100 m*® per hour
(of densely compacted construction soil) [34, 35].

Thin layers extracted from the naturally formed soil can be processed more eas-
ily than thick clods (d>20 cm, Fig. 2.35b). This means that the quality of extraction
can influence and shorten subsequent processing in a positive manner.

The extraction of construction soil includes the individual processes of removal,
loading, and hauling. According to DIN 18300, the work is divided into classes,
based on the soil’s state during extraction. Suitable construction soils are mainly
class 3 soils (easy to extract soil types) and class 4 (moderately difficult to extract
soil types). Class 2 (liquid soil types) and class 5 (difficult to extract soil types) are
only marginally suitable as construction soil.

2.2.4.2 Transport

Before transport, the weight of the excavation material needs to be determined.
These calculations can be carried out on the basis of the empirical values for bulk
density y stated in DIN 1055-2 (Table 3.5).

As a general guideline, transit between the individual technological processes
should be kept as short as possible. In traditional earth building, the ideal case
was the direct processing of the excavated soil from the foundation pit into earth
building materials. These were transported manually by carrying or with the help
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Fig. 2.35 Soil extraction and transport [34, 35]. (a) Extraction with the help of an excavator.
(b) Extracted soil with agglomerate sizes d>200 mm. (¢) Transport via wheel loader and truck

of wheelbarrows. For shorter distances <5 km draft animals were also used. Using
a wheelbarrow, one person can transport approximately 11 m? of construction soil
per day [34].

Modern earth building can only be economical if manufacturing is centralized
and the production volumes are sufficiently high in order to guarantee adequate
inventories. This inevitably leads to longer transit routes >5 km requiring transport
by trucks and tractor trailers (Table 1.2) (Fig. 2.35¢).

2.2.4.3 Quality Monitoring

Once a construction soil is extracted from its deposits, it becomes a building product
with defined properties which are subject to the respective inspection process. This
process mainly involves suitability testing and quality monitoring.

Suitability Test

The suitability test is the initial assessment of the soil (in its deposit) in order to
determine if it might be suitable for use as construction soil (Sect. 2.2.3). This test
needs to be carried out if a previously untested soil is intended to be used as con-
struction soil. In Germany, the suitability test is based on the Lehmbau Regeln [6].
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Quality Monitoring

Quality monitoring is a continuous inspection of the characteristic properties of the
construction soil which is used as (one) raw material for the industrial production of
earth building materials. In 2011, the German Association for Building with Earth
published a guideline for quality monitoring of construction soil as a raw material
for industrially produced earth building products [26]. This guideline is used on a
voluntary basis, but its application can also be required by the responsible certifica-
tion or inspection body if there are considerable fluctuations in the quality of earth
building products. Using this guideline makes it possible to identify and track fluc-
tuations in soil composition during extraction.

Characteristic Properties

In Germany, the “producers” of construction soils (e.g., brickyards, clay pits) are
currently not required to issue a declaration of characteristic properties as defined
by the Construction Products Regulation. Relevant information is typically pub-
lished in product data sheets but with a focus on the ceramic industry (chemical
analysis) as the principal customer.

The properties of construction soil relevant for quality monitoring at the time of
extraction are according to [6]:

— Plastic/cohesive properties (Sect. 2.2.3.2)

— Grain size distribution (Sect. 2.2.3.1)

— Humus content by smell test and visual test (Sect. 2.2.2.2)
— Damaging salts (Sect. 2.2.3.4)

For very lean construction soils, plasticity/cohesion tests are only suitable to a
limited extent. The same is true for testing the linear degree of shrinkage
(Sect. 2.2.3.3) and the dry compressive strength (Sect. 3.6.2.2) of soils which are at
least semi-rich. In these cases, other test methods may also be used as long as these
tests are able to show fluctuations in the soil composition with sufficient precision.

Testing for damaging salts contained in a soil at a concentration high enough to
affect the quality of the earth building materials only needs to be conducted if there
is suspicion of the existence of these salts in the given soil deposit.

Inspection Intervals

The producer, or a third party nominated and contracted by the producer, is respon-
sible for the plant’s internal monitoring of the relevant properties of the construc-
tion soil.

