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To address key challenges for conservation of cultural heritage, which lies at the intersection of many
different disciplines, this dissertation makes an attempt to portray many gaps in relation to the

intersection between practical science of conservation and interdisciplinary engineering knowledge.

ope this approach will help in advancing research in the field, with the sole purpose of translating
practical and laboratory observations and experience into a usable form for conservative practices on

inherently complex rammed earth architectural heritage buildings
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Preface

Since early times, a long history of human settlements has been formed under influence
of many factors such as natural environmental and geographical features of territories. One
type of the ancient and natural way by which communities have been housing themselves is
the earthen vernacular buildings. �s attractive product of a society and a history, an ancient
building can be considered as fundamental expression of the cultural identity of its creators
and the historical and social evolution of a society over the course of many generations,
manifested in constant recreation by adapting the structures to the changing environmental
and climatic conditions and changing historical and time dependent needs of life, where
inhabitants use available resources to cope with natural and environmental conditions, the
environmental and cultural conditions of its territory, giving rise to interconnectivity of
traditions and values in shaping architectural features base on natural environmental and
climatic conditions, local materials and available resources and living cultures of its territory.

�arthen vernacular dwellings have been facing dramatic threat. �s a result of changes in
inhabitants’ perspectives to move away from their old villages and towns, earthen houses
have been abandoned to deteriorate. �s a result of tendency of inhabitants to adopt a modern
lifestyle in some parts of the world, earthen architecture have been demolished and replaced
with modern buildings constructed with industrialized building material. 
owever, the
change in the appreciation of traditional values greatly endanger the continued existence of
earthen vernacular architecture and the inherited values of these regional dwellings

The survival of these construction tradition is under threat either from changing social
and economical living standards often seen as the paradigm of development, and the impact
of urban culture on inhabitants of rural areas, either from environmental factors such as
natural disasters including floods or earthquakes, leading to decline or disappearance of not
only these traditional architectural heritage, but also knowledge, skills, techniques and
methods of the practitioners and traditions behind the creation and adoption of such
vernacular buildings. These existing and remaining earthen vernacular dwellings make up a
significant portion of the human heritage. This highlights the need for taking actions to
prolong the life of these architectural heritage to preserve these architectures and associated
cultural values in order to ensure that human messages are continuously handed down from
one generation to the next.

The conservation of architectural heritage buildings, where cracks and damages play
controlling factor in terms of stability, have mostly concentrated on assessing the state of
stress relative to the state of intact material. �or the conservation of these tangible and
intangible cultural heritage, the documentation and analyzing the potential role of different
destructive and non-destructive testing methods and digital tools is the most significant
requirement. Various scientists and researchers with different disciplinary backgrounds and
conservation professionals working in the field of conservation of earthen heritage buildings
have significantly contributed to advance the knowledge in the field. 
owever, those
contributions explicitly on an integrating and interpretation of practical and laboratory
observations and experience in its various forms and in relation to engineering science of
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conservation remain limited. Related researches and information are therefore fragmented,
leaving many gaps and considerable room for further research potentially aimed at
advancing basic knowledge in the field.

This thesis aims at portraying the above-mentioned gap in relation to the intersection
between practical science of conservation and interdisciplinary engineering knowledge with
the sole purpose of translating such practical and laboratory observations and experience into
a usable form for conservative practices on inherently complex rammed earth architectural
heritage buildings constructed of multiphase material with texture dependent behaviors. The
work described in this thesis evaluates the use and development of different rigorous
techniques for different geotechnical engineering tasks. These methodologies are used to
characterize and interpret the processes and mechanisms responsible for observed behaviour
of rammed earth material. The research performed and reported in this thesis has been
organized as follow:

�hapter 1 provides an account of different construction technologies implemented
around the world. This section focuses on underlying soil properties of rammed earth, which
have been addressed by geotechnical studies of rammed earth heritage. Moreover,
recommendations of literature on properties of rammed earth material have been discussed.

�hapter 2 corresponds to the published journal article (Moghaddam et al. (2020)) and
investigates fundamental problems in object recognition in earthen heritage and addresses
the possibility of an automatic crack detection method for rammed earth images. We propose
and validate a simple, straightforward and flexible support vector machine (SVM)-based
bidirectional morphological approach to automatically generate crack and texture line maps.
This automatic algorithmic approach, which couples bidirectional local gradient and
geometrical characteristics to a powerful, simple and straightforward framework, comprises
of four major elements, including: (1) bidirectional edge maps, (2) bidirectional equivalent
connected component maps, (3) machine learning SVM-based classifier and (4) crack and
architectural line feature map generation. �longside, a detailed description of each stage and
difficulties that may appear when trying to shape the above-mentioned framework have been
reported in each section. �inally, the proposed algorithm are verified through comparative
experiments in a set of simulations on surface images of rammed earth with different crack
patterns, through which predicted data has been demonstrated to be satisfactorily
conforming to labeled data provided manually for images.

�hapter 3 deals with the quantification of size effect on mechanical strength
characteristics of compacted earth material. The role of water content is also discussed. The
aim of this work is to provide a simple and useful framework to improve the analysis and
interpretation of uniaxial compressive strength for the characterization of earth building
materials. Motivated by the difficulty in comparing the uniaxial compressive strength (U�S)
of rammed earth specimens in a great variety of geometrical characteristics in literature, this
study attempts to extend the current understanding of the size effect on compressive strength
of compacted earth. This research focuses on two different areas: 1) the behaviour of soils
during the uniaxial compression loading is investigated and experimental data for size effect
modelling is obtained from the literature; 2) an analytical approach is developed for the
establishment of the compressive strength–size relationship for rammed earth specimens. The
present research is the very first analytical approach to size effect in characterization of
mechanical strength in rammed earth materials. This data and approach will help in
advancing research in the field.

�hapter 4 reports the work aiming at contributing to the development of the limited
knowledge and clear understanding on properties of rammed earth. The aim of the
experimental work is to reproduce rammed earth in a controlled way in the lab and to
analyse the influence of different constitutive components. The soil material, which is the
constituent of rammed earth buildings, is the main subject of geotechnical studies. Therefore,
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in the framework of Tech4�ulture, Technologies for �ultural 
eritage - T4�, program, an
experimental program has been defined and carried out at the department of earth science of
UNITO based on geotechnical and geophysical tests. Rammed earth specimens have been
reconstructed in laboratory and an investigation was performed on characteristics of rammed
earth material, involving characterization of compaction curves and uniaxial compression test
and digital image correlation (�I�) analysis. This section addresses the work performed on
characterization of rammed earth specimens and uniaxial compression test. It is obvious that
such a narrow range of mixture characteristics cannot cover the wide variation of material
property, which might be encountered in the numerous types of rammed earth structures
found in cultural heritage. 
owever, they provide an enhanced understanding of the
behaviour of rammed earth material for advancement of research in this field. �nother
important fact is that numerous influencing factors lead to the uncertainties and the
variabilities of parameters considering only one type of granulometric property and
experimental data which do not include all of the controlling parameters, involved in
structural characterizations of material, can not be necessarily comparable. Therefore, due to
the inherent variability of controlling parameters for different types of rammed earth material,
the results of such experiments can not be extrapolated over a wider range outside of the
range investigated.

�hapter 5 reports the results of a research to evaluate and develop the application of
ultrasonic pulse velocity test in investigating the rammed earth physical and
mechanical-related properties. To that aim, we have combined non-destructive UPV and
destructive uniaxial compression testing measurements for rammed earth specimens, which
are described in detail in this chapter. This experimental investigation has provided data
whose analysis produces evidence on the material behaviour under varying conditions.
�ylindrical specimens (51 mm diameter and 102 mm height) of rammed earth were produced
to perform a series of uniaxial compression test and ultrasonic pulse velocity measurements.
The main objective of this chapter is to investigate the ultrasonic pulse velocity, compression
and shear wave velocities of rammed earth specimens for four different granulometric
distributions, to attempt evaluating the relationship between the UPV and mechanical
properties - also evaluated through destructive uniaxial compression testing - and the effects
of different parameters of rammed earth material on measured ultrasonic pulse velocity. This
chapter discusses the behaviour of UPV through rammed earth with respect to compactive
effort, grain-size distribution, water content, density, void ratio and saturation degree, and
resulting modulus of elasticity. It was observed that variation in ultrasonic velocities is a
comprehensive result of variation in physical and mechanical characteristics of material, will
all the above-mentioned material characteristics.

�hapter 6 focuses on the mechanics of crack development and failure of rammed earth
material under uniaxial compression stress condition. Therefore, aiming at contributing to
advance the understanding of crack propagation in rammed earth specimens, by using
uniaxial compression testing and digital image correlation technique, an experimental
campaign was conducted on cylindrical specimens of clay-sand, as described in chapter 5.
�eginning with this experimental investigation, a more theoretical analysis of different
pattern of cracking and possible driver of crack propagation for different material texture is
now further investigated.

�hapter 7 evaluates the effectiveness of back analysis in parameter identification of
rammed earth material using finite element analysis and laboratory examination results.
Motivated by the complexity of the shape of stress-strain curve, which is inherent to each soil
structure, and the consequent difficulty in the selection of appropriate Young’s modulus of
rammed earth specimens, a general equalization is applied which describes the behaviour of
a wide range of rammed earth material by a single framework. �ased on this semi-inverse
analytical approach, in order to simplifying the curve into a uniform form, a generalized
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equivalent stress-strain curve is defined, upon which the inverse analysis is mainly employed.
This equivalent stress-strain curve provides useful equivalent parameters by which to
interpret the behaviour of various rammed earth composition observed in laboratory testing.
Whether the analytical procedure examined in this study can be extended to include more
comprehensively important aspects associated with the behaviour of rammed earth material
will be an issue requiring further examination. The present research is the very first analytical
approach to back analysis of rammed earth specimens and therefore it is, to a certain extent,
bound to further investigation. In view of the very limited experimental data, in which
important material characteristics have not been investigated, there is a clear need for further
laboratory work on characterization of rammed earth material. 
owever, in light of future
research, it may be possible to develop a more efficient approach for prediction of
parameters.

�hapter 8 provides a summary and presents major conclusions of the work performed in
this thesis with final remarks on perspective studies on this topic.
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�
�PT�R 1

Rammed earth heritage around the world and
�ecay of rammed earth constructions

1.1. Rammed earth

It is acknowledged that traditional buildings and structures represent an important part
of cultural heritage. �arth is considered to be one of the simplest, oldest and the most widely
used construction materials, with traditional earthen buildings widely distributed all over the
world. � high number of architectural cultural heritage in the world has been constructed
with raw earth. �arthen buildings, depending on their location involve different construction
technologies implemented around the world. �oncurrently, Rammed earth buildings are an
important part of heritage building spread worldwide and possess a great value for the
society as their importance is acknowledged as unique products of historical, cultural, artistic
and architectonic values of their time and place.

1.2. 
istory of constructions, distribution and composition of materials around the world

Rammed earth construction has been practiced in different regions around the world,
also known as “taipa”, “taipa de pilão” “tapial”, “pise de terre”, “pisé” or “stampflehm”.
The common traditional technique of constructing a rammed earth wall is composed of
compacting layers of moistened earth between formwork. The formwork, which is a
temporary wooden support structure, is made of two panels and several long bolts in the
middle, which holds the soil in place during ramming process. In the past soil was compacted
manually utilizing a wooden rammer. To build a rammed earth wall, soil mixture is poured
into formwork and is then compacted to a very high density. Successive layer of mixture is
then poured on top of compacted layer and is then compacted. This process, which is
repeated layer by layer until reaching a full-height wall, results in a distinctive layered
appearance, often seen as feature of the rammed earth architecture.
�ccording to Martín-del-Rio et al. (2018), depending on the construction system, two main
groups of rammed earth walls can be identified: (1) Monolithic rammed earth walls, a
homogeneous mass of equal strength earth material. (2) Mixed rammed earth walls, in which
specific points in the wall rammed earth are mixed with brick and mortar in the construction
of walls.

In Spain, the traditional rammed earth construction technique has involved pouring the
material in layers with thickness about 10–15 cm into a formwork composed of boards 3m
wide and 0.90 m high and varying thickness (�uchí i �urgos (1996)). �urthermore, Sebastián
et al. (2010) have addressed the construction system of two historical buildings, the Palacio de
los �bencerrajes and Silla del Moro, also known as �astillo de Santa �lena, situated inside the
�lhambra complex. �ccording to Sebastián et al. (2010), the tower known as La Silla del Moro
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features the application of a strip of mortar containing a higher proportion of lime to the
outside of the wall followed by the subsequent compaction of the earth, resulting in the lime
mortar being indented in the wall, forming a crust on the surface of the wall, which protect
the wall from the erosion.

This section addresses a brief description of rammed earth heritage in different regions,
the purpose of which is to allow a greater knowledge of this type of historical constructions,
and therefore to potentially help to identify and preserve historical values of rammed earth
heritage around the world.

1.2.1. Rammed earth in �urope

In �urope, the rammed earth heritage has been reported by several studies. In �rance,
the Rhône-�lpes region is a rich center of historical rammed earth buildings (�lex (2018)).
The �lhambra of 	ranada has been reported as one of the most striking example of
rammed-earth in Spain (Sebastián and �ultrone (2010)). In Spain, there is a wealth of
important historical forts, city walls, and towers dating back to the 11th century onwards and
churches with historical significance built after the conquest of the city by the �hristians in
1492, with an excellent example being �hurch of San Juan de los Reyes in the �lbaicín quarter
of 	ranada. (Sebastián and �ultrone (2010))

In Spain, the rammed earth material is characterized by the presence of a varying
amount of thick aggregate (Sebastián and �ultrone (2010)), and in some special cases such as
Spanish Muslim buildings, by the presence of lime having been used to hold the mass of
material together (Valverde �spinosa et al. (1997); Sebastián Pardo et al. (2000)). The
rammed-earth buildings built by the �rabs, such as �lcazaba �adima of 	ranada, or the
�lcazaba of the �lhambra, have been characterized by the material being a mixture of lime
with sand and thick aggregate, a technique that was normally used for construction of the
foundations of large defensive buildings (Sebastián and �ultrone (2010)). Puerta de las Pesas
in the �lbaicín, 	ranada features a series of 100% lime layers having thicknes of about 2–5 cm,
and other layers of earth featuring no lime (Sebastián and �ultrone (2010)). Some
constructions dating back to the 12th and part of the 13th century, such as �rch of the Puerta
�lvira in 	ranada, have been reported to be composed of earth layers about 60–80 cm thick
and pure lime layers about 8–12 cm thick at the ceiling and at the base (Sebastián and
�ultrone (2010)). Some constructions dating back to the end of the 13th century and the 14th
century, such as the �rrabal in the �lbayzin and other buildings from the Nasrid period in
	ranada, have involved the application of a strip of mortar featuring a higher proportion of
lime to the outside of the wall followed by the subsequent compaction of the earth, resulting
in the lime mortar being indented in the wall (Ontiveros Ortega et al. (1999); Sebastián Pardo
(2001)), forming a crust on the surface of the wall, which protect the wall from the erosion
(Sebastián and �ultrone (2010)).

In Portugal, traditional rammed earth construction, known as taipa, is mainly
concentrated in the southern region (	omes et al. (2019)). 	omes et al. (2014) has reported
some of these historical buildings, including a rural house located in Monte das �ovas,
Valongo, �vis, being built in 1933, a rural house located in Monte Pá �anado, Taliscas,
Odemira, dating back to the late nineteenth century, with the soil featuring strong reddish
color and a significant amount of gravel, a rural house located in Monte Vale �haim, Taliscas,
Odemira, dating back to 1940, featuring brown gray colour and large sized aggregates, a rural
storehouse located in Monte se �eus Quiser, �orte Zorrinha, �lmodôvar, originally built in
1930. This house was reported to be one of the few examples of rammed earth in this region,
with brown color and large size aggregates. �nother historical house reported by 	omes et al.
(2014) is a rural house, �arranco do �ai Logo, �olos, Ourique, built in 1947/48, featuring
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brown color and presence of gravel. �nother example is a 200-year-old urban house in
�rraiolos, featuring dark brown color with a high percentage of organic matter.

1.2.2. Rammed earth in �sia

In South Korea, rammed earth ramparts have been reported in literature (Jo et al. (2018)).
The 	reat Wall of �hina is perhaps one of the most striking example of rammed-earth in
�hina (Sebastián and �ultrone (2010)). 
istorical architectural relics made from rammed
earth can be found in �hina. These rammed earth structures have been made during
successive �hinese dynasties, including the Qin, 
an, Tang, Song, Ming and Qing dynasties,
in northwest �hina (�ui et al. (2019)).

1.2.3. Rammed earth in �merica

In �razil, the 19th century rammed earth buildings located in the middle valley of the
Paraíba do Sul River, South-�ast �razil, has been reported by �avicchioli et al. (2018).

istorical rammed earth construction can be found in Nepal, at the western end of the
�nnapurna region of the 
imalaya. Kag �hode Thupten Samphel Ling established in 1429
has been reported as an example of rammed earth structure in Nepal (Jaquin (2011)).
The vernacular construction rammed earth technique can be found in �hutan, at the eastern
end of the 
imalayas. �n example of such buildings in �uthan is rammed earth section of
Kyichu Lhakhang monastery, built around 1700 (Jaquin (2011)). Jaquin (2011) reports a
section of the wall of Rabtan Lhartsekhar �astle at basgo, the capital of Ladakh before 1357
and Leh fort, constructed around 1555.

In Peru, an important example of structures from pre-Incaican periods can be found,
exclusively in rammed earth, but also mixed with other techniques (Soria et al. (2011)) .

In Mexico historic and traditional rammed earth architecture can be found is an area
between the states of Puebla, Tlaxcala, and Veracruz (Soria et al. (2011)). �xternal perimeter
walls of houses in this area were basically constructed by rammed earth. On one hand, the
emergence of rammed earth technique in this region is linked to the hypothesis that, after the
16th century, this technique was practised in this area by the settlers that came from Spanish
provinces where this technique was used (Soria et al. (2011)). On the other hand, it is also
hypothesized that in Mexico rammed earth was introduced by architectural influences from
�rance (Soria et al. (2011)).

1.2.4. Rammed earth in North �frica

In Morocco, the rammed earth heritage can be found in the southern regions, in Tiznit,
Ouarzazate and Marrakech (Kourdou and �herradi (2016)). The walls of the XVIth century
�adii Palace, one of the most prestigious monuments of the Islamic tradition, has been
entirely constructed by rammed earth (�aoudi et al. (2018)). The �râa valley, in the
south-east of Morocco, is characterized by rammed earth heritage (�aglioni et al. (2016)). In
Morocco, the �tlas mountain range is considered to divide the architectural heritage into two
sides. In south east of Morocco near the Sahara �esert, the �râa valley, which cut the �nti
�tlas up to the narrow passage of �eni Slimane, separates the �astern �nti �tlas by the
Western �nti �tlas. The �râa valley of southern Morocco, known as one of the greatest
earthen architecture heritage, ksur and kasbah, is characterized by more than 300 ksur among
palm forests. The kasbah of the �raa Valley is another example of traditional architectural
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heritage worldwide. These big fortified houses, belonging to wealthy families of villages, and
later to the administrators of the territory, have been constructed entirely with earth (�aglioni
et al. (2016)). In Morroco, in Marrakech, there is evidence of the existence of the load bearing
walls, where rammed earh technique has been mixed with brick and mortar. �s reported the
walls are composed of traditional solid brick joined by a traditional lime mortar resting on a
base of rammed earth (�enkmil et al. (2018)). The thickness of the walls was reported to vary
between 30 cm and 1 m.

1.2.5. Rammed earth in South �sia

In �hutan, as reported by Wangmo et al. (2019), the traditional technique for
construction practices of rammed earth involves the use of locally available soils nearby the
construction site, selected based on visual inspection, poured inside the wooden formworks,
followed by compaction using special ramming tools. It worth mentioning that �O� (2017),
considers the reddish white soil with small pebbles as the best earth, while black, yellow or
sandy earth is not considered to be suitable for building construction (Wangmo et al. (2019)).