Testing needs to be carried out semiannually or no less than once per 1000 tons
of extracted soil. The test results need to be documented and saved for a minimum
of 5 years. If the producer has long-term experience in terms of the uniformity of the
deposit, the frequency of the tests can be reduced to once per 3000 tons of soil.
However, testing needs to be increased if the deposit exhibits frequent geological
disturbances.
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3.1 Processing of Construction Soil

Construction soil is processed in order to turn the extracted soil into a homogeneous,
workable material which can be further prepared and shaped. The addition of appro-
priate aggregates and additives improves the soil’s properties. In this process, the
construction soil is also mixed with water in order to attain the required consistency.

When processing the excavated soil, it is important to break down and blend the
existing structure of the soil with its local disturbances. This includes natural geologi-
cal layers and layers created during excavation. During this process, the clay minerals
contained within the very fine grain particles in the form of agglomerates are allowed
to absorb additional water molecules. This loosens their bond to the coarser grains
and makes the soil easier to process. The quality of processing determines the proper-
ties which can be attained in the ensuing production of earth building materials.

The general goals of processing raw clay mineral materials also apply to the
production of fired bricks. This means that many of the preparation, shaping, and
drying methods are similar, except for one difference: at the end of the technological
chain there is a fired brick which, in addition to special requirements placed on the
raw material, also requires more energy for firing. The development of industrial
production methods for fired bricks in the second half of the nineteenth century also
improved processing procedures which guaranteed a high-quality product. Earth
building, however, did not benefit from this development.

There are natural and mechanical processing methods. While natural processing
typically consists of a wet process, mechanical processing methods can be both wet
and dry.

3.1.1 Natural Processing

During natural processing the construction soil is exposed to the prevailing weather
conditions. Here, time is a key factor. The physical and chemical processes change
(“break up”) the structure of the construction soil. They are caused by the effects of
exposure to sun and frost and by the rotting and decomposition of organic particles
contained within the soil.

In the cultures of Central Asia, China, and Japan, natural processing methods
were among the building tasks with the highest level of responsibility. They were
time intensive, required considerable care, and could, at times, take several years [1].

3.1.1.1 Winter and Summer Weathering
During the winter weathering process, freezing water inside the pores of the soil

increases in volume, causing the natural structure of the soil to break apart. In prep-
aration for winter weathering, the material is piled into heaps of approx. 1 m in the
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fall. Further mechanical processing of the soil after the winter is generally not nec-
essary. This method of processing requires sufficient and suitable storage facilities
and adequate time in the construction schedule for at least one winter season.

Similarly, for weathering in summer, the heaped construction soil is exposed to
fluctuations in temperature and moisture which lead to corresponding deformations
caused by swelling and shrinkage. This also results in a loosening of the clay par-
ticles which are attached to the coarser-grained mineral particles.

3.1.1.2 Soaking

The process of soaking involves mixing the construction soil with water and allow-
ing it to rest for a period of time. The resulting swelling breaks apart the structures
formed by the clay minerals, making the material easier to work with. In the ceram-
ics industry, extracted soil is filled into soaking pools or bins made of reinforced
concrete, mixed with water and mechanically processed. This method can be used
to mix various soils, clays, and sands together. After soaking, the soil blend can be
sliced out of the mix for further processing.

3.1.1.3 Aging

In contrast to soaking, aging is a biological process of decomposition which involves
fermentation. Algae or bacteria grow in the soil or clay material, causing an increase
inplasticity. This process can be enhanced by adding suitable additives (Sect. 3.1.2.4).
Humus particles in the soil have the same effect.

3.1.2 Mechanical Processing

In the past, soil was manually crushed using human and animal muscle power and
the help of simple tools. Today, a full range of machine systems is available, some
of which originated in unrelated industries (horticulture and agriculture, meat pro-
cessing and the food industry). These machine systems break the construction soil
down into the required agglomerate sizes using different mechanical operating prin-
ciples and both wet and dry methods.