The formwork is made of shutter planks on both sides, horizontal members on top and
bottom to hold panels together, and vertical members and wedges between the vertical
members and shutter planks for providing support for stability of formwork. �fter placement
of formwork, soil is poured into the formwork and compacted using special ramming tools.
The ramming lasts from 30 min to 1 hr until the compacted layer of soil reaches sufficient
hardness and smoothness. Next, a new layer of soil is poured over the hardened layer, and
ramming process is performed for this new layer. The process is repeated for 5 layers until
reaching a height of 60–70 cm, which gives a rammed earth section with length of around 250
cm, height of 60–70 cm and thickness of 60 cm. �ollowing completion of one section of
rammed earth, the formwork is moved immediately to next section of wall. (Wangmo et al.
(2019))

The granulometry characteristics of above-mentioned rammed earth heritage have been
reported by several studies, Wangmo et al. (2019), Jo et al. (2018), �aoudi et al. (2018),
�aglioni et al. (2016), �enkmil et al. (2018), Ruiz et al. (2014), Martín-del-Rio et al. (2018),
	omes et al. (2019), and 	omes et al. (2014)), as illustrated in �igure 1.1.

�igure 1.1. 	ranulometry properties of historical rammed earth in literature
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1.3. �ecay of rammed earth constructions

Unfortunately, several factors put the rammed earth heritage at high risk of being
damaged or collapsed. �amages and the subsequent serious durability problems to these
constructions is basically caused by a variety of different reasons and mechanisms.
�ngineering-related, water-related, and mechanical properties are major factors causing the
deterioration of rammed earth heritage.

�ue to their long-term exposure to the combined effects of environment, severely
damaged or collapsed houses can be commonly found worldwide. Rammed earth structures
are acknowledged by an intrinsic weaknesses to some external agents and natural disasters,
such as rainfall, wind, solar radiation, rising damp, temperature oscillations, freeze-and-thaw
cycles, environmental chemicals (e.g. salts and acid rain), soil settlements, earthquakes and
floods.

One of the main issues causing deterioration of historical buildings can be mainly
attributed to seismic events. Natural disasters as earthquakes can lead to an advanced level of
damage and in the worst scenario to the complete collapse of the structure. �atastrophic
effect of disaster on rammed earth structures are huge compared with the impact of other
earthquakes of similar magnitudes and seismic intensity on contemporary structures.

Severely damaged or collapsed houses can be commonly found in earthquake-prone
places with an important seismic hazard with moderate to high seismic hazard and less
developed rural areas around the world, where the frequent earthquakes in the regions have
resulted in significant damages to the majority of the existing rammed earth rural homes and
historical residential buildings.

This can be a consequence of poor mechanical properties, low strength and high
dead-weight, deficiencies of the wall and poor connections between structural elements,
which have usually made rammed earth structures highly vulnerable to earthquake forces,
putting at risk the rammed earth built heritage itself and the life of inhabitants, by causing
severe injuries and deaths, as well as property losses.

Water, erosion and deficiencies are acknowledged to be the key factors having
significant negative impact on the structural performance and deterioration of rammed earth
structures, resulting in some kinds of structural failure, material failure and surface failure in
these buildings.

Typical mode of structural damage found in existing rammed-earth structures are
damage to the walls, in the form of cracking, vertical cracking often forming around the
corners of the buildings and at loading points, reduction of the bearing cross sections and
substantial reduction of the mechanical properties of the materials, their bearing capacity and
stiffness.

Various pathologies in the form of cracks and fissures can form due to mechanical
stresses, which destroy the original integrity of wall surface and provide preferential paths
for accelerating the deeper infiltration of water, gas and solutes into the wall and,
consequently increases the further deterioration of the building, threatening stability and
existence of rammed earth heritage.

The layered structure of rammed earth due to the compaction process of earth in a
formwork may influence the crack mechanisms, since horizontal joints between layers
usually mean a discontinuity, which constitute the weak points contributing to local sliding
failure tending to occur along the interfaces in some cases.

Lack of additional element such as perimeter beams for transmission of roof load lead
elements of the roof transmit load directly on the rammed earth wall, which compromise
seriously the durability of rammed earth constructions as the concentrated forces at the
loading points, where roof elements directly sit on the wall, often contribute to the initial
degradation of the wall by causing local crushing and cracking tending to extend vertically.
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The combination of external circumstances, such as wind, variations in temperature and
water, contributes to the removal of fine particles from the material and produces a very
rough surface resulting from erosion. �rosion may be consequence of water gathered in joints
and holes or water run-off and weathering.

Material failures is also linked to deterioration directly related to mass cohesion which,
depending on the level of damage, may occur in the form of slight loss of the mass that
surface chunks of material may come off easily or high percentage of mass loss in which the
thickness of wall may be affected, disintegration, resulting in an increase in porosity, as a
consequence of which a huge amount of earth material containing coarse particles may easily
be brushed away. In the worst scenario, material failure may occur in the form of a total lack
of cohesion and a greater material loss.

�lthough the impact of weathering by several weathering agents, substantially affecting
façades, might be relatively low in short term, it can be considered as a critical cause of
surface damage for R� under service conditions, which accompanied by lack of maintenance
in the long term may lead the wall to an advanced state of decay, considerably disturbing the
integrity of constructions and increasing the risk of further deteriorations.

�amage assessment remarks an essential step in the context of conservation of heritage
buildings, being a major source of information in order to achieve a proper technical
knowledge for decision making in heritage conservation. � review of literature reveals that
the field work for damage assessment of rammed earth heritage has been carried out and
reported by some research studies, including 	amrani (2014), �aoudi et al. (2018), Ruiz et al.
(2014) and Kourdou and �herradi (2016).

�ased on damage assessment of the �adii Palace several degradation processes have
been identified, including cracking, salt efflorescence, plaster detachment, damage from the
action of capillary rise, detachment of the plaster, salt efflorescence, human actions and the
chemically destructive action of bird droppings (	amrani (2014), �aoudi et al. (2018)).

�ccording to the field work for damage assessment of Sixteenth- and
Seventeenth-�entury Rammed �arth �hurches, Ruiz et al. (2014) has linked the most
common problem regarding rammed earth buildings to structural issues such as subsidence
of foundation, deficiencies in structural cohesion, and damage caused by the roof structure
(Ruiz et al. (2014)). Ruiz et al. (2014) observed that the most prevalent issues were the
presence of moisture. Inadequate reinforcement of the wooden structure was reported as the
frequent problem affecting the roofs. In some examples, moisture stains and disintegration of
the plaster finish were also observed. �eficiencies in structural cohesion make structures
susceptible to erosion or disintegration caused by excess of moisture in the walls due to
rainfall or water infiltration from groundwater (Ruiz et al. (2014)). These cohesion deficiencies
can be mainly attributable to a lack of sufficient anchorage between the walls and floors and
between the walls, the low tension and shear strength of the earth materials (Ruiz et al.
(2014)). Ruiz et al. (2014) has reported some evidences of deterioration caused by moisture in
discoloration and disintegration of the wall surface, as well as stains on the base of the walls,
although water table was relatively far from the surface at the sites of the churches.

�iming at the restoration and the preservation of the Medina of Tiznit, an on-field
investigation of disorders affecting the structure, and therefore the state of Medina, has been
conducted by Kourdou and �herradi (2016) in the medina of Tiznit, one of the southern
regions of Morocco, whose built heritage has been ranked as a national heritage since 1932
(Kourdou and �herradi (2016)). �s reported, the medina has suffered extensive disorders and
deterioration in materials caused by the rains following the floods of November 2014.
Kourdou and �herradi (2016) have reported the lack of maintenance as the major source of
problems behind the loss and damage incurred during the floods. �s reported there is also
evidence of abnormal presence of moisture, namely saltpeter and coating discoloration at the
base of the walls, which can be attributed to infiltration of water close to the wall as reported
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in the case of the Medina of Tiznit during floods (Kourdou and �herradi (2016)). The majority
of the sensitive points for developing the erosion phenomenon has been reported to be
located at the top and bottom of the walls, where are not usually well protected and well
designed (Kourdou and �herradi (2016)).

Structural issues affecting the supporting structure of the rammed earth heritage may
arise from an error in the design stage of building, the execution of construction, or the
assessment of environmental issues such as foundation or diverse natural and accidental
actions during the life time of a building. �egradations caused by the natural actions, where
water is one of the main agent, result mainly from exposure of the structure to weathering
agents and capillary rise. 	omes et al. (2019) has reported capillary rise on the base of the
earth walls as major agent contributing to issues, such as loss of cohesion and erosion.

The erosion in rammed earth walls can be a consequence of capillary rise on the base of
the earth walls (	omes et al. (2019)), or the action of rainfall and wind (	omes et al. (2019)),
resulted from exposure of the façades to these weathering conditions.

�bnormal presence of water, which may have dangerous consequences on a structure,
may be manifested in different forms including, erosion, humidity due to capillary rise,
humidity due to rainfall, as well as humidity due to the occurrence of infiltrations caused by
poor drainage of water from the roof through direct rain, deficiencies in coverage or existing
cracks or rupture of plumbing (	omes et al. (2019)). In case of water infiltration phenomenon,
the presence of structural cracks in walls, may constitute a path for further propagation of
damage. �rosion starts with localized crumbling of the material, which then gradually grow
further to significant depth, threatening the integrity of the wall.

1.4. 	eotechnical investigations of rammed earth

Under service conditions, the capacity of rammed earth heritage is highly subjective on the
underlying soil properties. This section focuses on these properties, which have been
addressed by geotechnical studies of rammed earth heritage. Moreover, recommendations of
literature on properties of rammed earth material have been discussed.

1.4.1. 	eotechnical properties

1.4.1.1. 	rain-size distribution

Soils are mainly classified according to size of their components. The five major
constituent of soil are: gravel, sand, silt, clay, and organic matter. The sizes of components
that constitute soil vary over a wide range, with grains constituting the skeleton and clay
playing the role of a binder between them. In order to describe soils by their particle size
distribution (PS�), particle size classification has been developed by International
Organization for Standardization, 2002, as: gravel (2 mm to 63 mm), sand (0.063 mm to 2 mm),
silt: (0.002 mm to 0.063 mm) and clay (less than 0.002 mm).

	enerally, gravels are unstable and unworkable grains playing major role in providing
bearing capacity of the soil. The addition of sand and clay increases stability and workability
of soil. 	ranular elements of soil provide good internal friction, which contributes in
preventing slides, and good bearing capacity. The presence of clay acts as a binder making
the mixture easy to work.

Organic material is generated when living matters such as vegetables are partly
decomposed. This constituent of soil is generally characterized by the presence of shells or
undecomposed vegetables, by its color, being gray to black, by its odor, generally resulting
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from, release of gases during excavation of soil. Organic materials should be avoided or
considered to be limited in the material due to the possibility of their further decomposition,
which leads in leaving voids in the materials, with subsequent reduction of mechanical
characteristics of the soil.

1.4.1.2. Mineralogy

The smallest particles known as clays are commonly defined as particles smaller than
0.002mm. The structure of most clay minerals are composed of two basic units, namely silica
tetrahedron and alumina octahedron, which do not exist in isolation, but combine to form
silica sheet and octahedral sheet, also called a gibbsite sheet. In a tetrahedron unit, a silicon
atom, with a positive charge of four, is surrounded by four oxygen atoms, one at each corner
of the tetrahedron, with a total negative charge of eight. To form silicate sheet, a single
tetrahedron, with a total negative charge of four, is combined with adjacent tetrahedrons by
sharing three oxygen atoms at the base of tetrahedron. The silicate sheet has a net negative
charge. In a octahedral unit, an aluminum atom is surrounded by six hydroxyls.

When the silica sheet, with a net negative charge, and the electrically neutral octahedral
sheet are bonded together, the top oxygen atom of each tetrahedral, with a negative charge of
one, replace the hydroxyls to balance their charge. Repeating layers of silica-octahedral sheets,
strongly held together by hydrogen bonding, form the layer structure of Kaolinite.

In some layer structures, an octahedral sheet is bonded to one silica sheet at the top and
another silica sheet at the bottom, and silicon in the tetrahedral sheets are partially
substituted by aluminum, being known as isomorphous substitution, resulting in a negative
charge. In illite, which consists of repeated layers of silica-octahedral-silica sheets, this
negative charge is balanced by potassium ions, which held the illite layers together.

Montmorillonite consists of silica-octahedral-silica sheets, in which an octahedral sheet is
bonded to one silica sheet at the top and another silica sheet at the bottom, with partial
substitution of silicon by aluminium in silica sheet and partial substitution of aluminum by
magnesium and iron in the octahedral sheets.

1.4.1.3. �ompaction and water content

�very natural mass of soil can be characterized by a certain amount of voids.
�ompaction, a quite vast and complex subject, can be defined as the reduction in the amount
of voids present in the soil and subsequent increase of the density of the soil, exerted by
mechanical means during the process of construction, which depends upon major
components including soil type, moisture content, compactive effort.

The values of optimum water content and maximum density obtained under a given
compactive effort may differ widely with different grain size distribution of soil.

The presence of larger grains, smaller grains, clay as well as moisture in the mixture
helps in achieving workability as well as a mixture of compaction, good bearing capacity, and
stability. �ompaction is achieved by smaller grains shifting themselves between the larger
ones, reducing the amount of voids, which results in improvement of the maximum density.

Laboratory determination of the compaction optimum water content and corresponding
maximum dry density is generally investigated using well specified and widely established
tests, either the standard or the modified Proctor tests.

The optimal water content in the soil is evaluated in the field by the lump test, where
having enough water content is expected for the soil when it forms a lump in one’s hand
(�O� (2017)). �nother method for evaluation of the moisture content is that if the tossed–up
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soil breaks into two pieces in contact with the ground (Khadka and Shakya (2015)), the water
content is considered to be close to the OM� and suitable for use.

Several R� guidelines (e.g., Middleton and Schneider 1992; Walker and Standards
�ustralia 2002); recommend “drop test” as a rapid technique for determination of the OW�
on site, however this test is an approximate method considerably dependent on the judgment,
experience and skills of the operator yielding a wide range of estimates for optimum water
content of the material, which may lead to unknown consequences on achieved material
characteristic. This is of paramount importance when safety issues of cultural heritage are
being dealt with.

1.4.2 Review of geotechnical studies of rammed earth

1.4.2.1 Recommendations of literature for properties of rammed earth material

Some formal documents provide recommendations concerning PS� of soil materials for
rammed earth. The review of literature reported by 	omes et al. (2014) has addressed
following documents found in the literature with recommended granulometry of soil as
follow

	omes and �olque (1953): 15-31% for clay , 7-17% for silt, 28-51% for sand and 0-33% for
gravel.

I�T�� (1971): 10-40% clay , 20-40% silt, 10-40% sand and 10-20% gravel.
�oat et al. (1979): 15-25% clay , 20-35% silt, 40-50% for sand and 0-15% for gravel.

ouben and 	uillaud (1994): 8-10% for clay , 14-25% for silt, 49-60% for sand and gravel

and 0-8% for Pebble.
Keable (1996): 5-15% for clay , 15-30% for silt, 50-70% for sand and gravel.
Walker and Standard �ustralia (2001): maximum 20% clay , 10-30% silt, 45-75% sand and

gravel.
S�ZS 724 (2001): 5-15% clay , 15-30% silt, 50-70% sand and gravel.
Keefe (2005): 7-15% for clay , 10-18% for silt, 45% for sand and 30% for gravel.
Walker et al. (2005): 5-20% for clay , 10-30% for silt, 45-80% for sand and gravel.

�s reported by 	omes et al. (2014), the maximum particle size of soil has been
recommended by I�T�� (1971), Keefe (2005), New Mexico �ode (2006) as 20, 20, 38.1 mm
respectively. Moreover, 	omes and �olque (1953) recommends 20-25 mm for maximum
particle size, the soil may contain particles up to 50 mm with a maximum percentage of
20-25% of larger particles. �ccording to Walker et al. (2005) Maximum particle size is often
limited to 10-20 mm.

�s indicated by 	omes et al. (2014), some recommendation can be found in the literature
for liquid limits and plasticity index for unstabilised rammed earth. �or LL, the threshold
value of 25-50 and 25-46 has been reported by �oat et al. (1979) and 
ouben and 	uillaud
(1994), repectively. �oat et al. (1979), 
ouben and 	uillaud (1994), Walker and Standard
�ustralia (2001) and Walker et al. (2005) recommended the value of 30 - 35, 30 - 35, 35 - 45 and
<45, respecitively. �or PL, the threshold value of 7-29 and 2-30 has been reported by some
documents, including �oat et al. (1979) and 
ouben and 	uillaud (1994), repectively. Some
documents, �oat et al. (1979), 
ouben and 	uillaud (1994), Walker and Standard �ustralia
(2001) and Walker et al. (2005), recommended the value of 7-18, 12 - 22, 15-30 and 2-30, for PL.
�ased on a review of literature, for values of the compaction energy and the corresponding
moulding moisture content of the soil, 	omes et al. (2014) report that range of values for the
OM� of 3.5% to 14% and dry density between 1750 kg/m3 and 2000 kg/m3 was indicated by

ouben and 	uillaud (2006). (	omes et al. (2014))
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Some references have addressed the requirements for the organic content of soils for
rammed earth (	omes et al. (2014)). �s reported by 	omes et al. (2014), Walker et al. (2005)
and 
ouben and 	uillaud (2006) indicate quantitative threshold values for the soil’s organic
content, while some documents recommend the results of smell tests as a criteria for
accepting or rejecting a soil for rammed earth, including Walker and Standards �ustralia
(2001); Lehmbau Regeln (2009), and Keable, (1996). Some documents, NZS 4298 (1998); S�ZS
724 (2001); and New Mexico �ode (2006), advise the rejection of soils that contain organic
matter.

1.4.2.2. 	eotechnical studies of rammed earth

� review of literature on rammed earth material reveals that investigations on
unstabilized R� have been focused on several fundamental factors which are important in
determining the geotechnical characteristics, including grain-size distribution, optimum
water content and maximum dry density via the Proctor test, �tterberg limits and clay
mineralogical composition determined by XR�.

1.4.2.2.1. 	rain-size distribution

�haracterization of unstabilized R� has been addressed by several studies (Wangmo et
al. (2019), Jo et al. (2018), �aoudi et al. (2018), �avicchioli et al. (2018), �aglioni et al. (2016),
�enkmil et al. (2018), Ruiz et al. (2014), Martín-del-Rio et al. (2018), 	omes et al. (2019), Silva
et al. (2018), and 	omes et al. (2014)). The granulometry properties of R� material included in
these studies has been summarized in �igure 1.2.

The Korean fortress, 	anghwa Jungseong, one of the hundreds of earthen ramparts built
in South Korea in the thirteenth century, was analysed by Jo et al. (2018) in order to identify
the traditional construction technique for building the rammed earth wall. The analysis
included characterisation of different layers of the walls. In this study Jo et al. (2018)
investigated and interpreted the mutual homogeneity between the soils of each layer of the
rammed earth wall and the surrounding area of the fortress in order to identify the origin of
the raw materials. �ased on historical records, this site was built in 1250 (Jo et al. (2018)).
�ccording to inspection of rampart, the central earth wall was built using rammed earth
technique, with height of 1.84 m and width of 4.41 m. The material analysis has shown that
the five-layered foundation part has exhibited various colors, from red to brownish yellow,
and particle-size distributions from silt loam to sandy loam. The upper layer in the
foundation part has featured a pale yellow color, classified as sandy loam with characteristics
similar to soft, earthy, typically clay rich saprolite formed via the chemical weathering of
igneous, sedimentary, and metamorphic rocks. The body part of the wall, which is composed
of silt loam in the lower layers and silt loam and loam in the middle layers, exhibited
alternate yellowish red and strong brown color patterns.

�aoudi et al. (2018) investigated particle size of thirty rammed-earth and coating
materials collected from the �adii Palace wall (80 cm thick and 6 m high), one of the most
prestigious monuments of the Islamic tradition in Marrakech. This study demonstrated wide
variation in particle sizes with coarser grain sizes at the base and finer ones at the top. �ased
on the position in the section of the wall, the rammed-earth materials of �adii Palace are
characterized by considerable amount of stone and gravel particles (41–72%), with sand and
silt fractions ranging from 7% to 14% and 5% to 32%, respectively. The material has featured a
clay fraction not exeeding 18%. Moreover, they reported that the rammed earth material,
classified as 	�/SL �ccording to the �entral Laboratory of Roads and �ridges (L�P�)
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(	uillard & 
ouben, (1989)), is rich in calcareous sand and silt mixed with an extensive
addition of lime as stabilizer in order to increase the hardness and strength of the walls
(�aoudi et al. (2018)). �ased on the comparison of lithological composition of pebbles of the
walls and those of the local raw material, they concluded a very likely source for these coarse
materials to be the river deposits of Issil from the east of Marrakech, formed from the erosion
of the 
igh �tlas. �onsequently, they argued the composition of earth material to be coarse
earth skeletal material from river alluvium mixed with local fine earth. Supported by
observations on the presence of vermiculite and interstratified IS in the fine fraction and its
comparison to soils of the region of 
aouz ofMarrakech, they argued an origin from the local
calcareous soils for fine earth. This study also indicates varied lithological compositions with
magmatic (granodiorite, rhyolite, andesite, granite, and gabbros) sedimentary (limestone,
sandstone), and metamorphic (schist, quartzite) components for pebbles that form rammed
earth material of �adii palace wall.

�avicchioli et al. (2018) investigated physico-chemical properties of earthen materials
that form the 19th century earthen constructions located in the municipalities of Queluz (QZ),
�reias (�R), São José do �arreiro (SJ�) and �ananal (��), in the middle valley of the Paraíba
do Sul River (South-�ast �razil). In this study, 109 specimens of earthen material, including
30 specimens of Wattle-and-daub, 48 of adobe and 31 of rammed earth, and 31 sub-soil
samples were collected and investigated. They demonstrated the predominance of silt loam
and loam textures in R� materials. One single sample of R� material was characterized by
sandy texture. � variety of �razilian R� exhibit the absence of sand fraction, sometimes
compensated by the presence of coarse particles restricted to 5% (�avicchioli et al. (2018)).

owever, in the samples with the lowest amount of sand, samples with 15.7% and 15.2%
sand, studied by �avicchioli et al. (2018), coarse particles content does not exceed 2%. The
characteristics of R� showed that the manufacture of R� in ��, could have benefited from
soils coming from more distant areas, whereas local soils could be used in the construction of
R� in the QZ, �R and SJ� districts.

�n experimental investigation was carried out by �aglioni et al. (2016) on samples from
rammed earth walls from different villages of the �râa valley, namely �mzrou, Tissergat and
Zagora. �ased on grain size analysis, the sample from �mzrou is a fine grained earth
composed of 2.8% gravel, 6.8% coarse sand, 55.4% fine sand, 12.1% silt and 23.2% clay. They
also classified the earth as being not active earth, according to activity coefficient (� = 0.17),
�-4 class: low compressibility silty earth, according to ��S
O, and Lp class (low plasticity
silt) according to US�S.

The work performed by �enkmil et al. (2018) aims at contribution to the characterisation
of earthen materials in historical architectural heritage in Morocco, by investigating a case
study in the center of the city of Marrakech in the center of Morocco. �ssessment of
construction materials of walls has shown the existence of two construction materials, namely
brick and rammed earth. The thickness of the walls has been reported to vary between 30 cm
and and 1 m. �enkmil et al. (2018) has reported the material to contain 52.06% of grain size
less than 2mm, 14.7% less than 80μm


istorical churches in the central �olombian highlands, dating back to of 16th and 17th
centuries, has been addressed by Ruiz et al. (2014). �ccording to records of conducted
inspections of these buildings until 1600 by 	overnment officials of the colonial period, these
structures were reported to be made of �ahareque. 
owever, based on subsequent
inspections in 1635 the existence of churches with rammed earth walls has been revealed.
Ruiz et al. (2014) reports the thickness of walls to be 0.84-1.26 m and the heights between 5.04
and 6.72 m. Ruiz et al. (2014) characterized the soil using standard geotechnical tests. �ased
on standard tests according to �STM �2216 (�STM 2010b), the percentage of grains passing
No. 200, No. 40 and No.4 were reported to be 22.36%, 39.59% and 69.67%, respectively.
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Martín-del-Rio et al. (2018) has addressed the characterization of historical rammed earth
walls in the twelfth century ramparts of Seville and Malaga in Spain. �ccording to the
analysis of the carbonate content a maximum lime to sand ratio of around 1 to 12 and 1 to 4
was obtained for U�1 and U�2, respectively. �ased on the analysis of the two samples, they
reported the sample from Seville as being a poorer rammed earth wall with less amount of
lime. The particle size distribution analysis indicated the maximum aggregate size was 31.5
mm for U�1 and 63 mm for U�2. In order to determine the granulometry of specimens, the
mesh series of the UN�-�N 12620:2003 standard was used, including mesh spacings of 63,
31.5, 16, 8, 4, 2, 1, 0.5, 0.25, 0.125, and 0.063 mm.

In 	omes et al. (2014), the laboratory characterization of the rammed earth materials was
performed on samples collected from six old buildings in Portugal, including one from a
rural house located in Monte das �ovas, Valongo, �vis, being built in 1933, one from a rural
house located in Monte Pá �anado, Taliscas, Odemira, dating back to the late nineteenth
century, with the soil featuring strong reddish color and a significant amount of gravel, one
from a rural house located in Monte Vale �haim, Taliscas, Odemira, dating back to 1940,
featuring browngray colour and large sized aggregates, one from a rural storehouse located
in Monte se �eus Quiser, �orte Zorrinha, �lmodôvar, originally built in 1930. This house was
reported to be one of the few examples of rammed earth in this region, with brown color and
large size aggregates. One sample was collected from a rural house, �arranco do �ai Logo,
�olos, Ourique, built in 1947/48, featuring brown color and presence of gravel. The last
sample was collected from a 200-year-old urban house in �rraiolos, featuring dark brown
color with a high percentage of organic matter. 	omes et al. (2014) performed the
granulometry analysis of studied rammed earth materials following the methods indicated in
LN�� Specifications �239 (1970), wet sieving of the coarse fraction (pebbles, gravel and sand),
and �196 (1966), sedimentation of the fine fraction (silt and clay). �ased on calcination,
according to the method of �STM �2974-07 (2007), 	omes et al. (2014) investigated the
organic content of the six studied earth materials, for which the total content of organic
matter were obtained as 0.9%, 4.5%, 3.5%, 1.8%, 3.6% and 5.4%.

�igure 1.2. 	ranulometry properties of geotechnical studies of rammed earth in literature
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1.4.2.2.2. Mineralogical properties

The mineral composition of the rammed earth wall of Korean fortress, 	anghwa
Jungseong, one of the hundreds of earthen ramparts built in South Korea in the thirteenth
century, was investigated and reported for each layer by Jo et al. (2018).. �or most of the wall
samples common minerals were identified, including quartz, K-feldspar, mica, plagioclase,
and illite, although some layers did not display kaolinite.
Mineralogical investigation of rammed-earth materials collected from the �adii Palace wall in
Marrakech using X-ray diffraction has shown the main composition of rammed-earth
materials to be quartz (22–33%), calcite (16–30%), feldspars (plagioclases and K-feldspars)
(8–16%), muscovite (8–3%), biotite (0–10%), clays (11–25%), and traces of gypsum (�aoudi et
al. (2018)). � detailed examination of clay minerals was performed by �aoudi et al. (2018),
based on the XR� patterns of oriented preparations of �a2+ saturated fine size fractions (< 2
μm), resulting in identification of interstratified illite-smectite (IS) and vermiculite in
rammed-earth materials.

The mineral compositions of samples of the 19th century earthen constructions located in
the municipalities of Queluz (QZ), �reias (�R), São José do �arreiro (SJ�) and �ananal (��),
in the middle valley of the Paraíba do Sul River (South-�ast �razil) were investigated by
�avicchioli et al. (2018) using X-ray diffraction (XR�), which was performed on a �ruker �8
�dvance �a Vinci diffractometer operated at 40 kV and 40 m�, �uKα radiation, and at a
scanning rate of 0.1◦2θ/min. �ased on the results of XR� analysis, the mineralogical
composition of earthen materials displayed the presence of quartz and kaolinite in all
samples and mica in most of them.

�n experimental investigation was carried out by �aglioni et al. (2016) on samples from
rammed earth walls from different villages of the �râa valley, namely �mzrou, Tissergat and
Zagora. �ased on characterization of the principal mineralogical composition of sample from
�mzrou using X ray diffraction (XR�), they pointed out that calcite is abundant in the
rammed earth sample of �mzrou. �ccording to the mineralogical analysis, they indicated a
quite low clay minerals content, composed by higher amount of illite and lower amount of
kaolinite, chlorite and smectite, with quartz identified to be the main composition of sandy
fraction of material.

In the study investigated by Martín-del-Rio et al. (2018), the mineralogical composition
of the samples from historical rammed earth walls in the twelfth century ramparts of Seville
and Malaga in Spain was identified by performing X-ray diffraction (XR�) analysis, which
had shown that most of the mineral phases in the two case studies are very similar, with
Quartz, K-feldspars (orthoclase), plagioclases (anorthite), and phyllosilicates (illite, chlorite,
and muscovite) attributed to the aggregate, whereas calcite may be attributed to the earth or
the lime used in the manufacturing process.

	omes et al. (2019) has reported mineralogical characteristics of three different types of
earth materials picked up from non-deteriorated parts of old unstabilized rammed earth
buildings situated in �lentejo region, in south Portugal, including the earth �v collected from
a rural house in Monte das �ovas, Valongo, �vis, whose construction dates back to 1993, the
earth P� collected from a rural 19th century dwelling in Monte Pa �anado, Taliscas, Odemira,
the earth V� collected from a rural house in Monte Vale �haim, Taliscas, Odemira.
Mineralogical characterization of the fine fraction for the earth materials �v, P�, V� were
determined by X-ray diffraction (XR�). �s reported by 	omes et al. (2019), quartz, mica/illite
and feldspars were identified in all earth material. Kaolinite is present in all the earths, with
higher proportions identified in earth P� and V� and traces identified in earth �v. The earth
V� has displayed the presence of �holorite, while traces also identified in �v.

The compositional characterization of two historical buildings, the Palacio de los
�bencerrajes and Silla del Moro, also known as �astillo de Santa �lena, situated inside the
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�lhambra complex, have been investigated by Sebastián et al. (2010). The most significant
results obtained by X-ray �iffraction (XR�) have addressed the presence of lime, Portland
cement, dolomite, gypsum and phyllosilicates in composition of these materials. �ased on
comparative analysis of calcite in samples from the walls and the samples from the outcrops
of the �lhambra �ormation collected nearby, Sebastián et al. (2010) has reported the presence
of lime in the construction of the walls, the amount of which vary depending on the period to
which the construction of building dates back, the function of the building and the location of
sampling on the wall, with higher amount of lime having been identified for the outside of
the wall compared to the inside of the wall. The samples taken from the Palacio de los
�bencerrajes features higher quantities of lime-binder, around 30%, While in the Silla del
Moro, much lower amounts of lime has been characterized in the walls, around 15–20%.

	omes et al. (2014) has addressed mineralogical characterization of earth material
collected from six old buildings in Portugal, including (1) located in Monte das �ovas,
Valongo, �vis, (2) located in Monte Pá �anado, Taliscas, Odemira, (3) located in Monte Vale
�haim, Taliscas, Odemira, (4) located in Monte se �eus Quiser, �orte Zorrinha, �lmodôvar,
(5) located in �arranco do �ai Logo, �olos, Ourique, (6) located in �rraiolos. The research
performed by 	omes et al. (2014) has reported the result of the XR� analyses performed
using a X Philips X´P�RT equipment on soil samples oven dried at 40°�. It was observed that
Mica was detected in all the materials and kaolinite was detected in case studies 2, 3, 4 and 5.

1.4.2.2.3. �ulk density

The research conducted by Wangmo et al. (2019) has reported bulk density of one of the
old walls of Paga Lhakhangand and one newly prepared rammed earth wall specimen,
constructed using locally available red clay with small pebbles following the construction
procedure practiced in �hutan. The bulk density of old wall and new wall were reported as
1810 kg/m3 and 2033 kg/m3, respectively.

In the study carried out by 	omes et al. (2019), bulk density of three different types of
earth materials (�V, P� and V�), picked up from non-deteriorated parts of old unstabilized
rammed earth buildings situated in �lentejo region, in south Portugal, were determined
according to �N 1097-3 and reported as 1461 kg/m3, 1105 kg/m3 and 1136.4 kg/m3 for earth
�v, P� and V�, respectively.

In an experimental program carried out by Silva et al. (2018), standard proctor maximum
dry density of earth material mixture, composed of 50% of soil of �lentejo region, 28% of
river sand and 22% of gravel, were reported as 2100 kg/m3.

Maximum dry density of earth material from six case studies, �v, P�, V�, �Z, �l, �r,
has been measured by 	omes et al. (2014). 	omes et al. (2014) carried out proctor test
according to �STM standard �698-07 (2007). Using a cylindrical steel mould with 101.6 mm
diameter and 116.4 mm height, the samples were prepared in 3 layers of equal thickness, each
layer being struck 25 times using a standard weight of 2.447 kg that falls from a normalized
height of 304.8 mm for compaction. The results of proctor test for five samples were reported
as 2018 kg/m3, 1733 kg/m3, 1651 kg/m3, 1600 kg/m3 and 1814 kg/m3 for M��.

1.4.2.2.4. Water content

The work performed by �enkmil et al. (2018) aims at contribution to the characterization
of earthen materials in historical architectural heritage in Morocco, by investigating a case
study in the center of the city of Marrakech in the center of Morocco. �y studying water



19

content of rammed earth material, �enkmil et al. (2018) has reported the material to contain
3.3% water.

Ruiz et al. (2014) has characterized historical churches in the central �olombian
highlands, dating back to of 16th and 17th centuries, using standard geotechnical tests. �ased
on standard tests according to �STM �2216 (�STM 2010b), the percentage of water content
was reported to be 4.2.

In the study carried out by 	omes et al. (2019), optimum water content of three different
types of earth materials (�V, P� and V�), picked up from non-deteriorated parts of old
unstabilized rammed earth buildings situated in �lentejo region, in south Portugal, was
determined by Proctor compaction test and reported to be 8.0%; 17.8% and 21.5% for �v, P�
and V�, respectively.

In an experimental program carried out by Silva et al. (2018), standard proctor optimum
water content of earth material mixture, composed of 50% of soil of �lentejo region, 28% of
river sand and 22% of gravel, was reported as 10.1% .

Optimum water content of earth material from six case studies, �v, P�, V�, �Z, �l, �r,
has been measured by 	omes et al. (2014). 	omes et al. (2014) carried out proctor test
according to �STM standard �698-07 (2007). Using a cylindrical steel mould with 101.6 mm
diameter and 116.4 mm height, the samples were prepared in 3 layers of equal thickness, each
layer being struck 25 times using a standard weight of 2.447 kg that falls from a normalized
height of 304.8 mm for compaction. The results of proctor test for five samples were reported
as 8%, 17.8%, 21.5%, 11.3% and 15.6% for OM�.

1.4.2.2.5. Strength properties

The research conducted by Wangmo et al. (2019) focuses on rammed earth construction
in �hutan, where they investigated one of the walls of Paga Lhakhang. They investigated the
characteristics of one of the old walls of Paga Lhakhangand and one newly prepared rammed
earth wall specimen, constructed using locally available red clay with small pebbles following
the construction procedure practiced in �hutan. In order to characterize material, mechanical
compressive strength and splitting tensile tests were conducted on extracted cylindrical core
samples of rammed earth (92 mm diameter and 180 mm height). The compressive strenght
and tensile strength of old wall were reported as 0.845 MPa and 0.101 MPa respectively, while
compressive strenght and tensile strength of new wall were 0.52 MPa and 0.054 MPa,
respectively.

Non-destructive testing of the compressive strength with a Schmidt-hammer was
performed by �aglioni et al. (2016) on rammed earth fortifications and houses at Zagora and
Tissergat.

�n experimental program carried out by Silva et al. (2018) aimed at characterising the
in-plane shear behaviour of rammed earth walls. In this study, the behaviour of rammed
earth wallets under destructive diagonal compression and non-destructive sonic
characteristics were investigated on the wallets. �y making corrections on the particle size
distribution of the soil collected from �lentejo region, by addition of coarse aggregates, the
final earth material mixture was composed of 50% of soil of �lentejo region, 28% of river
sand and 22% of gravel. In order to investigate the shear behaviour of the R� material, Silva
et al. (2018) documented the progression of cracking during different stages of loading of
diagonal compression tests using the digital image correlation (�I�) technique. �ompressive
strength of unstabilised rammed earth was also reported in the study conducted by Silva et al.
(2018). �ompression tests were carried out on cylindrical specimens with 100 mm diameter
and 200 mm height, manufactured using the earth compacted in three layers with an average
dry density of 2065 kg/m3. The behaviour of R� under uniaxial compression loading was
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reported to be highly nonlinear with Young’s modulus depending considerably on the
deformation level.

1.4.2.2.6. �tterberg limits

�n experimental investigation was carried out by �aglioni et al. (2016) on samples from
rammed earth walls from different villages of the �râa valley, namely �mzrou, Tissergat and
Zagora. They observed the low plasticity and low shrinkage of the material (liquid
limit=18.5%, plastic limit=16.7%, plasticity index=1.80%), attributed mainly to the lower
amount of smectite with respect to illite, kaolinite and chlorite.

Ruiz et al. (2014) have characterized historical churches in the central �olombian
highlands, dating back to of 16th and 17th centuries, using standard geotechnical tests. Liquid
Limit, Plastic Limit, and Plasticity Index of soil were determined according to �STM �4318
and were reported to be 22%, 16% and 6%, respectively.

In an experimental program carried out by Silva et al. (2018), the values of 7%, 23% and
16% were obtained for the liquid limit (LL), plastic limit (PL) and plasticity index (PI) of earth
material mixture, composed of 50% of soil of �lentejo region, 28% of river sand and 22% of
gravel.

	omes et al. (2014) have measured Liquid limit and plasticity index of earth material of
six case studies, �v, P�, V�, �Z, �l, �r, and has reported liquid limit of 14.8, 41.2, 46.1, 17,
35.5 and 26 for case studies �v, P�, V�, �Z, �l, �r, respectively. �or case studies P�, V�, �l,
�r, they reported the values of plasticity index as 16.1, 19.4, 13.5 and 6, respectively.

1.4.2.2.7. Suction

Suction is the source of developing strength in rammed earth material (Jaquin et al. (2009)
and �ui et al. (2014)). The research performed by Jaquin et al. (2009) confirms that suction is a
key factor responsible for strength in rammed earth material. Jaquin et al. (2009) and �ui et al.
(2014) have studied and confirmed a link between suction and the strength characteristics of
rammed earth material.

�iming at quantification of suction inside rammed earth, the study performed by �ui et
al. (2014) has addressed development and validation of a simplified method to measure the
suction within rammed earth samples. �ui et al. (2014) investigated the effect of suction on
rammed earth over a wide range of moisture content. They concluded that the simplified
method is a reliable approach, yielding well correlated data. This study showed that, in a
logarithmic scale, a linear correlation can be drawn for varation of suction with respect to that
of the compressive strength and secant modulus of elasticity of unstabilised rammed earth.

It is widely accepted that the capillary force between particles is the source of cohesion in
soil material. �eing composed of layers of earth, rammed earth is a three-phase mixture,
commonly referred to as unsaturated soil, in which the water in soil forms capillary force
between particles. This capillary force gives rise to cohesion between soil grains. The
importance of the capillary condensation bridge has been addressed by �ui et al. (2014).
Indicated by this study, the effect of capillary bridges have been recognized in four phases. �t
Phase 1, two spherical particles are held together by capillary condensation bridge at their
contact point and the cohesion increases nonlinearly with the amount of moisture. �t Phase 2,
liquid bridge spreads over several particles and the cohesion increases linearly with an
increase in moisture content. Phase 3 and Phase 4 correspond to indepency of cohesive force
to the amount of water and decrease of cohesion, respectively.



21

The cohesion of sandy soil material is attributed to the capillary force between particles.
In clayey soil the capillary force between particles as well as attractive forces between clay
particles due to Van der Waals force gives rise to the cohesion of material (�ui et al. (2014)).