3.1.2.1 Crushing, Chopping, and Kneading
Coarse crushing of the soil breaks down or crushes clods in the soil (d>20 cm),

which have resulted from the excavation process, into agglomerate sizes <2 cm.
Historical methods of coarse crushing include stomping (by humans and animals)
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Fig. 3.1 Traditional processing of construction soil: kneading and crushing in a pug mill [3]

with the addition of water, as well as breaking up clumps of dry soil using hoes,
drop weights, or with the help of animal-operated pug mills reaching a daily output
of approx. 10 m® [2] (Fig. 3.1 [3]). Hand-operated clay shredders were also used
(daily output approx. 3 m®) (Fig. 3.2 [2]).

Starting in 1850, machine-operated processing systems became more common
in the fired brick manufacturing field. Simplified versions of these systems were
also introduced into soil processing and are still in use today. Examples of widely
used systems are (Fig. 3.3 [4]):

— Pan grinders/jaw crushers: Clumps of soil are crushed by counter-rotating
rollers or by one fixed and one rotating roller (daily output approx. 7 m?).

— Impact hammers: A horizontally positioned disc with attached steel brackets
rotates around its vertical axis at high speed breaking up clumps of soil and
solidified loose rock (daily output 15-40 m? depending on the specific machine
system).

3.1.2.2 Sieving

During sieving, coarsely broken down soil is sorted according to grain or agglomer-
ate size. In this process, unusable rocks and coarse-grained particles as well as
organic matter, such as tree roots, are separated from the soil. Soil clumps which are
left on the sieve can be broken down mechanically and added to the sieving process
again. The screening device used needs to be able to support the coarse material and
allow the fine material to pass through its openings.

Depending on the final grain size, common mesh sizes are between approx. 2 and
7 mm. Stationary sieves and screens such as an inclined upright screen or a hand
sieve are used for smaller amounts of material which can be moved manually
(Fig. 3.4 [5]). The openings of the screen might become clogged if the soil is too wet
or contains too much clay.

For larger amounts of material, sieve sorting is carried out by machine-operated
sieving systems such as rotating or vibrating sieves (Fig. 3.5 [74]).
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Fig. 3.2 Traditional processing of construction soil: chopping in a clay shredder [2]
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jaw crusher mobile pan grinder pan grinder

impact hammer impact hammer belt conveyor with roller mill

Fig. 3.3 Mechanisms for the processing of construction soil: coarse crushing, breaking, kneading [4]

Fig. 3.4 Processing of construction soil: sorting by manual sieving [5]

3.1.2.3 Grinding and Granulating

A process of fine grinding is used to turn fine-grained wet or artificially dried con-
struction soils into powdered earth building materials with grain sizes d<0.063 mm.
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rotating sieve

diagram of rotating and vibrating sieve [74]

Fig. 3.6 Powdered clay, forms of supply [7]. (a) Granulated powdered clay, (b) powdered clay,
“bagged,” (c) silo

Common trade names for this material are “powdered soil and powdered clay” or
“milled clay” (Sect. 2.2.1.2). These products can be purchased “bagged” or in silos
(Fig. 3.6b, c).

In the ceramics industry, different types of mills are used for grinding raw soil,
for example:

Tumbling—or ball mills (Fig. 3.7 [6], Technologie der Keramik, Bd. 2: Mechanische
Prozesse): A rotating steel cylinder (drum) contains grinding balls made of flint
stones (from river beds). The grinding effect takes place when the drum turns and
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Fig. 3.7 Processing of
construction soil: fine
grinding in a ball mill,
schematic diagram [6]

the balls, which move to the top of the ball cluster, roll down the incline of the
material pile. The grinding balls hit each other, grinding down the material which
finds its way between the balls. A further grinding effect is caused by the shifting
of the balls within the cluster.

Roller mills: Two rollers of equal diameter rotate quickly in opposing directions on
parallel shafts. This causes the material to be pulled up into the gap between the
rollers set at a width of <1 mm.

The final step in the processing of raw powder can be granulating. For this, a
semi-wet process is used to agglomerate the heated raw powder to a pellet size of
approx. 1-30 mm with the addition of atomized water (Fig. 3.6a [7]).

3.1.24 Batching, Combining, and Mixing

Construction soils often do not possess the properties required for their intended
use. A number of aggregates and additives can be used specifically for the purpose
of improving these properties.