�urthermore, �eckett et al. (2017) has developed an experimental programme to
investigate suction-controlled strength characteristics of rammed earth. Two soils were used
in this investigation, the first comprised of 19.9% clay, 17.2% silt, 52.7% sand and 10.2%
gravel, and the second comprised of 9.9% clay, 9.5% silt, 70.7% sand and 9.9% gravel. The
optimum water contents (OW�) and maximum dry densities (M��) were measured using
the Standard Proctor Test (�S 1377), yielding OW� and MM� as 12% and 1940 kg/m3 for the
first soil and OW� and MM� as 12% and 1960 kg/m3 for the second soil. The suction was
controlled during testing by Vapour �quilibrium method, also called relative humidity
technique. They investigated strengths at different suction values.

In this method, an aqueous saturated saline solutions is used to regulate the relative
humidity of the surrounding the sample. �ccording to the relative humidity of the air,
exchange of water vapor occurs between the specimen and the surrounding. �quilibrating
specimens, to set temperatures and relative humidities, imposes a particular value of suction
on specimen.
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where s is the suction at absolute temperature T (K), ua and uw are pore air pore water
pressures, R
 is the relative humidity, the ratio of partial vapour pressure P in the considered
atmosphere and the saturation vapour pressure Po at absolute temperature T (K), g is
acceleration due to gravity, R is universal gas constant, wv is the molecular mass of water
vapour.

�eckett et al. (2017) prepared 100mm cube specimens for U�S tests, using soil at the
OW�. Specimens were removed from the mould after manufacturing and left to dry under
conditions of 45 ±15% R
 and 20 ±2◦�. Specimens were then equilibrated to R
=30, 50, 70 or
90% (±3%) and T =15, 20, 30 or 40◦� (±2◦�) using an environmental chamber. Immediately
following equilibration, specimens were transferred to a uniaaxial compression testing
machine. The moisture content of secimen were measured by oven drying.

1.5. �onclusion

� review of literature on rammed earth material reveals that geotechnical studies on rammed
earth have been focused on laboratory or field measurement of several fundamental material
parameters, which are important in describing soil material characteristics, including
grain-size distribution, optimum water content and maximum dry density via the Proctor test,
�tterberg limits and clay mineralogical composition determined by XR�.
�lthough important efforts have been made by these studies, these contributions into
determination of physical and mechanical characteristics do not address all of the controlling
properties, inherent to each material structure, on which characterizations of rammed earth
material has indicated a dependence and thus, the resultant data can not be comparable. This
highlights the need for the establishment of a well-defined experimental program on
characterization of rammed earth materials, which has been addressed on �hapter 4 of this
dissertation.
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�
�PT�R 2

�utomatic identification of cracks and
architectural lines in images of rammed earth
walls

This chapter reports the research that has been published in �pplied sciences Journal
(Moghaddam et al. (2020)). The main objective of this section is to investigate the possibility
of application of automatic crack detection methodologies on images of rammed earth wall
heritage. To gain insight, this section first focuses on investigating fundamental problems in
object recognition on rammed earth walls, which reports several specific problems, among
them the difficulty in automatic identification of architectural lines and horizontal and
vertical cracks. This difficulty highlights the need for the establishment of a simple and
flexible automatic object recognition solution that could, in the future, be adopted as useful
framework for evaluation of state of rammed earth heritage buildings and subsequently
building decision strategies for maintenance activities. Motivated by this difficulty, this
research introduces and validates a simple and straightforward machine learning SVM-based
bidirectional morphological framework, which, through transforming a surface image of
rammed earth wall into an intermediate representation, enables an automatic construction
and generation of crack and texture line maps. Rather than applying 8 connectivity rule to
combination of horizontal and vertical gradient, this methodology extract edges through
development of an edge classifier in the form of a machine learning approach based on
important information that often exists in each direction separately.
This automatic algorithmic approach, which couples bidirectional local gradient and
geometrical characteristics to a powerful, simple and straightforward framework, comprises
of four major elements, including: (1) bidirectional edge maps, (2) bidirectional equivalent
connected component maps, (3) machine learning SVM-based classifier and (4) crack and
architectural line feature map generation. �longside, a detailed description of each stage and
difficulties that may appear when trying to shape the above-mentioned framework have been
reported in each section. �inally, the proposed algorithm are verified through comparative
experiments in a set of simulations on surface images of rammed earth with different crack
patterns, through which predicted data has been demonstrated to be satisfactorily
conforming to labeled data provided manually for images.
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2.1. Introduction

�arthen structures, which has been linked throughout history with harvesting and exploiting
our planet’s natural earth material resources as a construction material in several different
ways around the world, represent significant elements of our cultural heritage distributed
worldwide. Rammed earth (R�), also known as “taipa”, “taipa de pilão” “tapial”, “pise de
terre”, “pisé” or “stampflehm”, is one of the most widespread structural types of earthen
architectural cultural heritage in the world.
To construct a traditional rammed earth wall, moistened earth mixture is poured into rigid
formwork, a temporary wooden support structure, and is then manually compacted to a very
high density in layers utilizing a wooden rammer. This building process, constructing the
wall a section at a time and moving the form section to section, horizontally and vertically,
until building the full wall height, results in a distinctive layered appearance, often regarded
as characteristic feature of the rammed earth. The formwork is mainly composed of two
panels and several long bolts in the middle, extended through the form holding panels
together, which acts as a support to hold the soil in place during ramming and compaction
process. On completion of the wall, the panels and bolts, and thus the formwork, are
removed, leaving some joint lines in the wall, which are often regarded as characteristic
feature of the rammed earth walls (�igure 2.1).

(a)
�igure 2.1. Rammed earth wall (Moghaddam et al. (2020))

Since cracks are one of the most common surface defects of earthen heritage, conservation
and restoration of earthen architectural heritage is firmly linked with identification and
characterization of existing surface cracks. Identification and characterization of surface
cracks is therefore critical to any attempt to conserve earthen heritage. Particularly when
monitoring highly vulnerable earthen structures, manually detecting a crack, through
traditional human field surveys, is a very intricate and time-consuming procedure. �n
automatic crack detection approach based on capturing image of surface during heritage
surveys provides an adequate procedure for fast and reliable surface defect analysis, and
consequently accurate quantitative data on the condition of heritage, upon which
conservation strategies is based.
�racking is a phenomenon frequently present in rammed earth heritage. The presence of
cracks, which is a characteristic feature of most earthen building heritage, can act as major
pathways for aggressive elements to penetrate into earthen material, enabling further
propagation of severe cracks, which may lead to serious deterioration and structural failure.
This highlights the need for a precise assessment tool to point out crack regions and to
monitor surface cracks at regular intervals from their early stage before they progress to
failure, which is fundamental for preservation purposes. �fficient automatic image-based
crack detection methodology for rammed earth heritage can aid conservation specialists in
identifying efficient conservation strategies. This is the reason why it’s important to decide on
a robust crack detection methods or algorithms demonstrating good performance on rammed
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earth images, which assist in decision making for evaluation and conservation of earthen
heritage buildings in a service condition over a period of time.
In the literature, much work has dealt with the problem of crack detection for various
purposes, reporting numerous approaches to make use and develop image processing
techniques (�roberg, 2013; Sinha and �ieguth, 2006; Merazi-Meksen et al., 2014; Jahanshahi
and Masri, 2012; Wang and 
uang, 2010; �lam, 2015; �rooks et al., 2015; Iliopoulos et al.,
2015; 
amrat et al., 2016; Merazi-Meksen et al., 2010; Vidal et al., 2016; Wolf et al., 2015;
�hital and Lee, 2012; Li et al., 2014; 	uo and Vavilov , 2013; �ujita and 
amamoto, 2011;
	lud et al., 2016; Talab et al., 2016; �garwal and Singh, 2015; 	unkel et al., 2012; Xu et al.,
2014; �nwar and �bdullah, 2014; 
eideklang and Shokouhi, 2015; Rodrı´ guez-Martı´na et al.,
2015; Yiyang, 2014; Yamaguchi and 
ashimoto, 2010; Nazaryan et al., 2013; �hen et al., 2012;
Kabir, 2010; �dhikari, 2014). These techniques, however, are programmed to solve a
particular problem, and thus can only be applied to specific types of images and purposes.
�lthough being one of the most ancient construction materials, rammed earth still deals with
fundamental questions about structural performance that needs to be solved by researchers
and engineers. 
owever, to the author’s knowledge, crack detection of rammed earth
heritage is a topic not addressed in the literature. This study makes an attempt to address this
issue by investigating and developing an automatic crack detection methodology able to
extract and analyse crack and non-crack information and patterns from surface images of
rammed earth heritage.
�n analysis of surface images of rammed earth walls, performed in the framework of this
study (Moghaddam et al. (2020)), indicates that architectural line features has a large
influence on detection results of existing image processing techniques. �n observation that is
possible to make thanks to this study regards the fact that horizontal line features may be
misidentified as cracks (�igure 2.2). �evelopment of a simple and flexible framework for
automatic and accurate detection of cracks in the surface images of rammed earth heritage,
able to clearly discriminate between existing cracks and architectural features, is hence a
complex task. This chapter ,to address the problem above, concentrates on the creation of an
algorithm that transforms surface image of rammed earth into crack map and architectural
feature map, avoiding above-mentioned misidentification problem inherent to analysis of
surface images of rammed earth walls. Our algorithm consists of exploiting the strong feature
learning capabilities of learning-based approaches.

(a)
�igure 2.2. �n illustration of misidentification of architectural horizontal lines as cracks in

images of rammed earth (Moghaddam et al. (2020))

Machine learning is concerned with the ability of computers to extract and analyse high level
information from images, and has seen much success in processing huge amounts of data.

owever, the task of detection of important regions needs some way to partition image into
meaningful segments, requiring extraction of high level information and its subsequent
translation into feature representation. Machine learning have been subject of many research
works with applications to many fields. Of general interest in all of these areas is crack
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detection task. The task of image-based automatic crack detection in itself can be challenging,
but in case of surface images of rammed earth, existence of architectural line features with its
complex surface texture complicates the problem further (�igure 2.2).
Recognizing different kinds of line objects in surface images of rammed earth is a difficult
task, since a surface image of rammed earth wall can be thought of as a skeleton of
preexisting architectural line features and cracks. When there are both vertical and horizontal
architectural lines, the information and pattern associated with architectural lines are
complicated, and it is difficult to distinguish the structure between these architectural line
features and cracks. The labeling of surface cracks and architectural lines is a challenging area
for rammed earth walls.
The utilization of machine learning methods in raw images of rammed earth may have
difficulty in automatic crack detection: they usually detect a set of architectural lines as crack
fragments. There is a sense that meaningful relationships between the feature representations
needs to be exploited and used in conjunction with learning techniques to make detection
decision. In this case, an intermediate image showing geometrical properties in the
architectural lines and cracks would be helpful to identify and classify two categories of crack
and non-crack objects. In this chapter, characteristics of crack and non-crack object in surface
images of rammed earth walls are investigated. �ased on mathematical analysis, the variation
of important geometrical characteristics is discussed. �n attempt is made to investigate and
make use of existing learning-based methodologies from different points of views. This
research focuses on the development of a novel approach for solving a real-world pattern
recognition problem in surface images of rammed earth through exploiting the strong feature
learning capabilities of learning-based approaches, whose power lies in extracting a set of
geometrical features. �y transforming a surface image into a meaningful intermediate feature
representation, this algorithm exploits and makes use of a set of mathematical relation to aid
in desirable task of crack detection, upon which a successful detection application of machine
learning in rammed earth images is firmly bound.

2.2. �eveloped methodology

The approach developed in this research is based on oriented gradient in horizontal and
vertical directions at every location in an image (�igure 2.3). Then, the algorithm makes use of
connected component analysis (
aralick and Shapiro (1992)), equivalent to fitting an ellipse,
with major axis orientated along direction θ. The second-moments of the equivalent ellipse is
equal to that of the connected component (��) (�igure 2.4). The geometrical properties of
elliptical fit estimates the properties of cracks and non-cracks at location (x,y), making a
distinction, between crack and non-crack objects, possible. �igure 2.4 presents an example of
such equivalent image.
Once �� maps in horizontal and vertical directions were constructed, the algorithm analyses
connected components, whose area are more than 30 pixels, from largest to smallest ones.
Then the algorithm applies an SVM-based classification scheme for each ��, which classifies
it as crack or architectural feature. Then, the algorithm proceeds by adding up corresponding
horizontal and vertical derivatives of pixel intensities, followed by binarization using Otsu’s
method (Otsu, 1979)), as a result of which crack map and architectural feature map are
generated. The algorithm repeats this entire procedure until all pixels of horizontal and
vertical ��s are analyzed once.
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(a) (b)
�igure 2.4. �n example of (a) connected component map and (b) equivalent bounding ellipse

(Moghaddam et al. (2020))

2.2.1. �onstructing edge maps

�s the first step in this process, the algorithm converts the input image to grayscale and
applies oriented edge detection operator, constructing oriented edge maps in horizontal and
vertical directions, independently as shown in �igure 2.3. �n analytical investigation is
necessary for the selection of an edge detection technique for this task. The main algorithm of
this step is inspired by the performance analysis. In order to evaluate the capability of edge
detection methods to separate crack objects from the background, a primitive investigation of
performance of existing methods in images of rammed earth walls has been performed
(Moghaddam et al. (2020)). In follow, performance in crack detection and performance in
identification of architectural features, shortcomings of existing edge detection techniques
and relevant details have been discussed.
In order to perform performance analysis, the most commonly used edge detection
algorithms, Sobel (Parker, 1997), �anny (�anny, 1986), Prewitt (Prewitt, 1970), Laplacian of
	aussian (Lo	) (Marr and 
ildreth, 1980) and fast 
aar transform (�
T) (�achman and
�eckenstein, 2000), are implemented, on selected parts of rammed earth images, to extract
crack pixels from background. �ull details of this analysis has been reported in (Moghaddam
et al. (2020)). It is evident that these algorithms may produce missing or extra edges on
complex surface images of rammed earth structures with multiple cracks and architectural
lines. The results of this investigation on above-mentioned methods can help in the choice
and development of an edge detection algorithm for automatic crack detection of rammed
earth heritage.
Motivated by the observed inconsistencies and inaccuracies to distinguish between cracks
and architectural features, the problem inherent to crack detection in rammed earth images,
main focus is particularly given to find solutions that make a distinction of these two objects
possible, having a reasonably good accuracy in automatic identification of the presence of
multiple cracks and architectural line objects in images of a rammed wall.
Regarding Sobel, which predicted less missing pixels, although a more noisy output, this
experimental study indicates a better performance of Sobel edge operator in identification of
crack pixels for rammed earth images (Moghaddam et al. (2020)). �urthermore, this study
indicates that the application of crack detection algorithms cannot achieve good accuracy and
performance simply by using an edge detection operator on a raw rammed earth image, an
observation that may be mainly attributed to the influence of architectural objects on
detection results (�igure 2.2). This observation confirms that existing edge detection operators
often join horizontal and vertical architectural lines at the corners (�igure 2.5a) or
architectural lines and cracks at the intersections (�igure 2.5b), and thus are not appropriate
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for complex rammed earth images containing horizontal and vertical architectural line
features (Moghaddam et al. (2020)). These above-mentioned observations may inspires an
algorithm that constructs edges in horizontal and vertical direction, separately. Therefore, for
a given test image, this step of proposed algorithm applies Sobel edge detection operators in
horizontal and vertical direction , separately (�igure 2.3), confirming the fact that oriented
edge maps themselves carry important feature information, that characterizes specific objects.
Moreover, this study indicates capability of 
aar transform method to detect horizontal and
vertical line objects. �lthough this method can extract horizontal and vertical joint lines in a
rammed earth image and map them as architectural features, in rammed earth structures
containing multiple cracks and architectural line features, this method breaks up directed
features of an edge and maps them in different sub-band images, which, in rammed earth
images containing multiple cracks and architectural line features, may lead to incorrect
detection results (Moghaddam et al. (2020)).
This means that horizontal sub-band obtained by 
aar transform method does not only
recognizes horizontal lines. Rather, this sub-band image carries information of horizontal
features of all line objects in an image. �rom this, it can be found that a simple directed edge
map is not sufficient to benefit from feature classification. In this context, it is useful to
associate each feature to an integration of local intensities and connectivity at each direction
and then categorize those directed connected components based on learning important
geometrical characteristics. Thus, after applying oriented edge operator, the algorithm
proceed by treating obtained edge maps as images and applying connected component
analysis for each direction separately, as a result of which oriented horizontal �� maps, maps
of equivalent ellipses, are generated. This method extracts geometrical characteristic from
different horizontal and vertical edge maps, which provides far superior information for the
task of crack and non-crack classification, solving the problem of misidentification, the most
significant challenge inherent to rammed earth images. �igure 2.6 shows representative
horizontal edge map, vertical edge map, horizontal �� map and vertical �� map, which
presents the contributions of oriented edge maps in horizontal and vertical directions to the
performance of the algorithm, approving the potential capability of proposed approach.

(a)

(b)
�igure 2.5. Misidentification problem of ��s in rammed earth images, implementing existing
edge detection methods. (a) The problem of joined horizontal and vertical architectural lines

and (b) the problem of joined architectural lines and cracks. (Moghaddam et al. (2020))
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2.2.2. �onnected component analysis

�s previously shown in �igure 2.5, building up �� from detected edges obtained simply by
applying an edge detection algorithm, will often mistakenly join architectural lines and cracks,
resulting in misidentification problem. 
ence, producing oriented gradient maps rather than
a single-level edge map provides a high-level solution. This solution is inspired by the
intuition that horizontal and vertical architectural line features, on the surface image of the
rammed earth walls, carry information of horizontal and vertical discontinuities in intensity
and thus geometrical features describe important local information for characterizing the
content of such image regions, that proved sufficiently discriminative individually. �t this
stage, the algorithm builds up ��s by implementing eight connectivity rule (
aralick and
Shapiro, 1992) to each group of adjacent pixels in oriented edge maps in horizontal and
vertical directions, independently (as shown in �igure 2.6).
�n analysis of geometric features of crack and non-crack objects indicates that geometrical
characteristics, offering various morphological parameters, provide solution to identify and
mathematically classify crack and non-crack objects into different classes. �s observed in this
study, in rammed earth images, a high value of oriented axis length ratio (Ratio of Major �xis
Length to Minor �xis Length) indicates that a �� is more likely to belong to the group of
architectural lines.
In this regard, in the proposed algorithm each ��, group of adjacent pixels shaping a roughly
linear edge, is represented by an ellipse, whose physical properties are equivalent to the
properties of the reference ��. This geometrical-based methodology utilized herein provides
a framework that helps subsequent automatic crack analysis. �urthermore, the algorithm
expresses the geometrical characteristics in terms of the normalized quantities, offering a
scale-invariant feature space. Table 2.1 and �igure 2.7 describes important morphological
parameters identified and selected to utilize for the analysis in this study. In this regards,
each �� has been defined by the morphological parameters of the equivalent ellipse, assigned
to each ��. �igure 2.8 shows the results of �� analysis.

(a) (b)

(c) (d)
�igure 2.6. Oriented edge maps; (a) 
orizontal edge map, (b) vertical edge map, (c)

horizontal �� map and (d) vertical �� map. (Moghaddam et al. (2020))
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Table 2.1. Morphological parameters for connected component analysis (Moghaddam et al.
(2020)).

�rea Number of pixels

�ensity
Ratio of pixels in the region to pixels in

total image

Major axis length
Length (in pixels) of the major axis of the

equivalent ellipse

Minor axis length Length (in pixels) of the minor axis of the
equivalent ellipse

Length ratio Ratio of the major axis length to 256√2
Width ratio Ratio of the minor axis length to 256√2

�xis length ratio
Ratio of Major �xis Length to Minor axis

length

Orientation

�bsolute value of the angle between the
x-axis and the major axis of the ellipse,

ranging from 0 degrees to 90 degrees (�igure
3b).