Batching

During the batching process, the construction soil, along with any aggregates and
additives (Sect. 3.4.2), is picked up by machines operating in either a volumetric or
gravimetric manner and fed onto a downstream conveyor. Volumetric batching
means that a predetermined volume of solid material per time unit is extracted from
the storage pile and fed onto the conveyor. In gravimetric batching, on the other
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Fig. 3.8 Automatic batching machine for the production of earth mortar (Company Claytec) [8]

hand, the solid material is weighed using appropriate equipment before the speed
or extraction surface of the batching is regulated. Figure 3.8 shows a fully auto-
matic batching and mixing plant for the production of earth plaster (Company
Claytec) [8].

Batching can also be done manually with the help of simple volumetric measuring
devices (buckets, portable boxes).

Combining

During the combining process, different material streams—construction soil,
aggregates and additives as well as any required water—are combined according to a
predefined formula. Different streams can also be homogenized by pouring them into
layers which can then be removed and processed immediately, or after some delay.

Mixing
The goal of mixing is to create a homogeneous and plastic material which retains its

composition over a long period of time. To achieve this, the construction soil, the
aggregates and additives as well as any required water are mixed via a kneading and



120 3 Earth Building Materials-Production, Requirements, and Testing

mixing with a paddle mixer [9] traditional mixing method [10]

Fig. 3.9 Processing of construction soil: different mixing methods with aggregates

cutting process. Here, the use of the term “plastic consistency” describes the ability
of the material to react to external forces by changing its shape without losing cohe-
sion between the individual components. This ability is created by the adhesive
strength of the clay minerals.

Figure 3.9 shows modern and historical techniques for mixing construction soil
with aggregates [9, 10].

3.1.2.5 Slurrying

The terms slurrying or dispersing refer to converting construction soil into a liquid
material through wet processing by using, for example, an electric-powered paddle
mixer. This method disperses the capillary binding forces between the different
grains of the construction soil and separates the clay mineral agglomerate coating
from the coarse grains. Impurities such as lumps of lime or gypsum are also
dissolved or sorted out in this manner.
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Fig. 3.10 Pouring clay slurry straw layer [9]

Pouring a clay slurry over lightweight aggregates or submerging these aggre-
gates into the slurry applies a clay mineral coating which, after drying, acts as a
binding agent and ensures the dimensional stability of the shaped building material
or building element (Fig. 3.10 [9]).

Gravel quarries apply the principle of wet separation of clay mineral coatings
from coarse grains in connection with sieve classification with the help of dispers-
ing agents (surfactants). The resulting clay mineral waste product, known as
compressed soil, can also be used for the production of earth building materials
(Sect. 2.2.1.4).

There is one big disadvantage to applying the slurrying method to break the
capillary binding forces between the different grain sizes of construction soil: it uses
a lot of water which is typically of drinking quality.

The use of hot water steam is one water-saving method of processing
construction soil. Exposure to hot steam heats the material to approx. 90 °C while
using a relatively small amount of additional water. This process increases the
material’s plasticity and, with it, its malleability. Accordingly, the shrinkage
deformations of the shaped products during the drying phase are also low. A simi-
lar effect is produced by the addition of hot water which heats the material to
approx. 30 °C.
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Exposing clay or soil material to hot water or steam is a process used in the
ceramics industry which is also applied in the production of shaped earth building
materials (earth blocks, clay panels). However, such methods are much more energy
intensive.

3.2 Shaping

The goal of the shaping process is to produce a shaped earth building material or
earth building element with a defined cohesion using a processed and unshaped
material mix of plastic consistency. The shaping procedures need to ensure that a
shaped product is created which is uniform in terms of its material and structure and
can be used as a building material or building element after drying. During the
shaping process, inhomogeneities in the shaped product need to be avoided.
Examples of inhomogeneities are separation during the mixing of components
made of different materials or grain sizes, differences in compaction during the
manufacturing of the shaped product (particularly during compression shaping) as
well as in the orientation and alignment of anisometric particles, especially of clay
minerals (plates and needles).

During the manufacturing of shaped products, various compaction methods
should be used in order to remove most of the air or water which is trapped in the
pores of the shapeless and typically plastic material. This guarantees the required
strength of the building element or structural component after drying. During com-
paction, not only the frictional resistance of the non-binding sands and gravels
needs to be overcome but also the cohesive strength of clay minerals attached to
the coarse grains. In this process, the particles move past each other and fill the
pores of the loose grain material with fine and very fine mineral particles. This is
only possible if the soil is sufficiently wet or if the applied level of compaction is
high enough.

3.2.1 Aspects of Shaping

The shaping methods for earth building materials can generally be grouped together
based on two aspects:

— According to the format design of the shaped products as modular building mate-
rials intended for further processing or as complete building elements.
— According to the consistency or the moisture content of the material mix.

Modular format design consists of the production of earth building materials as
elements, blocks, panels, or clumps made of unshaped, generally plastic earth
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building material. Several or many of these individual building elements are
assembled in a wet or dry state with or without masonry mortar to form a finished
earth building element according to the rules of masonry construction.

Building element format design is characterized by the production of complete
building elements out of unshaped, plastic earth building materials by direct shap-
ing. This area can be divided into direct manual shaping without formwork and
shaping with formwork, which involves the placement and compaction of the earth
building material in layers.

The ceramics industry differentiates between the following types of shaping
based on the consistency or moisture content of the material mix ([6], Technologie
der Keramik, Bd. 2: Mechanische Prozesse):

— Compression shaping: The materials form a relatively dry and shapeless mass
with a grainy, powdery consistency without any noticeable cohesion and a
moisture content of <15 mass in %

— Plastic shaping: The material is plastic and malleable and characterized by
obvious cohesion of the construction soil and its aggregates, moisture content is
in the range of approximately 15-25 mass in %

— Shaping by casting: The material is prepared as a viscous-stable, pourable
suspension (slurry) with a moisture content of approx. 25—40 mass in %

These classifications can generally also be applied to the shaping processes used
in earth building.

3.2.2 Technological Procedures

Table 3.1 provides a general overview of the technological shaping procedures used
in earth building with regard to the aspects of format design, consistency, and mois-
ture content of the materials, as well as the required compaction pressure when
using machines ([6], Technologie der Keramik, Bd. 2: Mechanische Prozesse). As
there are many compaction devices on the market, this table only shows a selection
of typical examples.

The technological shaping procedure used in the production of the individual
earth building material becomes part of the building material’s properties and needs
to be declared in its designation (e.g., for earth blocks according to DIN 18945).

3.2.2.1 Compression Shaping

The compression shaping method is used in modular format design as well as build-
ing element format design. The consistency of the material is solid to semisolid.
Figure 3.11 [4, 11] gives an overview of the technological procedures of compres-
sion shaping with the help of compaction devices.
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Compaction method Compaction tool Diagram

static compaction by superimposed press, smooth-wheel roller
load / compression compaction

impulse compaction or ramming pneumatic and electric rammer,
compaction hand tamper
compaction by vibration vibrating plate compactor

combination of static compaction/ | vibrating sheepsfoot and grid rollers
compaction by vibration

Fig. 3.11 Compaction tools and methods for compression shaping of earth building materials,
overview [11], [4]

Modular Format Design

This type of format design is used in the production of earth blocks and clay panels.
The material is compacted in a sturdy, metal shaping chamber under the application
of a uniaxial static compressive load. It is also possible to apply pressure from two
sides using uniform compression movements in a rigid/cushioned shaping chamber.

Compression shaping is listed as the characteristic property “compression-
molded (p)” in the declaration of earth blocks according to DIN 18945.

The various compression shaping methods can be divided into “dry compression”
and “wet or moist compression” depending on the applied level of compression
and the moisture content of the material.

Dry Compression

A free-flowing and relatively dry material is compacted at a moisture content of
<8 % and a compression level of up to 40 MPa. Under these conditions, the pre-
pared soil material is no longer plastic. The solid soil components slide against each
other and shift into a more densely packed mass while most of the pores become
filled. With an increase in compression, the solid particles are additionally plasti-
cized or broken apart. This increases the density of the particle packing further.
Some specific earth building products are manufactured using this method, such as
clay panels used for interiors [12, 13].