Orientation ratio Ratio of orientation to 90 degrees
�onvex area Number of pixels in convex Image (�igure 8c)

�onvex area ratio
Ratio of pixels in convex area to pixels in

total image

�quivalent diameter
�iameter of an equivalent circle with the

same area as the region
�quivalent diameter ratio Ratio of �quivalent diameter to 256

�xtent Ratio of pixels in the region to pixels in the
total bounding box

Solidity Ratio of area to convex area

�igure 2.7. �n illustration of morphological parameters. (a) �ounding box, (b) bounding
ellipse and (c) convex hull. (Moghaddam et al. (2020))
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�igure 2.8. The results of connected component analysis. (Moghaddam et al. (2020))

2.2.3. SVM-based classification scheme

�pplying the results of ���, selection of a set of features to reduce the dimensions and
computational complexity of data, helps describe data in lower dimensions, while
maintaining the meaning of the data. �igure 2.9a visualizes well-separated data in 3� feature
space, axis length ratio, orientation and length, three fundamental features used herein as
input to train an SVM (�hristianini and Shawe-Taylor, 2000). Regarding rammed earth
images, reduction in computational complexity, resulted by ���, as well as high degree of
separability for these three parameters, yielding a high degree of variance, make our crack
detector methodology a practical tool. �enefiting from these three geometrical parameters is
inspired by the fact that two fundamental geometrical information, crack length and width,
are often used to describe severity of cracks in monitoring and analytical approaches.
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� five-fold cross-validated SVM, which exploits three dimensional feature space (�igure 2.9),
is employed herein to ensure proper learning to train a binary model, to classify crack and
architectural line features (�igure 2.9). 80% and 20% of data are considered herein as training
and test data, yielding the accuracy of 98.10%.

(a)
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(b)
�igure 2.9. SVM-based classifier. (a) 3� feature space and (b) performance of classification.

(Moghaddam et al. (2020))

2.2.4. Map generation

�t this stage, to construct crack and architectural feature map, the output of classifier as well
as corresponding horizontal and vertical edge pixel intensities for each �� are utilized.
Therefore, all ��s with areas more than 30 pixels, in horizontal and vertical �� maps, are
taken into account from largest to smallest one. �ased on the result of classification obtained
at previous stage, which categorizes each �� as crack or architectural feature, the
corresponding pixel information from oriented horizontal and vertical edge maps is extracted.
In order to generate desirable feature maps, associated pixel intensities in horizontal and
vertical edge maps are added up and the procedure is repeated for all ��s, with each pixel of
the whole ��s being analyzed once, yielding the output as two feature maps, ultimate crack
map and architectural feature map.

2.3. Model evaluation

�or evaluation of the classification and performance of proposed technique, different aspects
of the methodology are investigated individually, and thus two important results are
reported herein. �irst, some initial experiments was conducted for evaluating classification
stage on a new set of data, which has not been used in training and validating the classifier,
from rammed earth heritage images. The new data set for this experimentation are shown in
�igure 2.10.
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�igure 2.10. New data set for evaluation of classifier (Moghaddam et al. (2020))

�s shown in �igure 2.11, this investigation also reports an analysis of the sensitivity of
performance of proposed model to any variation in three fundamental features, axis length
ratio, orientation and length, based on which following conclusions may be drawn

- �or a specific orientation, with an increase in crack length, maximum value of axis length
ratio, that model would consider as crack, increases, indicating high performance of the
model in extraction of severe and thin cracks for any directions rather than horizontal and
vertical ones. Its power lies in prediction of very thin cracks, which may be an indication of
structural crack initiation.

- �or a specific length of feature, approaching the orientation to horizontal and vertical
directions, results in a decrease in boundary value of axis length ratio, highlighting the
accuracy of developed algorithm in identifying the presence of very thin architectural lines,
inherent to rammed earth walls, as well as severe cracks in horizontal and vertical direction.
-
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�igure 2.11. Sensitivity to three fundamental parameters in 3� feature space. (Moghaddam et
al. (2020))

�igures 2.12, 2.13, 2.14 and 2.15 show results of evaluation of the performance of developed
algorithm for producing crack map , with the crack and non-crack experimental labels data
provided manually for equivalent ellipses. Of 287 regions examined for performance
evaluation of classifier, 98.26% are reported as true positive and false negative, with false
positives (0.70%) being concentrated on very thin cracks. �lthough the model misclassified
these cracks as architectural lines, with these cracks usually representing texture cracks rather
than structural ones, this misidentification can be still acceptable. �ased on the results of this
study, for images of rammed earth walls with very specific texture characteristics, true
negatives (1.04%) may be reported.

(a)
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(b) (c)

(d) (e)

(f) (g)
�igure 2.12. �valuation of algorithm on surface images of earthen heritage - image1. (a)

Original image, (b) horizontal edge map, (c) vertical edge map, (d) horizontal ��s (area>30
pixels), (e) vertical ��s (area>30 pixels), (f) architectural line map and (g) crack map.

(Moghaddam et al. (2020))

(a)
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(b) (c)

(d) (e)

(f) (g)
�igure 2.13. �valuation of algorithm on surface images of earthen heritage-image 2. (a)

Original image, (b) horizontal edge map, (c) vertical edge map, (d) horizontal ��s (area>30
pixels), (e) vertical ��s (area>30 pixels), (f) architectural line map and (g) crack map.

(Moghaddam et al. (2020))

(a)
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(b) (c)

(d) (e)

(f) (g)
�igure 2.14. �valuation of algorithm on surface images of earthen heritage-image 3. (a)

Original image, (b) horizontal edge map, (c) vertical edge map, (d) horizontal ��s (area>30
pixels), (e) vertical ��s (area>30 pixels), (f) architectural line map and (g) crack map.

(Moghaddam et al. (2020))

(a)
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(b) (c)

(d) (e)

(f)
�igure 2.15. �valuation of algorithm on surface images of earthen heritage-image 4. (a)

Original image, (b) horizontal edge map, (c) vertical edge map, (d) horizontal ��s (area>30
pixels), (e) vertical ��s (area>30 pixels) and (f) architectural feature map. (Moghaddam et al.

(2020))

2.4. �onclusion

Taking into account geometrical and mathematical characteristics of cracks and surface
architectural features in images of rammed earth walls, the current study makes an attempt to
develop an scale-invariant framework, which associates with each object morphological
characteristics of equivalent ellipses. �ased on an investigation in this study, three
fundamental features, namely axis length ratio, orientation ratio and length ratio were found
to represent objects without compromising the meaning of the data. This model extracts
features in horizontal and vertical directions, separately and uses an SVM classifier to
generate crack and architectural line feature maps as output. This study indicates that
equivalent ellipse provides sufficiently good approximation for our purpose, with three
directed morphological characteristics, axis length ratio, orientation ratio and length ratio,
contributing positively to detection performance of developed algorithm for rammed earth
walls. �or complex images containing combination of different cracks and architectural line
features and texture characteristics, with the algorithm being quite accurate at classification of
horizontal texture lines, good performance of the algorithm was observed. This study
highlights the ability of developed model in distinguishing severe vertical cracks and vertical
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architectural lines, as well as accuracy of the model in generating crack and architectural
feature maps. �n still acceptable, although lower, accuracy was obtained for images
containing very thin cracks, representing texture cracks rather than structural ones, than
images containing the wider ones. It was observed that some true negatives may be reported
in rammed earth walls with very specific texture features.
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�
�PT�R 3

�ssessing size effect on strength characteristics of
compacted earth for the analysis of earthen
buildings

This chapter deals with the quantification of size effect on mechanical strength characteristics
of compacted earth material. The role of water content is also discussed. The aim of this work
is to provide a simple and useful framework to improve the analysis and interpretation of
uniaxial compressive strength for the characterization of earth building materials. Motivated
by the difficulty in comparing the uniaxial compressive strength (U�S) of rammed earth
specimens in a great variety of geometrical characteristics in literature, this study attempts to
extend the current understanding of the size effect on compressive strength of compacted
earth. This research focuses on two different areas: 1) the behaviour of soils during the
uniaxial compression loading is investigated and experimental data for size effect modelling
is obtained from the literature; 2) an analytical approach is developed for the establishment of
the compressive strength–size relationship for rammed earth specimens. The present research
is the very first analytical approach to size effect in characterization of mechanical strength in
rammed earth materials. This data and approach will help in advancing research in the field.

3.1. Introduction

It is well established that earth is one of the most ancient building materials. �epending
on the way of implementation, the concept of earthen structures involves several building
techniques practiced in different parts of the world, among which rammed earth constitutes
one of the most widely used structural type. �ased on the materials available at different sites,
rammed earth architecture is characterized by many varieties of features that vary from place
to place.

� rammed earth wall (�igure 3.1) is composed of compacted layers of moistened earth.
To make a rammed earth wall, soil mixture, ideally sandy-clayey gravels, is poured into
formwork and compacted in layers. The temporary formwork, which defines the walls
thickness and the rammed earth block length, is moved from section to section, horizontally
and vertically, until the desired height of the wall is achieved.
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�igure 3.1. Rammed earth house (Moghaddam et al. (2020))

To date, several studies on rammed earth (R�) have been conducted by considering
several aspects of the material, such as durability, environmental impact, thermal and
mechanical properties. Studies on the characterization of R� are of great significance as their
importance is twofold.

�irst, a huge number of existing buildings in the world is composed of raw earth as it is
estimated that 30–40% of the world’s population currently lives in structures built with raw
earth (
all and �jerbib (2004)). �mong these buildings, some of earth-based structures are
important elements of the world heritage, with surviving examples discovered in many
diverse locations around the world (Miccoli et al. (2014)). Within this frame, conservation and
restoration of earthen cultural heritage is firmly bound to the characterization of existing
earth materials, which quantitatively helps in solid understanding of structural aspects of the
historical buildings, upon which appropriate conservation strategies are based.

Second, rammed earth constructions are acknowledged to present sustainability. The
modern interest in earth as a building material throughout the world is largely derived from
an increasing awareness in environmental issues and recognized sustainability of earth-based
materials (�ui et al. (2014)). �learly, earth structures can boost excellent sustainability
credentials as well as good thermal and acoustic properties (�iancio et al. (2013)).

The greatest difficulty for application of earth material in modern structures is the
variability of resulting properties, which is linked to the variability of soil characteristics. In
the case of earth-based structures, the choice of soil type is generally restricted to those
available near the site. Mechanical characteristics vary from one site to another and are
dependent on available local soil. On the other hand, the earth heritage is well represented
throughout the world. Several examples of historical rammed earth structures survive to this
day. There are many different historical sites, which can be characterized by different in situ
soils. �or each of those, the laboratory determination of uniaxial compressive strength (U�S)
must be checked for design purposes for new structures and conservative plans for existing
structures.

�ngineering understanding of rammed earth behavior is firmly bound to the body of
laboratory work developed on mechanical characterization, which allows comparative
analysis of performance of different soils as building materials and development of
recommendations and guidelines for design of modern buildings and conservation and
restoration of ancient structures. To ensure safety of existing structures and successful design
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and application of modern materials, the required strength of the compacted earth must be
adequately evaluated.

Laboratory determination of strength, and the specifications derived from it, are thus
adopted as key elements in guiding the design and ensuring that appropriate conservation
strategies are achieved. The greatest difficulty for the characterization of earthen material in
practice is the variability of specimen geometry such as shape and dimension from one study
to another, which makes the comparative and performance analysis of compacted earth
challenging. �lthough some authorities provide limited guidance on specimen size (�STM �
2166-00 (2002), �SI (1377), �as (2002)), there is no clear consensus in the literature and among
the standards. In spite of these obstacles, design methods in routine practice are based on
unconfined compressive strength of small-scale specimens. 
owever, they might not be
reliable in predicting the strength that might be achieved for larger specimens found in
practice. 
owever, different from other building materials such as concrete and masonry,
there is a distinct lack of formal technical guidance concerning size effect on strength
characteristics of earth materials. The coefficients adopted for size effect in rammed earth are
usually those developed for concrete.

�evelopment of constitutive models for analysis of existing and design and construction
of modern earth structures is hence a complex task because of the nature of the varying
specimen size conditions and range of properties of the materials available in the literature.
The link between the mechanical behavior of the R� wall and the specimen size should be
considered in successful design and appraisal of earthen structures, through an approach that
deduce strength-sample size criterion for different types of earth-based materials.
�ue to the intrinsic challenges associated with the characterization of rammed earth materials,
a rigorous comparative studies on the physical properties, and mechanical behavior of
compacted earth with very different specimen sizes, requires an analytical framework that
takes into account influence of geometry on measured strength.

Mechanical characterization of unstabilized and stabilized R� has been addressed by
many researches (
all and �jerbib (2004), Miccoli et al. (2014), �ui et al. (2014), �iancio et al.
(2013) ,�heah et al. (2012), �iancio and 	ibbings (2012), Jaquin et al. (2009), Olivier and
Mesbah (1995), �urroughs (2001), 
all and �jerbib (2004), 
all and �jerbib (2006), 
all and
�jerbib (2006), �ui et al. (2008), �ui and Morel (2009), �ui et al. (2013), Jayasinghe and
Kamaladasa (2007), Morel and Pkla (2002)). The laboratory determination of the U�S has
been carried out by some studies (Miccoli et al. (2017), Silva et al. (2018), Wangmo et al. (2019),
Martín-del-Rio et al. (2019), Parracha et al. (2019), �anivell et al. (2018), Silva et al. (2018), �l

ajjar et al. (2018), �runo et al. (2017), �eckett et al. (2018)) on (1) characterization of ancient
earthen material in existing architectural heritage and (2) characterization and design of
modern rammed earth material. 
owever, a review of literature on rammed earth material
reveals that specimens have been produced in a great variety of sizes. �ompressive strength
of rammed earth material from a later medieval earthen building at �mbel (near Zaragoza,
Spain) has been studied by Miccoli et al. (2017) using a cubic specimen 10 cm × 10 cm × 10 cm.
�ylindrical specimens (100 mm diameter and 200 mm height) were manufactured by Silva et
al. (2018) to assess the compressive strength of the rammed earth material representative of
unstabilised rammed earth walls from �lentejo region. Wangmo et al. (2019) determined the
strength characteristics of an ancient rammed earth material in �hutan using cylindrical test
samples of sizes about 92 mm diameter and 180 mm height. In the research carried out by
Martín-del-Rio et al. (2019), mechanical strength of rammed earth samples from �lmohade
ramparts of Seville and Malaga under compression was determined with cubic specimens
6–10 cm. The uniaxial compression tests were performed by Parracha et al. (2019) on
unstabilized earthen samples with dimensions of 2.00 cm × 0.60 cm × 0.40 cm and 2.00 cm ×
0.60 cm × 0.40 cm, collected from the walls of ancient buildings in the Leiria region.
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�anivell et al. (2018) studied U�S of cubic specimens 10 cm × 10 cm × 10 cm.
�ompression tests were performed by Silva et al. (2018) on representative cylindrical
specimens, with 150 mm diameter and 300 mm height, manufactured during the construction
of modern rammed earth walls. 
ajjar et al. (2018) performed a series of unconfined
compression tests on cylindrical specimens with a height of 10 cm and a diameter of 5 cm,
produced using soil collected from an existing construction site in the vicinity of Vienne in
the �uvergne-Rhône-�lpes region in �rance. �ylindrical samples of 50 mm diameter and 100
mm height have been studied by �runo et al. (2017) to characterize compressive strength of
compacted soil provided by a brickwork factory from the region of Toulouse (�rance). �eckett
et al. (2018) manufactured 100 mm cube specimens for U�S testing of rammed earth material.
This is not an exhaustive list of specimen geometries used for laboratory characterization of
rammed earth material but it does illustrate the broad range of specimen sizes used.

�s specimens are produced in a great variety of sizes, the influence of geometry on
measured strength is normally not taken into account. The study of the strength properties of
R� currently has gaps in linking properties, such as specimen size and shape, with the
mechanical characteristics. �n important topic still needing more investigation is the
relationship between strength characteristics and geometry of specimens. This highlights the
need for the development of strength-size relationship, which acts as a standardized
framework for comparison between different specimens, in order to readily achieve the
specified requirements. 
owever, to the author’s knowledge, the influence of specimen size
on characterization of strength of earth-based materials has not been addressed in the
literature yet. This may be one of the reasons behind this research on correlation between
strength and specimen geometry for rammed earth material. This correlation is of great
practical interest due to the fact that, after establishing this relationship, knowing strength
properties of earth material for one specimen geometry will make it possible to estimate the
strength for another specimen size.

Questions about the assessment or comparison of compacted earth material
performance are difficult to answer, given the diversity of specimen shapes, specimen
dimensions and material. This difficulty highlights the need for the establishment of an
internationally acknowledged analytical framework that could, in the future, be adopted as
standards for measuring the engineering properties of compacted earth materials. The
purpose of this research is to develop a clear understanding of the compressive strength
properties of rammed earth, considering that the relationship between strength properties
and geometrical factors in establishing material behaviour is one major reason for the
difficulties in conservation of rammed earth. Size effect is also responsible for the difficulties
in putting experimental results of U�S into design practice. The difficulty lies in the
comparative analysis of the compressive strength of different materials at various dimensions.
Therefore, given the results of previous investigations, the effect of specimen size on
compressive strength of rammed earth is unclear. This research focuses on two different areas:
1) the behaviour of soils during the uniaxial compression loading is investigated and
experimental data for size effect modelling is obtained from the literature; 2) an analytical
approach is developed for the establishment of the compressive strength–size relationship for
R� specimens.
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3.2. Size effect on mechanical strength of compacted earth

3.2.1. �n overview of the existing experimental data

Several studies have investigated the strength characteristics of rammed earth materials
(Miccoli et al. (2017), Silva et al. (2018), Wangmo et al. (2019), Martín-del-Rio et al. (2019),
Parracha et al. (2019), �anivell et al. (2018), Silva et al. (2018), �l 
ajjar et al. (2018), �runo et al.
(2017), �eckett et al. (2018)). 
owever, very few studies have investigated the effect of the
height to width (
/W) ratio on the U�S of compacted earth (Patty and Minium (1945),
Walker (1997), Walker (2004), Maniatidis and Walker (2008), Venkatarama Reddy and
Prasanna Kumar (2011), 	üneyli and Rüşen (2015), Tripura (2015), Merga (2016), Lan et al.
(2018), Rengifo-Lópeza et al. (2019)). These studies associated with their experimental data
have been summarized in Table 3.1. �igure 3.2 shows granulometry properties of unstabilized
earth (U�) and stabilized earth (S�) investigated by these studies.

Patty and Minium (1945) assessed the size effect by performing two sets of uniaxial
compression tests on rammed earth materials. In order to investigate ratio of the height of the
specimen to its compressive strength, so as to determine the correction coefficient, two series
of cylindrical and block specimens was made in three different heights. This study confirms
the inverse relationship between the strength and the height of the test piece for rammed
earth material.

Walker (1997) carried out an experimental research program to study the influence of
geometry on compressive strength of compressed earth unit blocks. They concluded that
compressive strength behaviour for the fabricated blocks was influenced by restraint effect
reduction at higher aspect ratios (height/thickness). �xperimental results revealed that block
compressive strengths are closely related to unit aspect ratios and due to reduction in platen
restraint effect, blocks with higher aspect ratio obtain lower compressive strength values.
Strength reduction was less rapid when specimen aspect ratios were more than 2, with
noticeable diagonal shearing mode of failure of the specimen as well as the material spalling
associated with crushing.

Walker (2004) assessed the influence of specimen geometry on strength characteristics.
This study also considers the effect of water content on the strength of compressed earth
blocks associated with specimen size and reports dry and wet compressive strength for soil
specimens. They confirmed that platen restraint results in significant influence of block
geometry on recorded compressive strength of prismatic specimens.

Maniatidis and walker (2008) experimentally investigated load bearing capacity of
rammed earth material, including small-scale 100 mm × 200 mm cylinders, large-scale 300
mm × 600 mm prisms, and nine full-scale columns of three different series, each 300 mm wide
by 300 mm thick, comprising of three specimens from each series with approximate heights of
1.8 m, 2.4 m, and 3.0 m.

Venkatarama Reddy and Prasanna Kumar (2011) investigated the strength and structural
behavior of rammed-earth specimens and discussed results of the compressive strength of
prisms, wallettes, and story-high walls. They studied the effect of geometry and slenderness
on strength of earthen material by carrying out compression test on specimens with
dimensions of 150 mm × 150 mm × 300 mm, 600 mm × 155 mm × 720 mm and 750 mm × 152
mm × 3000 mm. They observed a nearly 30% reduction in strength as the height-to-thickness
ratio increases from about 4.65 to 19.74. The shear failures developed in the story-high walls
resembled the shear failures of short-height prism and wallette specimens.