The advantages of this shaping method are the high mechanical strength of the
earth building materials, the negligible shrinkage deformations as well as the cost-
and time-saving aspects in terms of drying. Dry compression requires high compac-
tion which can only be achieved by using suitable, cost-intensive systems.
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Fig. 3.12 Shaping with a lever press [5]

Wet or Moist Compression

Wet or moist compression is carried out at a moisture content of 8—15 % and a com-
pression level of up to 20 MPa. At this level of compression the material becomes
free flowing and plastic. Compaction is limited by the incompressible water
content.

Nowadays, many different press types are available for wet or moist compression
which can be classified according to various criteria, such as power, compaction
level, daily output, and mobility.

Hand and Lever Presses: The simplest presses are manually powered punch presses
which contain a compaction chamber for shaping one or two earth blocks. Crumbly
material is first poured into a sturdy shaping chamber. By applying compression, the
earth building material achieves its final shape. During this static compaction pro-
cess, the platelike clay mineral particles align in the direction of the tensile forces
applied through compaction, in other words, perpendicular to the applied compres-
sive force. The building material “remembers” this process which means that the
load placed on the dried building material during its use should only be applied in
the direction of the initial compression.

A very popular press in developing countries is the CINVA Ram (Fig. 3.12 [5]),
developed by the Colombian engineer Pablo Ramirez and patented in 1957. The
advantages of this lever press are numerous: its ease of operation and transportation,
also in rough terrains, its independence from the power grid, its relatively low initial
cost, and, most of all, the superior quality of the earth blocks it produces. By today’s
standards, the productivity of this shaping method is very limited. It requires 3-5
people for optimal production in order to achieve a daily output of 300 blocks or
more. The applied compression level is in the range of 1-2 MPa.
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mobile “light-weight™ earth block presses, electric/diesel power [14]:

fixed table with a single shaping chamber rotating table with several shaping chambers

Fb

00

Terrablock press: mobile “heavy-duty” production unit, motor / hydraulic power [2], [14]

Fig. 3.13 “Lightweight” and “heavy-duty” earth block presses, selected examples

Motorized “Lightweight” Presses: One way to classify these presses is according to
the design of the work table (Fig. 3.13a [14]):

— A fixed table with a single shaping chamber
— Arotating table with several shaping chambers

These presses are mobile, powered by electricity or diesel, with a daily output of
approx. 800-3000 earth blocks. Hydraulic presses with comparable output numbers
are also available. The applied compression level is in the range of 4-6 MPa.

Hydraulic “Heavy-Duty” Production Units: The “Terrablock” press shown in
Fig. 3.13b is a hydraulically powered “heavy-duty”” mobile production unit. It has a
daily output of approx. 7500 earth blocks. Production is fully automatic and com-
puterized. The hopper holds construction soil for approx. 10 min of continuous pro-
duction. Integrated sieves filter out large clumps of soil which did not get broken up
during the coarse grinding phase, as well as rocks and organic matter. A vibrating
system facilitates the continuous transport of the construction soil from the lower
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a manuel b mechanized

Start position

A rammer motion during compaction

B direction of rammer motion during compaction
in relation to steel formwork

rammer
steel formwork

loading of soil mixture
compacted wedge of soil mixture
uncompacted soil mixture
unfilled part of steel formwork

AN N AW~

Ongoing compaction process

Fig. 3.14 Shaping of earth blocks: ram compaction [10, 15]

part of the hopper to the shaping chamber. A hydraulic press compacts the prepared
construction soil inside the shaping chamber. When compressing is finished the
shaped product is automatically ejected from the shaping chamber onto a conveyor
belt. The applied compression level can reach up to 20 MPa [2].

Ram Compactors: They represent a special technology for producing “compacted”
earth blocks: the method is part of the category “modular format design/wet and
moist compaction” but is classified as “ram compaction” in the following para-
graph. “Compacted” earth blocks can be produced manually or mechanically.

Figure 3.14a [10] shows molds and compaction tools for the manual production
of “rammed” earth blocks. This method is suitable for the production of large-
format earth blocks.