	üneyli and Rüşen (2015) examined the effect of specimen size on the U�S values and
failure pattern of the specimens of four clay soils, including 
andere clay, Samtekin clay,
�lmanpinari clay, and Kaolin clay. They performed unconfined compressive strength tests on
eleven different sizes of cylindrical specimens with diameter of 48 mm and
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length-to-diameter (
/�) ratios ranging from 0.5 to 3. They concluded that increasing 
/�
ratios up to 3 decreases the U�S values in the cylindrical samples of four types of soil.

�nother observation confirms that the standard deviation of the unconfined compressive
strength value for specimens of four types of soil increases considerably with increasing 
/�
ratio and the variation of the standard deviation is more profound for higher 
/� ratios. On
the other hand, they concluded that higher 
/� ratio causes brittle deformation,
characterized by a distinct failure plane, to predominate. The failure mechanism of soil
specimens is mostly complex and chaotic at larger 
/� ratios. The failure pattern changes
from brittle to ductile with decreasing 
/� ratio. They highlighted the importance of
development of correction equations for converting the U�S values of non-standard-sized
clay soil samples to ‘‘standard’’ U�S values, for application in engineering practice. �ased on
an analysis of the results, correction formulas were determined for the four types of soil
tested. In this sudy “standard’’ U�S values were considered to correspond to the U�S values
for 
/� ratios of 2, 2.5 and 3.

Tripura (2015) experimentally investigated the behaviour of rammed earth cylinders and
prisms, and large-scale specimens, of square, rectangular and circular sections, under axial
compression. Uniaxial compression tests were performed on 45 full-scale rammed earth
specimens of three different cross sections, 150 mm × 150 mm, 190 mm × 150 mm and 230 mm
× 150 mm, each with approximate heights of 0.9 m, 1.2 m, and 1.5 m, constructed using the
soil collected from �gartala, Northeast India. Tripura (2015) observed that the lateral and
vertical displacement increases with increasing the value of height to width ratio. Specimens
with the least height to width ratio were found to possess the highest value of peak strength
and the least standard deviation. Vertical cracks were initially formed at the platen-column
interface. The specimens failed with the development of shear failure zones, at top and
bottom, and tension failure zone in the middle of the specimen leading to splitting at the later
stages of loading.

Merga (2016) carried out unconfined compression tests on compacted red clay soil
samples in �ddis �baba with four various 
/� ratios ranged from 1 to 2.5. The diameter of
specimens was 38 mm. They investigated the effect of the specimen size on the stress-strain
behavior of compacted cylindrical specimens at different moisture contents. The study
demonstrated that the specimens with 
/�=1 attains its peak strength at large axial strains
and peak strain value tends to decrease considerably as specimen 
/� increases. They
concluded that the values of uniaxial peak strength were found to be much higher in samples
with an 
/� ratio of 1. The strength of the soil specimen significantly decreases with
increasing the 
/� ratio from 1 to 2.5. In addition, the failure mechanism of soil is highly
influenced by sample height. The failure pattern generally changes from uniform to
non-uniform as 
/� ratio of the specimen increases. �or the 
/�=1, the failure plane and
deformation are uniformly distributed within the entire of specimen height and as the
specimen 
/� ratio increases, the deformation and failure distribution becomes quite
complex and are localized to some portions of the specimens.

Lan et al. (2018) performed unconfined compression tests on cubic and cylindrical
compressed earth to evaluate the influence of specimen geometry on the compressive
strength and strain properties of compressed earth blocks. They concluded that the combined
influence of platen constraint effect and distribution and inhomogeneity of earth materials
defects causes the unconfined compressive strength to decrease for higher specimen sizes.
Moreover, they noticed that the failure pattern of cylindrical specimens shows columnar
distribution with lateral sides tending to spall, while cubic specimens mainly fail due to the
cracks in the corners and the exfoliation of the lateral sides.

Lopez et al. (Rengifo-Lópeza et al. (2019)) investigated the effect of specimen geometry
and shape, i.e., aspect ratio and height-to-width ratio on the compressive strength and
stress-strain response of compressed earth blocks through uniaxial compression tests.
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�xperimental results show a significant increase in compressive strength at decreasing aspect
ratios, which can be attributed to the confinement effect exerted by the loading platens on
prismatic specimens. In addition, strain distribution along the height of a prismatic specimen
is highly influenced by the aspect ratio. �pproximately uniform strain distribution is
observed only in the middle-third portion of specimens with an aspect ratio of 2.0. Instead,
the combined effect of boundary conditions and propagation of cracks throughout the
specimens results in a non-uniform strain profile in specimens with an aspect ratio of 0.7 and
1.2.
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�igure 3.2. 	ranulometry properties of the earth in existing experimental studies

3.2.2 �racks in rammed earth

�racture propagation mechanism can provide significant insight into design and analysis
of rammed earth structures. It will be particularly helpful in the evaluation of size effect in
analysis of mechanical characteristics. �or this purpose, it is necessary to investigate
progressive fracture properties of earth material. �efore proceeding to the analysis of
experimental data, it is worth describing the theories linking the influence of specimen size
and the source of fracture. The knowledge about the underlying fundamental phenomena
will be useful to understand and be able to handle the effects of sample geometry on
compressive strength and to formulate material’s behaviour.

�ompacted earth is not a continuous solid material and it contains microscale
heterogeneities and discontinuities such as cracks, pores, etc. The mechanical characteristics
of an earthen structure is generally affected by the presence of such defects. �iscontinuities
develop in rammed earth as a result of a range of processes that determines their nature,
physical and mechanical properties. �iscontinuities form in rammed earth during
construction for the following reasons

- �ifferential settlement caused by volume change or compaction form and develop cracks in
earth material
- Insufficient compaction of individual layers or a weak bond between them can cause
discontinuities inside a layer or at the interface (�igure 3.3)
- 
orizontal shear stress caused by compacting hammers will cause cracks during
construction
- �eformation of the earth materials due to weight
- �ifferences in material properties in adjacent layers
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- �s rammed earth dries, due to shrinkage

Very little is known about the role discontinuities play in the failure process of earth
materials when subjected to compressive loads. Vallejo (1989) reports laboratory
investigations that were designed to understand the influence that orientation, length,
number and arrangement of preexisting cracks have on the uniaxial compressive strength of a
stiff fissured clay. �ccording to this study, the state of stress is an important factor in
developing secondary cracks from the tip of preexisting cracks in specimens (Vallejo (1989)).
It was observed that, under uniaxial compression, the samples with one inclined preexisting
crack failed when secondary cracks developed at the tips of the preexisting cracks (�igure 3.4)
and propagated very rapidly in a direction parallel to the direction of the uniaxial
compressive load.

In summary, discontinuities can be one cause of progressive failure in compacted earth
material under compression, which promote tensile stresses in areas close to them (�igure
3.4a). With respect to the influence of cracks’ number on compressive strength, Vallejo
concluded that, due to overstressing effect, a higher value of strength is obtained for samples
with one crack than those with more than one crack (�igure 3.4a,b). Vollejo (1989) pointed out,
depending upon the arrangement of the preexisting cracks in a specimen under uniaxial
compression, the difference in compressive strength can be explained by the way the
intensified zones of tensile and compressive stresses overlap (�igure 3.4b,c,d). This study
indicated that failure in tension prevails over compressive or shear failure in regions close to
the discontinuities (�igure 3.4c and 3.4d).

In terms of strength, the existence of discontinuities produces size effect on compressive
strength induced by discontinuities parameters such as number and arrangement of cracks.
The compressive strength measured in the laboratory depends on the extent of discontinuities,
and their arrangement. Size of the specimen controls the crack distribution which, in turn,
affects the mechanical response of the structure. �or specimens with an uniform arrangement
of cracks, laboratory tests of a reasonable size can give reliable measures of large-scale
strength.

The link between the mechanical behavior of compacted earth (in terms of strength and
deformation) and the size of the specimen should be considered in the design and appraisal
of such a structure through an approach that considers the mechanical strength-specimen size
relationship.

�igure 3.3. �iscontinuities left on rammed earth wall due to construction technology
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(a) (b)

(c) (d)
�igure 3.4. Tensile and compressive stresses in clay under uniaxial compression loading, as

investigated by Vollejo (1989); (a) one preexisting crack, (b) two aligned preexisting cracks, (c)
two left-stepping preexisting cracks, (d) two right-stepping preexisting cracks

3.2.3. Quantification of size effect

� database containing the results of uniaxal compression tests on rammed earth is
employed herein to assess the relationship between mechanical strength and specimen size. It
contains 39 series of test results gathered from the literature, which include 20 and 19 series of
cylindrical and prismatic specimens, respectively. �igure 3.5 shows the database of U�S
versus specimen height to width ratio (
/W). It can be inferred from �igure 3.5 that each
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group of experimental data shows the statistically significant trend associated with
relationship between the U�S and the 
/W. With a decrease in the height to width ratio, the
end constraint of specimens increases and inside the compacted earth specimens triaxial
stress field is induced and hence an increase in unconfined compressive strength and ratio of
ductile to brittle zones by a decrease in height to width ratio is observed. Therefore, it can be
helpful to establish an empirical relationship relating the U�S of a specimen having a height
to width ratio 
/W to the U�S of the specimen having the reference 
/W. �ue to the natural
variation of material characteristics, moisture content and difference of time to failure
between different series of tests, the reference strength level (strength at the reference 
/W)
enables the results of laboratory tests, on different types of earth materials with a wide
variety of characteristics, to be analyzed on a common basis (�igure 3.6). �s no reference 
/W
does exist, the specimen height to width ratio of 1 is used as a reference 
/W herein. It worth
mentioning that any 
/W ratio can be used as a reference, depending on the situation. 	iving
the uniaxial compressive strength of R� at a specified specimen 
/W, one can easily estimate
the U�S for any specimen 
/W using the formulas suggested.
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�igure 3.5. �xperimental data and power law trend for size effect on compressive strength of
compacted earth
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�igure 3.6. Size effect modelling for compressive strength of compacted earth

�igure 3.5 presents the correlation between uniaxial compressive strength and the specimen
height to width ratio. The correlation is based on a general power law which is formulated as
below

m

W

 W


US�U�S 1 �q (3.1)

where U�S1 and U�S
/W are the compressive strength at height to width ratio of 1 and 
/W,
respectively. m is a model parameter. The values of U�S1 and m are calculated for all the
experimental data-sets and presented in Table 3.2 and �igure 3.7.

Table 3.2. Variables, US�1 and m, calculated for all the experimental data-sets.
Reference study Specimen type m U�S1 R2

Patty and Minium (1945)

Prismatic -1.333 1.4729 0.97

�ylindrical -1.121 3.0088 0.954

�ylindrical -0.614 4.8364 0.8683

�ylindrical -0.869 3.8941 0.9891

Walker (1997)

Prismatic -0.456 5.0878 0.9013

Prismatic -0.594 7.1988 0.7024

Prismatic -1.068 1.0752 0.7762

Prismatic -1.168 2.36 0.7508

Walker (2004)

Prismatic -0.415 3.6094 0.9256

Prismatic -0.531 8.9329 0.7528

Prismatic -0.432 7.7343 0.9136

Prismatic -0.361 9.9107 0.7172

Prismatic -1.329 1.1913 0.9862

Prismatic -1.085 2.7044 0.9627

Maniatidis and walker (2008)
Prismatic -0.162 0.6937 1

Prismatic -0.1 0.9004 1
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Prismatic -0.18 1 0.9817

Reddy and Kumar (2011) Prismatic -0.223 7.6327 0.999

	üneyli and Rüşen (2015)

�ylindrical -0.355 2.8523 0.9765

�ylindrical -0.623 1.728 0.7926

�ylindrical -0.547 1.3528 0.9707

�ylindrical -0.469 3.5103 0.8945

Tripura (2015)

�ylindrical -0.229 5.4714 0.9576

Prismatic -0.23 6.2816 0.9773

Prismatic -0.379 8.1549 0.9759

Prismatic -0.334 7.1765 0.9938

Merga (2016)

�ylindrical -0.471 0.5683 0.9955

�ylindrical
-0.403 0.6343 0.97

�ylindrical
-0.401 0.8814 0.9478

�ylindrical
-0.566 1.3525 0.7416

�ylindrical -0.543 0.304 0.9698

�ylindrical -0.325 0.2679 0.8617

Rengifo-Lopez et al. (2019) Prismatic -0.461 4.66 0.9999
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�igure 3.7. Variation of m/U�S1 versus U�S1, calculated from experimental data

The next step is to introduce an appropriate function of U�S1 for the prediction of the
parameter m. �efore proceeding further, let’s examine the influence of moisture content on
the form of U�S-
/W curves for compacted earth material. One of the factors which has a
direct influence on the mechanical strength of R� walls is water content. Moisture content
variations thus lead to a variation of mechanical capacity of the rammed earth structure.
�xperimental investigation of size effect on U�S for earth specimens with different water
contents are quite limited in the literature (see e.g., Walker (1997), Walker (2004), and Merga
(2016)). �xperimental results of these studies for U�S-
/W curves are shown in �igures
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3.8-3.10. To shed more light on the efficiency of proposed mathematical form for specimens
with different water contents, the prediction of the formula are shown for these sets of test
data in �igures 3.8-3.10. The overall observation is that the form of U�S-
/W curve for a
specimen with lower water content is similar to that of a specimen with higher strength. This
suggests that, regardless of the level of water content, size effect may be efficiently related to
the level of strength at 
/W=1. 
owever, in light of future research, it may be possible to
examine the efficiency of the proposed formula for prediction of size effect at different water
contents.
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�igure 3.8. Influence of moisture content on the parameters of proposed formula for
experimental data of Walker (1997); (a) Prismatic specimen 1, (b) prismatic specimen 2
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(b)
�igure 3.10. Influence of moisture content on the parameters of proposed formula for

experimental data of Merga (2016); (a) �ylindrical specimen 1, (b) cylindrical specimen 2
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�s can be seen in �igure 3.11, as U�S1 increases, lower values of m/U�S1 are obtained.

ence, a formula in the form of �q. 3.1 with a constant m would be an inefficient solution for
the accurate estimation of U�S
/W within the whole range of U�S1. �igure 3.11 confirms that,
for the proposed formula (�q. 3.1) to be accurate enough for both low and high values of
strength at 
/W=1, the m/U�S1-U�S1 curve should be separately formulated for US�1 <1 and
US�1 >1 (�q. 3.2). Motivated by this observation, �q. 3.2 is calibrated against the experimental
results and thus, assuming that m in �q. 3.1 is an independent variable, the following form is
finally suggested

cU�Sk
U�S
m

1
1

�q (3.2)

679.1
1982.0

c
k

, 11U�S

517.1
0743.1

c
k

, 11U�S

�or low values of strength at 
/W=1, the computed values of two constants k and c are
0.1982 and 1.679, respectively. 
owever, as U�S1 increases, higher value of k and lower value
of c is obtained. 
owever, the following equation is found flexible enough for the prediction
of measured U�S
/w in the whole range of U�S1.

m

W

 W


US�U�S 1

�q (3.3)cU�Sk
U�S
m

1
1

11.1
5483.0

c
k
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m/U�S1ȱ=ȱ0.1982U�S1-1.679
R2ȱ=ȱ0.7332

m/U�S1ȱ=ȱ1.0743U�S1
-1.517

R2ȱ=ȱ0.8703
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�igure 3.11. Proposed formulas for estimating the parameters of the power law trend

It needs to note that the analytical framework presented in this research is the very first
analytical approach to size effect in characterization of mechanical strength in rammed earth
materials and therefore, in view of the very limited published experimental data available,
further laboratory investigation is necessary to examine the validity of the proposed formulas
for other soils with very different specimen and material properties.

3.3. �onclusions

The first part of the paper reviews the existing experimental investigations on the influence of
specimen geometry on strength characteristics of earth material. It is clarified that each group
of experimental data shows the statistically significant trend associated with relationship
between the uniaxial compressive strength (U�S) and the height to width ratio (
/W) of
specimens. Next, using a database containing 39 series of test results gathered from the
literature, which includes 20 and 19 series of cylindrical and prismatic specimens with a
broad range of 
/W, an analytical U�S-
/W model is introduced for compacted earth
material. The present research is the very first analytical approach to size effect in
characterization of mechanical strength in rammed earth materials and therefore it is, to a
certain extent, bound to further investigation. In view of the very limited published
experimental data available on this subject, there is a clear need for further laboratory work
on the estimation of size effect in uniaxial compressive strength of rammed earth. 
owever,
in light of future research, it may be possible to examine the efficiency of the proposed
formula for prediction of size effect at different water contents.
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�
�PT�R 4

Reconstruction of rammed earth material in
laboratory and physico-mechanical
characterization of material

This section reports the work aiming at contributing to the development of the limited
knowledge and clear understanding on properties of rammed earth. The aim of the
experimental work is to reproduce rammed earth in a controlled way in the lab and to
analyse the influence of different constitutive components. The soil material, which is the
constituent of rammed earth buildings, is the main subject of geotechnical studies. Therefore,
in the framework of Tech4�ulture program, an experimental program has been defined by
the department of earth science of UNITO based on geotechnical and geophysical tests.
Rammed earth specimens have been reconstructed in laboratory and an investigation was
performed on characteristics of rammed earth material, involving characterization of
compaction curves and uniaxial compression test and digital image correlation (�I�) analysis.
This section addresses the work performed on characterization of rammed earth specimens
and uniaxial compression test. It is obvious that such a narrow range of mixture
characteristics cannot cover the wide variation of material property, which might be
encountered in the numerous types of rammed earth structures found in cultural heritage.

owever, they do provide an enhanced understanding of the behaviour of rammed earth
material for advancement of research in this field. �nother important fact is that numerous
influencing factors lead to the uncertainties and the variabilities of parameters considering
only one type of granulometric property and experimental data which do not include all of
the controlling parameters, involved in structural characterizations of material, can not be
necessarily comparable. Therefore, due to the inherent variability of controlling parameters
for different types of rammed earth material, the results of such experiments can not be
extrapolated over a wider range outside of the range investigated.

4.1. Introduction

Mechanical behaviour of rammed earth has been addressed by many studies (
all and
�jerbib (2004), Miccoli et al. (2014), �ui et al. (2014), �iancio et al. (2013) ,�heah et al. (2012),
�iancio and 	ibbings (2012), Jaquin et al. (2009), Olivier and Mesbah (1995), �urroughs (2001),

all and �jerbib (2004), 
all and �jerbib (2006), 
all and �jerbib (2006), �ui et al. (2008), �ui
and Morel (2009), �ui et al. (2013), Jayasinghe and Kamaladasa (2007), Morel and Pkla (2002),
Miccoli et al. (2017), Silva et al. (2018), Wangmo et al. (2019), Martín-del-Rio et al. (2019),
Parracha et al. (2019), �anivell et al. (2018), Silva et al. (2018), �l 
ajjar et al. (2018), �runo et al.
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(2017), �eckett et al. (2018), �anivell et al. (2018), Silva (2013) and �ernat-Maso et al. (2017)). �
review of above-mentioned literature indicates that mechanical behaviour of compacted earth
material is strongly affected by their numerous intrinsic physical and geotechnical parameters.
�etermining a finite set of interinsic geotechnical properties able to characterize main
mechanical and structural behaviour is challenged by the complexity of earthen specimens,
where many major intrinsic physical and geotechnical factors, in particular: particle size
distribution, mineralogy of the particles, water content, density, void ratio and porosity, and
several other factors affect the engineering properties significantly, which can sometimes lead
to not always consistent testing results.

�nother important fact is that various indexes involved in geotechnical characterization
are not independent, but are interrelated in a very complex manner, which leads to difficulty
in selecting the characteristic indexes describing behavioural properties.

In order to determine the engineering properties of the test materials, a series of
specimens has been produced and tested. Under the study reported here, four soil mixtures
of clay and sand in varying fractions of coarse and fine components were employed as test
materials. It is obvious that such a narrow range of mixture characteristics cannot cover the
wide variation of material property which might be encountered in the numerous types of
rammed earth structures found in cultural heritage. 
owever, they do provide an enhanced
understanding of the behaviour of rammed earth material for advancement of research in this
field.

The goal of this chapter is to have a better understanding of the influence of physical and
geotechnical parameters on the mechanical behaviour of rammed earth material, to know
how these parameters affects and controls the engineering behaviour of compacted
sand-clay-water mixtures. �or this purpose, this chapter reports the obtained test results,
interrelating basic knowledge and a series of controlling parameters which characterizes the
behaviour of mixtures.

4.2. Physical and mineralogical characterization of the utilized materials

�ased on the granulometry of rammed earth heritage material around the world, four
different mixtures with granulometric properties composed of clay with different percentage
of sand (0, 5, 15 and 40), as shown in �igure 4.1a, has been considered for specimen
preparation in order to reproduce rammed earth in a controlled way in the lab. �igure 4.1
shows the Mineralogical characteristics of clay. �s reported by the department of earth
science of University of Turin, the sample (�igure 4.1b) contains a couple of straightforward
phases, like quartz, calcite and orthoclase. Regarding the clay minerals, their unambigous
identification by X-ray diffraction can be very challenging, because of important peak
superposition, due to high structure similarities between different families. Therefore, a
sequential treatment was applied in order to selectively verify the presence of each type of
clay minerals (�igure 4.1c):
1- 	licole substitution, for expandable minerals (i.e. smectites like montmorillonite)
2- Thermal treatment at 350 °�, for hydrate phases (i.e. vermiculite)
3- Thermal treatment at 500 °�, for more stable phases (i.e. chlorites, serpentines, kaolinite).

The peak at d
KL around 14Å is partially affected by the first treatment, meaning that
expandable minerals are present, although in very low quantity. Moreover, the absence of a
distinguishable peak at lower 2-Theta points to mixed minerals, typical of young soil, where
the stacking of the octahedral and tetrahedral sheets is not fully ordered. The residual
intensity of the peak is removed during the first thermal treatment, allowing the assignment
to an hydrate phase like vermiculite.
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The peak at around 9.8Å is not affected by the treatment and can be safely attributed to
illite.

The peak at around 7Å is removed by heating to 500 °�, pointing to kaolinite rather than
chlorite or serpentine.

It should be mentioned that the chemical formulae are just an example, since these types
of minerals can have different degree of substitution and composition, which are impossible
to determine solely by powder X-ray diffraction.
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4.3. Specimen preparation

�s previously mentioned, based on the granulometry of rammed earth heritage, four
different mixtures with granulometric properties shown in �igure 4.1a, has been considered
for specimen preparation in order to reproduce rammed earth in a controlled way in the lab.
Therefore, for each granulometric curve, the three-layer samples were prepared by varying
the water content and the number of blows needed for reaching the compactive efforts. The
soil is compacted in a cylindrical mold of volume 206.23 cm3 attached to an extension of
volume 102.089 cm3 at the top and to a baseplate at the bottom (�igure 4.2). The diameter of
the mold is 51 mm. The height of the mold and the extension is 102 and 50 mm, respectively.
The specimen preparation procedure is made of four steps:
 weight 500 g of earth material with granulometry properties as shown in �igure 4.1a,

which are composed of mixture of specific percentage (in weight) of sand (0%, 5%, 15%
and 40%) and clay;

 add the needed amount of pure water for reaching the target water content (from 8% to
20%);

 prepare the three-layer specimen in the Proctor apparatus by compacting each layer with
the same number of blows (8, 11 and 16.5)

 extract the specimen from the Proctor mold and cut it in 2 parts with average height of
100 and 50 mm respectively. �igure 4.2 shows the laboratory equipment. The first
cylinder is used for performing ultrasonic pulse measurements and U�S tests. The
compacted earth in the extension mold is used to determine the moisture content and the
density of the compacted soil in the laboratory.
The first series of laboratory tests was performed to deliver different amount of

compactive effort to determine the optimum moisture content of the soil. In the first series of
the laboratory test, 500 g clay is mixed with varying amount of water and is compacted in
three equal layers by a hammer. The number of blows in each layer according to �1, �2 and
�3 has been considered in this study (Table 4.1).
In the second series of the laboratory test, 500 g earth material containing clay and sand is
mixed with varying amount of water and is compacted in three equal layers by the hammer.
In the third series of the laboratory test, 500 g earth material containing optimum water
content is compacted in three equal layers by the hammer.
The prepared specimens can be summarized as follow
(1)
-Specimens containing clay=100% compacted by number of blows corresponding to �2
-Specimens containing clay=100% compacted by number of blows corresponding to �3
(2)
-Specimens containing clay=95%, Sand=5%, compacted by number of blows corresponding to
�2
-Specimens containing clay=85%, Sand=15%, compacted by number of blows corresponding
to �2
-Specimens containing clay=60%, Sand=40%, compacted by number of blows corresponding
to �2
(3)
-Specimens with optimum water content

-Specimens containing clay=100% compacted by number of blows corresponding to �2
-Specimens containing clay=85%, Sand=15%, Silt=0%, compacted by number of blows
corresponding to �2
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-Specimens containing clay=60%, Sand=40%, Silt=0%, compacted by number of blows
corresponding to �2

Table 4.1. Number of blows per layer corresponding to each compactive efforts
Number of blows

Layer 1
Number of blows

Layer 2
Number of blows

Layer 3
�1 8 8.5 8
�2 11 11 11
�3 16.5 16.5 16.5
�4 25 25 25

(a) (b)

(c) (d)

(e) (f)
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4.4. �haracterization of density-moisture content curve

This section reports the assessment of the compaction effort and the moisture content
during compaction on wet and dry density of earth material. The list of specimens and their

(g) (h)

(i) (j)

(k) (l)
�igure 4.2. �quipment and the procedure for production of specimens; (a) cylindrical mold
and extension mold, (b) preparation of the mixture, (c) the first layer of the mixture poured
into the mold, (d) the compacted first layer, (e) the second layer of the mixture poured into
the mold, (f) the compacted second layer, (g) the third layer of the mixture poured into the
mold, (h) the cap placed on the mixture in the mold , (i) removal of the extension after

compaction, (j) removal of the cap, (k) the specimen in the mold after cutting the compacted
earth in the extension part, (l) the specimen, after removal of the mold
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characteristics have been summarized in Table 1.1 in �ppendix 1. Moreover, Table 1.2 in
�ppendix 1 reports some specific measurement of weight and geometry (�igure 1.1 in
�ppendix 1). The specimens produced in the current study have been shown in �igure 4.3.

The moisture content (w), often expressed as a percentage, is the ratio of the weight of
water to the weight of solids in a volume of soil. The “moisture content added” refers to the
percentage of water added to the grains to make the mixture. �or each test, the density, unit
weight, is defined as the ratio of the weight of soil to the total volume.

The values of dry density is plotted against the corresponding water contents to obtain
dry density-moisture content curve, and thus the optimum moisture content, for the soil.
�igures 4.4 and 4.5 show such plots for the clay and mixtures of sand and clay, respectively.
�igures 4.6 and 4.7 show the results of density-moisture content curves for varying
compacting effort and varying amount of sand for compaction effort of �2, respectively.

�s demonstrated in �igure 4.4, which shows three compaction curves obtained for clay,
when compaction effort changes, the dry density-moisture content curve also changes. The
number of layers of clay was three for all cases, while the number of compacting blows was
changed and thus compacting effort was varied from �1 to �3 (Table 4.1). �n increase in
compacting effort from �1 to �3 results in a higher value of maximum dry density
accompanied by a decrease in the optimum moisture content. Moreover, �igure 4.5 shows the
obtained dry density-moisture content curves for soils containing clay and 0%, 5%, 15% and
40% sand. The compacting effort was the same for all cases, �2. The curve for soil with higher
sand content is situated above and to the left of the curve for soils with lower sand content.
Thus, a higher sand content results in an increase in the value of maximum dry density and,
thus decrease of optimum water content.

�or a given moisture content, the theoretical maximum dry density, zero air voids dry
density, occurs when the degree of saturation equals 100%. The theoretically calculated curve
for zero air voids dry density-water content (	s of clay 2.7 and 	s of sand 2.65), referred to
the saturation line, is shown in �igures 4.4 and 4.5. It worth mentioning that the calculated
curve representing the dry density–water content at a particular compactive effort must lie
completely to the left of the saturation line.
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�s data demonstrate, a general order 2 polynomial trendline can be considered for
variation of dry density or density versus water content for rammed earth specimens (�q.
4.1).

2D aw bw c   �q. (4.1)
2DD aw bw c  

�ased on regression analysis, the constants of �q. 4.1 have been obtained for materials
included in this study, which has been demonstrated in �igures 4.4-4.7 and summarized in
Table 4.2.

Table 4.2. Results of regression analysis for density-water content and dry density-water
content curves of specimens

Specimens

Parameters for
�ensity-Water content

Parameters for
�ry density-Water content

a b c
Wopt

(%)
�opt

(Kg/m3)
a b c

Wopt

(%)
�opt

(Kg/m3)
S01Sa0Si0W20�1

-8.2416 418.05 -3352 25.36 1949 -6.8363 334.05 -2518.9 24.43 1562
S02Sa0Si0W18�1
S03Sa0Si0W16�1
S04Sa0Si0W14�1
S01Sa0Si0W20�2

-6.9749 331.8 -1937.7 23.79 2008 -5.7376 259.79 -1310.5 22.64 1630
S02Sa0Si0W18�2
S03Sa0Si0W16�2
S04Sa0Si0W14�2
S01Sa0Si0W20�3

-5.2888 236.99 -646.88 22.40 2008 -4.2493 177.52 -203.58 20.89 1650

S02Sa0Si0W18�3
S03Sa0Si0W16�3
S04Sa0Si0W14�3
S05Sa0Si0W12�3
S01Sa5Si0W20�2

-5.683 253.81 -825.95 22.33 2008 -4.6145 193.12 -369.63 20.93 1651

S02Sa5Si0W18�2
S03Sa5Si0W16�2
S04Sa5Si0W14�2
S05Sa5Si0W12�2
S01Sa15Si0W16�2

-2.465 108.7 849.19 22.05 2048 -2.0949 78.36 969.06 18.70 1702

S02Sa15Si0W14�2
S03Sa15Si0W12�2
S04Sa15Si0W10�2
S05Sa15Si0W08�2
S01Sa40Si0W12�2

-3.7334 109.15 1365.9 14.62 2164 -3.3588 81.669 1412.7 12.16 1909
S02Sa40Si0W10�2
S03Sa40Si0W8�2
S04Sa40Si0W6�2
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4.5. �haracterization of soil-water-air system

Unsaturated soil is a three phase soil-water-air system with certain intrinsic properties of
each phase. �larification of relationships between the volume and mass of each phase is
prerequisite for better understanding the roles that they play on the properties of rammed
earth. The relationship between these phases is important in understanding and estimating
unsaturated soil response.

In an element of unsaturated soil, common indexes include void ratio (e), porosity (P),
and specific volume (Vsp) described as below

V

s

Ve
V

 �q. (4.2)

VVP
V



sp
s

VV
V



where
VV volume of void space, water and air spaces
VS volume of solids
V volume of soil
Vsp specific volume

Water content can be described in terms of degree of saturation (Sr), gravimetric water
content (w), and volumetric water content (vwc), which are defined and related to each other
as follow

W

V

VSr
V

 �q. (4.3)

W

S

Mw
M



WVvwc
V



where
VW volume of pore water
MS mass of solids
MW mass of pore water

One specific parameter that is essential to describe physical properties and that affects
the mechanical property is the void ratio of the soil. Void ratio is described as a measure of
the relationship between distribution of voids, containing air and water, and solid phase, and
thus water storage capacity of soil. �s the amount of water in the soil is changed, the
variation of stress state contributes to the variation of the distribution of the solid, water and
air phases, and thus void spaces change. �s the water content is increased, more voids are
filled with water, forcing out or entrapping and compressing air, the soil moves from a drier
condition to saturated state. In an unsaturated soil component, air voids exists in the form of
continuous or discontinuous channels.
The void ratio of one soil can change considerably. It is important to mention that specimens
with the same particle size distribution but different compaction characteristics such as
moulding water content and compactive effort, and thus void ratio and porosity, should be
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treated as different soils, presenting different engineering properties. In this regard, this
section focuses on the soil structure and its contributions to the mechanical properties of
compacted soil.

Soil structure, the arrangement of particles and pore spaces within soil, has great
influence on the properties of compacted soils. Orientation of the particles in a soil mass is the
result of many factors and exhibits two extreme soil structures, namely dispersed, parallel
arrangement, and flocculated, random arrangement, with an infinite number of intermediate
arrangements.

One important factor that controls the soil fabric is the compaction process. The soil
structure is mainly influenced by the compaction characteristics such as moulding water
content or compactive effort. The initial soil structure is controlled by the molding water
content. �epending on whether the soil is compacted on the wet or dry side of optimum, soil
particles may have a random arrangement, flocculated structure, or parallel arrangement,
dispersed structure. It is well known that compaction on the wet side of optimum generally
gives rise to a more dispersed structure, while compaction at a water content on the dry side
of optimum value is considered to produce a more flocculated structure.

�igure 4.8 shows the variation of void ratio and porosity with granulometry property of
soil mixture. �s data illustrate, rammed earth specimens with higher sand content are
characterized by lower void ratio and porosity. 	enerally, in the mixture of sand and clay,
clay particles occupies a proportion of the sand void space. In the mixture with more sand
content, more clay particles occupy the void between sand grains, leading to the development
of a condition with lower void ratio and thus porosity.
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4.6. Uniaxial compression test

In order to determine the compressive strength of rammed earth materials, specimens
were loaded uniaxially up to the failure with a constant strain rate of 0.25 mm/min in the
Uniaxial �pparatus. �xial displacements were measured throughout the test with a LV�T
sensor. �igure 4.9 shows the uniaxial testing apparatus.

�igure 4.9. Uniaxial compression tests

Table 1.3 in �ppendix 1 summarizes uniaxial compressive strength of specimens.
�urthermore, void ratio (e), the ratio of the volume of void space to the volume of solids, and
�egree of saturation (Sr), the ratio of the volume of water to the volume of voids, have been
calculated for each specimen in this investigation, which have been reported in Table 1.3 in
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�ppendix 1. It should be mentioned that 	s of clay and sand was assumed to be 2.7 and 2.65,
respectively.

�igure 4.10 shows the stress-strain curves for specimens under uniaxial compression
loading. Strain-Stress curve for different compacting effort and different quantities of sand
have been demonstrated in �igures 4.11a & 4.11b. Strain-Stress curve for specimens
constructed with optimum water content has been shown in �igure 4.11c. It worth
mentioning that in order to calibrate uniaxial testing machine, two preliminary tests of
specimens S02Sa0Si0W16�2 with loading rate of 0.08 mm/min and S02Sa0Si0W20�2 with
loading rate of 0.25 mm/min was performed. �igure 4.12 shows stress-strain curve for
specimens constructed using 100% clay and 14% water added to the mixture, tested
uniaxially with different loading speed of 0.125, 0.25, 0.5 and 1 mm/min.
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4.7. �nalysis of U�S results

4.7.1. Some factors affecting mechanical behaviour of rammed earth

Uniaxial compressive behaviour in rammed earth materials is a complex phenomenon
involving physical, chemical, and mechanical parameters of material. �onsidering this
coupling of different parameters, it would be ideal to explore the results of set of uniaxial
compression testings performed on specimens with different material properties, so that the
effects of some of the fundamental factors, that would seem to affect the mechanical
behaviour of rammed earth, could be investigated.

4.7.1.1. �ffect of grain size distribution

The results of the set of uniaxial compression testing performed on specimens with four
different amount of sand content, 0%, 5%, 15%, and 40%, presented in �igures 4.10 and 4.11b,
suggest that sand content plays a significant role in mechanical behaviour and the strength
level of rammed earth material.

�s demonstrated in �igure 4.10, addition of sand content generally increases the
magnitude of compressive strength of material. This observed mechanical behaviour would
seem to indicate that higher sand content makes it more difficult for cracks to form and
propagate. Under uniaxial loading conditions, the rammed earth material with higher
amount of sand requires higher stresses to initiate cracking and higher stresses to maintain
crack propagation, relative to specimens with lower amount of sand. �ddition of sand
content shows that as the moulding water content is varied the influence of sand content on
mechanical behaviour changes. These effects are found to be dependent on the interaction
between water content and sand content associated with composition and structure of
material.

It would also appear that, the rate of strength achievement for lower sand content may
be smaller. �nalysis of stress-strain plots for the test specimens (�igure 4.10) shows that the
brittleness of the material significantly increases with increasing sand content, whereas lower
sand content provides a longer stress-strain paths for development of the maximum stress
level obtained.

Moreover, the stress-strain results suggest that with the addition of sand content the
level of deformation, and thus the level of stain, required to achieve maximum stress should
be lower than that required for specimens with lower amount of sand content.

�urthermore, observations reveal that the strength enhancement attributable to increase
of sand content in the specimens with higher amount of sand content is significantly lower
than that seen in the specimens with lower amount of sand content (�igure 4.10).

4.7.1.2. �ffect of compactive effort

�ompacting effort would seem to have a great influence on mechanical behaviour of
rammed earth. Uniaxial compression testing of specimens constructed with different
compacting effort (�igure 4.11a) reveals that, although the composition of these specimens are
similar, the variation in compactive effort results in differing mechanical behaviour.

Uniaxial compressive strength for specimens constructed with lower compacting effort
were found to be smaller than that for the specimens constructed with higher compacting
effort (�igure 4.11a). This would be expected since strength properties generally increase with
increasing density.
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It should also be noted that, unlike the results obtained for the specimens
S02Sa0Si0W18�2 and S04Sa0Si0W14�2, an increase in strength due to increase of compactive
effort did not occur for the specimen S01Sa0Si0W20�2. Surprisingly, the strength of the
specimen constructed with 20% water content, and with compacting effort �2, seems to be
slightly higher than that of specimen constructed with 20% water content and compacting
effort �3. This might be explained by the observation that there exists an upper limit for water
content, characteristic to each rammed earth material, within which an increase in water
content contributes in an increase in dry density. Once this upper limit water content was
reached, with an increase in water content, the magnitude of dry density begins to decline
(�igure 4.14). Lower strength of specimen S01Sa0Si0W20�3, compared to the specimen
S01Sa0Si0W20�2, seems to suggest that the stress-strain behaviour is linked to a complex
interaction of water content and compactive effort. This would also seem to suggest that the
strength properties of specimens with an amount of water content close to saturation state are
partly independent of compacting effort, and thus it can be noted that in such extreme cases,
other material properties might control or partly control the overall mechanical behaviour of
the specimen.

The compacting effort, which is shown to be relatively unimportant in specimens with
higher water content, plays a decisive role in engineering behavior of those with lower water
content (�igure 4.11a). This suggests that the strength properties of more plastic type rammed
earth materials may slightly increase with increasing compacting effort.

4.7.1.3. �ffect of water content

On other hand, water content influences the engineering behavior of rammed earth
specimens. The plot in �igure 4.11b shows that for specimens constructed with 60% of clay
and 40% of sand, an increase in water content from 6% to 8% and then 10% has resulted in an
increase in strength, whereas an increase in water content from 10% to 12% has contributed to
a decrease in strength of material. This might be explained by the observation that there exists
an upper limit for water content, characteristic to each rammed earth material, whereby the
much larger water content seem to induce lower dry density. � similar pattern can be seen
for specimens with 95% of clay and 5% of sand, and specimens with 85% of clay and 15% of
sand, however the upper limits for water content are different.

4.7.2. �eformation behaviour of rammed earth specimens

�rom the stress-strain and the deformation behaviour of different rammed earth material
compositions the following may be suggested.

�oth ductile and brittle types of deformation behavior are observed in rammed earth
specimens under different conditions subjected to uniaxial compression loading. �rom the
�igures 4.10 and 4.11, it can be seen that the stress-strain behavior of the specimens at
relatively lower water contents is such that the slope of the curves in the post-peak region are
closer to being horizontal, indicating a more ductile type of deformation behavior. The results
also indicate that the strain values at peak strength for these specimens seem to be greater.
The strain at peak strength tend to increase with increasing water content, suggesting a more
ductile behaviour. �t higher water contents of these specimens the strain at peak strength
tends to be higher at lower sand contents.