Figure 3.14b shows the principle of a mechanized ramming system for the pro-
duction of earth blocks [15]. The steel formwork is continuously filled with earth
building material during the compaction process. An expanding wedge of com-
pacted earthen material is built up in the direction of ramming in front of the ram-
mer. This wedge of compacted earth pushes the uncompressed earthen material
forward until it is reached by the rammer and also compacted. Such a system can
produce approx. 250 earth blocks per hour at the dimensions of 390 x 190 x90 mm
(~1.7 m®) (http://ruskachely.ru).


http://ruskachely.ru/
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Format Design of Building Elements

For the format design of building elements using compression, the building element
is shaped by adding layers of the earth building material to a formwork (for wall
structures) or to a space with lateral boundaries (for floors and ceilings) which are
subsequently compacted. The interior dimensions of the formwork represent the
final dimensions of the finished building element. Suitable compaction methods are
“static or compression compaction” as well as “rammed compaction or compaction
by vibration.”

Static or Compression Compaction

For static or compression compaction, the earth building material is subjected to a
pulsating load and compacted by static rollers inside the formwork or the lateral
boundaries.

Smooth-Wheel Rollers produce compaction in the effective range of depth by apply-
ing a load. At the same time, however, they introduce a horizontal shear stress
which can lead to wavy deformations of the material layer and lateral cracks in
the roller’s direction of motion.

Grid and Sheepsfoot Rollers combine the static load of the roller’s weight with a
kneading effect. This results in effective compaction, particularly in connection
with cohesive earth building materials. The kneading effect is created by the
special design of the roller.

The roller drum of a grid roller is surrounded by a steel grid. The grid-like design
of the roller drum makes the roller surface three-dimensional thereby preventing
the shear stresses which typically occur with smooth-wheel rollers.

Sheepsfoot rollers are also called spiked or bristle rollers. The roller drum is covered
with rectangular or truncated feet with oval or angular soles. The compaction
effect is caused by the application of pinpoint pressure and horizontal kneading.
This method pushes air and water out of the coarse pores within the uncom-
pressed earthen material. The holes created by the sheep’s feet through pressure
(and possibly also vibration) increase the surface area of the earthen material
considerably. This allows more water to evaporate before the next layer of soil is
added. Sheepsfoot rollers compact the material from bottom to top causing the
penetration depth of the feet to decrease and the feet to lift as the number of
passes increases.

The rollers described above can also be designed as vibration rollers. In this
case, static compaction is combined with dynamic compaction by means of exciter
systems.

In recent years, grid rollers and sheepsfoot vibration rollers have also been suc-
cessfully employed in various rammed earth construction projects (Fig. 3.15 [8]).
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Fig. 3.15 Shaping of
building elements by
compacting rammed earth
with a sheepsfoot roller [8]

Ramming or Impulse Compaction/Compaction by Vibration

The “ramming” method of shaping is used both in modular format design for the
production of earth blocks (as described above) and in the production of complete
building elements (building element format design).

Construction soil prepared to a crumbly, free-flowing consistency with a mois-
ture content of <12 mass in % is loaded into formwork boxes, formwork frames, or
formwork for specific building elements. After the soil is added in layers, manually
or using a special pouring device, it is compacted with the help of ramming tools
and a specific ramming frequency. These ramming tools can be manually or
mechanically operated. After the formwork is removed, the shaped products and
building elements are allowed to air-dry.

Hand rammers have been traditionally employed in rammed earth construction
and are still in use today. Their net weight is between 5 and 8 kg with a contact area
of 100200 cm?.

Pneumatic and electric rammers move in “bounce” and “impact” phases creat-
ing a combination of ramming and vibration between the upward bounce and the
landing of the press. This results in the compaction of the earth building material
within the formwork or lateral boundaries.

Today, pneumatic and electric rammers are used for processing rammed earth
material. Their net mass is limited to a maximum of 15 kg because of the compac-
tion pressure they apply to the formwork. The rate of frequency of these rammers is
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Fig. 3.16 Compaction of
rammed earth using a
pneumatic rammer

700/min (Fig. 3.16). Electric rammers do not require a compressor for their use on
the construction site. Their tamping plates are made of steel or hard rubber with a
round or square contact area.

Vibrating Rollers and Vibrating Plates: The compaction effect caused by vibrating
rollers is determined by a number of technical parameters with regard to the com-
paction tool and the properties of the rammed earth material. The impulses which
are applied to the rammed earth material in rapid succession (>1200/min) have the
ability to momentarily reduce adhesion within the coarse-grained range. This
allows larger pores to be filled by finer grains and causes excess pore water pressure
or increased air pressure in the finest grain range. Through this, the molecular cohe-
sive forces are partially neutralized and pore water is brought to the surface.
Sufficient superimposed loads and amplitudes can result in a denser particle struc-
ture. However, it is important to pay attention to the compaction pressure on the
formwork.

In addition to vibrating rollers, vibrating plates can attain the same compaction
effect. They consist of a wear-resistant base plate with a reinforced rim which the
motor and vibrator are securely attached to. Their exciter power is higher than their
net mass which causes them to lift off of the surface. Similar to smooth-wheel roll-
ers, this can cause wavy deformations of the material layer and lateral cracks in the
direction of motion of the vibrating plate.
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Formwork Systems

Formwork Systems for the format design of earth building elements can be divided
into temporary and permanent formwork systems. Depending on the earth building
materials and the type of compaction, different aspects of the formwork system
need to be considered.

Temporary formwork can be removed immediately after the earth building mate-
rial has been poured in and compacted as long as the newly shaped earth building
element is strong enough. In contrast, permanent formwork remains within the wall
structure and typically serves as the substrate for (earth) plaster. It should be perme-
able and should not significantly impede drying.

Rammed earth construction is related to monolithic concrete construction.
It requires sufficiently rigid formwork which consists of side panels made of wood
or wooden composites serving as temporary movable or climbing formwork.

The formwork panels in traditional rammed earth construction are strengthened
with vertical braces. Wooden or steel ties or anchors are attached horizontally to the
top end of the braces. The braces keep the formwork panels together and absorb the
soil compaction pressure. The ties guarantee the correct spacing for the required
wall thickness. At the bottom end of the braces, the anchors and the formwork pan-
els rest on the rammed wall, and have to be removed after completion of the rammed
wall section (Fig. 3.17).

traditional shaping, Ait Benhaddou, Marokko  basic arrangement of formwork system [75]

Fig. 3.17 Traditional shaping in rammed earth construction using formwork panels
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Fig. 3.18 Prefabricated rammed earth wall elements

When using formwork systems in rammed earth construction the following
aspects need to be considered:

— The formwork panels must not be allowed to bend outward during compaction.
— The formwork must be easily adjustable.
— The individual parts of the formwork must be easy to transport.

Modern rammed earth construction uses formwork systems common to concrete
construction. They are designed for a formwork pressure of approx. 60 kN/m?
Before the rammed earth material is poured in, the interior surfaces of the formwork
are treated with linseed oil which has proven to be an effective release agent. The
removal of the formwork completes the shaping of the rammed earth building
element.

Figure 3.16 shows the formwork for a rammed earth wall section which is made
up of two layers of fiberboard in a curved line. The second, exterior board easily
overlaps the joints of the interior formwork panels.

A special application of this technique is the industrial prefabrication of wall ele-
ments made of rammed earth (d>250 mm). Using special installation technology,
these wall elements can be assembled into ceiling-high, load-bearing and non-load-
bearing wall structures (Fig. 3.18) (Sect. 3.5.8). The formwork and compaction
techniques are the same as those used for producing rammed earth walls.

Straw-Clay and Light-Clay Construction: Straw-clay and light-clay construction
use both temporary and permanent formwork. Even though the level of compaction
for these earth building materials is less compared to rammed earth, the formwork
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Fig. 3.19 Shaping during the installation of light straw clay: formwork panels as temporary
formwork

needs to be similarly strong. Stability is attained by ensuring that the vertical posts
of the support frame as well as the non-load-bearing fill frame are positioned
correctly (Sect. 4.2.3.2).

Temporary formwork is used for light clay with organic fiber additives and
allows for the removal of the formwork immediately after installation. The form-
work can easily be attached to the framing members (for example, using clamps)
(Fig. 3.19).

Perm