�t low water contents a prominent peak is observed in the stress strain curves of the
specimens, indicating a more brittle type of deformation. This is very clearly noticeable in the
specimens at high sand contents (�igures 4.10 and 4.11), where at peak strength a rapid loss
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in strength with a slight increase in axial strain occurs. The above results therefore suggest
that the deformation behavior tends to be more of a brittle type when the water content is
decreased and more of a ductile type at higher water content, closer to their saturation state.

4.7.3. Strength characteristics

The variation of compressive strength (�S) with sand content has been shown in �igure
4.13. �s data illustrate (�igure 4.14 and 4.15), specimens with water content close to optimum
value displays higher compressive strength. Since specimens with optimum water content are
shown to have the lowest void ratio and porosity (as shown in �igure 4.8), higher strength of
specimens with optimum value of water content can be interpreted to indicate that as the
void ratio decreases, the uniaxial compression strength increases. Strength in soil is well
acknowledged as the result of the development of high density and low void ratio.
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�igure 4.15. �ssociation of highest strength specimens with dry density and water content at
construction (Wconst) and water content at test (Wtest) for different sand content

4.7.4. Suction

�s previously mentioned, rammed earth heritage are constructed using compacted soils.
The engineering properties of compacted earth are influenced by soil fabric, controlled by the
type of soil and compaction characteristics, such as compactive effort and design water
content. �xposure of rammed earth heritage to different conditions at post construction alters
the initial design water content, and thus degree of saturation during their lifetime. �ue to
the lack of data in this regards, little is known on how this can affect the mechanical
properties and engineering behaviour.
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The water content that is known to have a profound influence on mechanical behaviour,
and thus strength, includes not only the level of moisture content at which the soil is
compacted, i.e. the molding water content, but also any variations in moisture content during
lifetime after construction. Under these conditions, changes in strength upon drying, the
relationship between the strength and saturation, and hence, soil suction, are particularly
important in understanding and estimating contribution of this complex phenomena in
engineering behaviour of rammed earth over time.

The three categories of specimens, SU1, SU2 and SU3 (Table 4.3), each constructed with
the same mixture of material at optimum water content (as detailed in Table 1.1 �ppendix 1),
has been considered herein for observation of compacted earth behaviour during drying. The
observed relationships between the water content and corresponding compressive strength
characteristics of these three soil fabrics has been shown in �igure 4.16. The observed changes
in properties of rammed earth during drying can provide practical insights on the
contributions of suction to strength gain of material, when dealing with this problem.

Table 4.3. 	roup of specimens for investigation of the influence of drying on �S

SU1
S01Sa0Si0W17�2
S02Sa0Si0W17�2
S03Sa0Si0W17�2

SU2
S01Sa15Si0W14.7�2
S02Sa15Si0W14.7�2
S03Sa15Si0W14.7�2

SU3
S01Sa40Si0W9.2�2
S02Sa40Si0W9.2�2
S03Sa40Si0W9.2�2

0
0.2
0.4
0.6
0.8
1

1.2
1.4
1.6
1.8
2

2.2

5 10 15 20 25 30

�
Sȱ
(M

Pa
)

Wtestȱ(%)

SU1 SU2 SU3

�igure 4.16. Influence of drying on �S
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4.7.5. �ssessment of stress-strain curves

The observed stress-strain behaviour of compacted earth can be related more to the soil
structure, attributed to the complex effect of many soil factors, than to any single soil variable.
Therefore, it can be concluded that, of the numerous factors affecting stress-strain response of
rammed earth specimens, soil structure is one of those playing a controlling role. It can be
observed in �igures 4.10 and 4.11 that varying the molding water content considerably varies
stress-strain behaviour, which is primarily affected by the soil structure.

�s observed in �igure 4.11a, by increasing the compactive effort at a given moisture
content, corresponding to the same weigh of water added to the mixture, a pronounced
variation in stress-strain behaviour is produced. �s the data illustrate, stress-strain property
of rammed earth is strongly affected by compactive effort. Since the effect of compactive
effort plays a vital role in the establishment of soil structure, it can be inferred that soil
structure makes a major contribution in controlling strain-stress behaviour of rammed earth
material. This indicates that mechanical properties of compacted earth vary with soil
structure.

The shape of stress-strain curve can be considered to be dependent on the soil structure.
�ifferent shapes of Stress-strain curves of specimens, as presented in �igure 4.10 and 4.11, can
be associated to different soil structures. The stress-strain curves of specimens with different
compactive effort of �2 and �3 are shown in �igure 4.11a, demonstrating that higher
compactive effort resulted in higher compressive strength and an increase in the
corresponding strain at peak stress.

In some specimens, such as S01Sa0Si0W20�2, loading the specimens resulted in
compaction and thus rearrangement of soil particles and reduction of pore sizes, leading to
resistance of the soil to external load. In these specimens, the failure can be attributed to the
dilatancy, when dilatancy resulted in gradual loss of bearing capacity. This exhibited plastic
failure behaviour can be due to the structure of the soil.

In another group of specimens, such as S03Sa40Si0W8�2, as the axial strain increases, the
axial stress initially increases, followed by a decreasing trend after reaching peak stress,
strain-softening.

It is commonly accepted to associate higher levels of dispersion in the microfabric of soil
to flatter stress-strain curves, presenting more plastic failure, where resistance of the soil to
external stress may continue to increase at high uniaxial deformations.

The pattern of behaviour during compression of compacted soil attributed to higher
level of flocculation in the structure of the soil is different from the typical behaviour
observed for a more dispersed fabric. �onsequently, higher level of flocculation in the
structure of the soil is linked to the development of peak stress at low strains, characterised
by a steeper stress-strain curves.

This indicates that a flocculated arrangement of soil particles can be characterised by
higher strength and lower compressibility, and hence, resulting in a brittle mode of
deformation. On the contrary, higher level of dispersion in the arrangement of particles can
be characterized by lower strength, higher compressibility, leading to a ductile mode of
deformation.

Since the variation in the specimens are either results of sand content or compactive
effort introduced, the variation in characteristics of stress-strain curves, can be attributed,
either directly or indirectly, to the structural solid-air-water system established in the soil
during construction. Therefore, the strength of specimens is related to the load required to
overcome resistance of the soil structure.

Therefore, brittle stress-strain behaviour observed in specimens such as S03Sa40Si0W8�2,
can be attributed to the establishment of a more flocculated structure. In these specimens with
a predominant flocculated fabric, a high energy open structural configuration due to
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interparticle attraction, results in greater difficulty of displacing and reorientating particles.
Therefore, it is evident that a sufficient external load is required to overcome structural
strength, its resistance to reorientation, and cause movement and rearrangement of particles
and subsequently collapse of structure.

�or specimens such as S01Sa0Si0W20�2, a more ductile behaviour can be observed,
which can be attributed to a more dispersed fabric of these specimens. In these specimens,
uniaxial compressive loading gives rise to movement and some reorientation of particles to a
more parallel oriented soil structure.

Moreover, for a given weigh of water added to the mixture on the wet side of optimum,
specimens with higher compactive effort tend to show a stress-strain curve of a more
disperesed structure. This may be interpreted to indicate that the fabric of the specimens
compacted at the higher compactive effort on the wet of optimum tend to be more dispersed.

4.8. �onclusion

The results of this study reveals that soil structure appears to influence the mechanical
behaviour of specimens. Stress-strain behaviour and uniaxial compression properties
indicated a dependence on the structure of the soil and compaction characteristics. The sand
content and compaction properties, such as moulding water content, has shown a significant
influence on compressive strength. Increasing compactive effort on dry side of optimum has
resulted in an increase in compressive strength. It should be mentioned that higher level of
compaction on wet side of optimum may contribute to a lower strength value accompanied
by a small decrease in strain at failure.
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�
�PT�R 5

Interrelating non-destructive ultrasonic pulse
velocity (UPV) and destructive uniaxial
compression measurements for rammed earth
specimens

The conservation of rammed earth heritage needs understanding of the state of material to
adequately evaluate state of conservation of buildings. Therefore, the main objective of this
research is to evaluate and develop the application of ultrasonic pulse velocity test in
investigating the rammed earth physical and mechanical-related properties. To that aim, we
have combined non-destructive UPV and destructive uniaxial compression testing
measurements for rammed earth specimens, which are described in detail in this chapter.
This experimental investigation has provided data whose analysis produces evidence on the
material behaviour under varying conditions. �ylindrical specimens (51 mm diameter and
102 mm height) of rammed earth were produced to perform a series of uniaxial compression
test and ultrasonic pulse velocity measurements.

The main objective of this chapter is to investigate the ultrasonic pulse velocity,
compression and shear wave velocities of rammed earth specimens for four different
granulometric distributions, to attempt evaluating the relationship between the UPV and
mechanical properties - also evaluated through destructive uniaxial compression testing - and
the effects of different parameters of rammed earth material on measured ultrasonic pulse
velocity. This chapter discusses the behaviour of UPV through rammed earth with respect to
compactive effort, grain-size distribution, water content, density, void ratio and saturation
degree, and resulting modulus of elasticity. It was observed that variation in ultrasonic
velocities is a comprehensive result of variation in physical and mechanical characteristics of
material, will all the above-mentioned material characteristics.

5.1. Introduction

�ommon approaches for evaluation of structural performance and state of conservation
of buildings are based on visual inspections or the assessment of their actual mechanical
properties through destructive testing of a sample drilled or cut of the structure to perform
standard tests . The information provided by visual inspection approach is very limited.
While destructive testing of extracted core samples from structures could provide accurate
information, it causes further damage to the structure, which substantially limits its use in
conservation practices of cultural heritage structures.
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Non destructive methods have the advantage of providing information for assessment of
architectural heritage without damaging the existing structure. Ultrasonic Pulse Velocity
(UPV) as one of the most commonly used non-destructive testing technique can significantly
contribute to many advantages in diagnostic activities on architectural heritage and the low
invasive in situ characterization of architectural heritage, strong necessity related to the
conservation when dealing with the historical architectures.

The propagation velocities of ultrasonic waves in a material interrelates with the quality
and strength of the material, varying as a function of many material characteristics, including
the density, elastic constants of the specimen and its homogeneity. Therefore, the method of
ultrasonic testing can be used to investigate the properties and structure of rammed earth
material which influence the propagation velocity of ultrasonic waves. 
owever, rammed
earth is an inhomogeneous material, which contains voids and a wide variety of aggregate
sizes, and thus nonuniform density distribution. �ven though, the application of UPV for
non-destructive characterization of materials have been subject of studies for decades , its
behaviours through rammed earth is a topic little addressed in literature. Therefore, as the
propagation properties of ultrasonic waves in rammed earth material is not clarified,
application of the ultrasonic testing method for inspection of rammed earth heritage remains
unclear. �s any testing method is of value if and only if the results of it’s measurements are
indicative of the actual properties and state of the target material being tested, there are
problems to be solved for improving the usefulness of ultrasonic test for the quality
evaluation of rammed earth based on the ultrasonic velocities. Therefore, the general
objective of this research is to investigate the relationship of the physical and mechanical
properties obtained through destructive laboratory testings and the non-destructive
ultrasonic pulse velocity measurements of rammed earth.
This study investigates the results of the ultrasonic test method for rammed earth material
and the feasibility of correlating it’s behavioural patterns with results obtained by destructive
testing methods of investigations, herein uniaxial compression testing. The influence of
compactive effort, water content and granulometry of material are of primary concern in this
study.

The soil material, which is the constituent of rammed earth buildings, is the main subject
of geotechnical studies. Therefore, in the framework of Tech4�ulture program, an
experimental program has been defined and carried out based on geotechnical and
geophysical tests. Rammed earth specimens have been reconstructed in laboratory and an
investigation was performed on the effectiveness of UPV in the evaluation of some
characteristics of rammed earth material. Variations induced in pulse velocities by physical
and mechanical characteristics, including density, water content and uniaxial compression
strength have been addressed in this study.

Little has been reported in the literature discussing the behaviour of ultrasonic pulse
waves through rammed earth material. Important contributions advancing our knowledge in
this area include those of Silva (2013), �ernat-Maso et al. (2017), Liang et la. (2013) and
�anivell et al. (2018).

In this line, it is worth highlighting the research presented by Liang et la. (2013),
reporting several case studies oriented to analyse the state of existing buildings. The study
performed by Liang et la. (2013) reports UPV measurements of several field-studied
representative 
akka earth buildings, including 100 years old Zhencheng Tulou, 320 years
old 
uanji Tulou, 500 years old Wuyun Tulou and 1240 years old �uxing Tulou. It should be
mentioned that �uxing Tulou data has been measured on wet walls due to rain.

� review of literature highlights experimental researches in which attempts have been
made to correlate the UPV results with certain physical and mechanical properties of rammed
earth, including porosity, dry density and uniaxial compressive strength (�anivell et al.
(2018)), flexural strength (Silva (2013)), or water content (�ernat-Maso et al. (2017)). �igures
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5.1 and 5.2 show the data provided by these experimentations, which has been indeed
reported in �ppendix 2.

�n experimental campaign on rammed earth specimens carried out by Silva (2013) by
means of UPV technique has addressed the repair effectiveness of mud grouts. The rammed
earth specimens consisted on twelve medium-scale beams with dimensions 150x150x600 mm3,
manufactured using granulometry of 14% clay, 16% silt, 32% sand, 37% gravel, 1% pebbles.
�eam specimens were manufactured in three layers of 10.42 kg weight and 50 mm thickness.
Tests were performed after drying for 6 weeks at a room temperature of about 22±2º�. The
UPV measurements were performed by a testing equipment provided by M�T�ST and
piezoelectric probes of a natural resonance frequency of about 55 k
z. The ultrasonic pulse
velocities were measured immediately before the three-point bending test using the indirect
method, in which the transmission and receiver probes were placed on the same surface at a
given distance of 100, 200, 300, 400 and 500 mm between them. Ultrasound gel was used
between the probes and the specimens.

�nother remarkable work is the research conducted by �anivell et al. (2018), who used a
statistics-based approach to analyse the relationships between physical and mechanical
properties and ultrasonic pulse velocity in R� specimens with different moulding moisture
content (MM�). In this study 40 specimens were manufactured in 5 batches of 8 cubic
samples 01×0.1×0.1 m, consisted of a mixture of sand, calcareous soil known locally as
‘‘albero”, sub-soil from the surrounding area and hydraulic lime, with the dosage in volume
of 5 soil: 2 sand: 2 ‘‘albero”: 2 lime, corresponded approximately to a ratio of sand, gravel and
silty clay of 5:4:1. OM and corresponding �� of the mixture was 18.25% and 1.63 gr/cm3,
respectively. Moulding water content of batches of 1 to 5 were designed to be 18.5, 17.5, 16.5,
15.5 and 14.5. The specimens were cured for 28 days in the same environmental conditions
(20 � ± 2 � and 65 ± 5% relative humidity). �ollowing UN�-�N 12504-4 standard, ultrasonic
pulse velocities were measured with an Ultrasonic-Tester �P-7 Series (UltraTest	mb
), in
three directions, namely X-UPV, Y-UPV, and Z-UPV, with orientation Z corresponding to the
direction of compaction.

�ernat-Maso et al. (2017) has addressed the relationship between the moisture content
and the ultrasound pulse velocities of the earthen material during the drying process. In this
experimental campaign, �layey-sand soil, composed of 10% clay and silt, 65% of sand with
particles up to 2mm diameter and 25% of sand with particles up to 5 mm diameter, at 12.6%
of moisture content was used to produce twenty rectangular samples (100mm width ×
100mm thick × 90mm height) and to study the drying process using UPV method. The
methodology consisted in the desirable moisture content of 12.6%. Ultrasound pulse
velocities were measured after five different curing procedures, consisted in subjecting the
five groups of specimens to the curing environment (Temperature 20±2˚�, R
>95%) for five
different times: 0days, 3days, 7 days, 14 days and 21 days. �ollowing the specifications of
�STM standard � 2845–05, probes of a natural resonance frequency of about 55 k
z were
used to transmit and receive ultrasonic pulse in this study. Ultrasound pulse velocities were
measured daily while specimens were drying at indoor environmental conditions.

�n important fact is that physical and mechanical parameters which have been reported
in one study has not been addressed in another, and have sometimes been ignored
completely. Therefore, despite important efforts made by these contributions, the
experimental data do not include all of the controlling parameters involved in
characterizations of rammed earth material and thus, can not be comparable.
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�igure 5.2. Variation of UPV versus physical and mechanical parameters of rammed earth

material in literature; (a) �anivell et al. (2018), (b) Silva (2013) and (c) �ernat-Maso et al. (2017)

5.2. UPV measurements

Ultrasonic testing is considered to be an efficient nondestructive method for evaluation
of materials and structures. Ultrasonic waves are stress waves with frequencies higher than
20 k
z, above the frequency range of human hearing, that transmits through the medium in
solids, liquids, and gases. In UPV measurements, ultrasonic waves are introduced into a
material by means of an appropriate pulse transmitter, and are received from an appropriate
pulse receiver. The stress waves are transmitted and received using ultrasonic sensors,
piezoelectric transducers, the function of which are to convert electric energy into mechanical
energy. In the typical arrangement of transducers, direct transmission technique, waves are
introduced into the media using a transmitting transducer positioned on one end surface of
the specimen. The propagated wave through the material are received by the receiver
transducer positioned on the opposite end surfaces of the specimens. �igure 5.3 shows such
configuration for transducers, which has been used to introduce and receive ultrasonic waves
in rammed earth specimens for ultrasonic measurements in the current study.
�epending upon displacement of particle relative to the direction of propagation of wave,
ultrasonic waves transmit through material, with particle displacement of compression wave,
P-wave, and shear wave, S-wave, being parallel and transverse to the direction of wave
propagation (�igure 5.4). �igure 5.4 shows a simple illustration of the ultrasonic P-wave and
S-wave produced in a medium. The velocity of transmission of various waves is a function of
physical and mechanical characteristics of medium. When performing a UPV, P and S-waves
are identified. The arrival of the P-waves are faster than S-waves but P-waves have a lower
amplitude. The arrival of the S-waves corresponds to the time at which it is possible to see an
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increase in the amplitude of the signal. S-waves are transmitted slower but are characterized
by a higher amplitude, thus can be identified with the first peak.

�s mentioned above, the transmission of these waves is related to the characteristics of
the material, and therefore it is possible to calculate the ultrasonic elastic constants, i.e.
Young’s modulus of elasticity (�STM�2845-08 standard).

The velocities of the compression and shear waves and Young’s modulus of elasticity are
calculated according to Standard Test Method for Laboratory �etermination of Pulse
Velocities and Ultrasonic �lastic �onstants of Rock as follows (�STM �2845-08 standard):

LV
T

 �q (5.1)

where
V= pulse velocity (m/s)
L= pulse travel distance (m)
T= effective pulse travel time (s)

 2 2

2 2

3 4s p s

p s

V V V
Edyn

V V

  


�q (5.2)

where
= density (kg/m3)
�dyn = Young’s modulus of elasticity (Pa)

�igure 5.3. �onfiguration for transducers in the current study, direct transmission technique

Waveȱmotion Particleȱmotion
(a)
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Waveȱmotion

Particleȱ
motion

(b)
�igure 5.4. � simple illustration of the ultrasonic P-wave and S-wave produced in a medium;

(a) P-wave, (b) S-wave

In the present study, a total of 23 specimens were cast and tested for UPV investigations
(�igure 5.5). The details of their production and characteristics have been described in
�hapter 4. UPV measurements were performed on above-mentioned specimens using an
ultrasonic pulse generation and acquisition system (Pundit Lab, Proceq). �ylindrical 250-k
z
transmitter-receiver (tx-rx) probes were employed for P-wave (Vp) and S-wave (Vs)
measurements, along the same core direction. Measurements were conducted following
�STM �2845-08 standard requirements. �or each sample, 20 ultrasonic traces were recorded,
using a sampling frequency of 2 M
z. The arrival time of the P- and S-wave was picked on
the traces and correspondent ultrasonic velocities were calculated and averaged over the 20
measurements. Young's, �dyn, at low-strain conditions were calculated for each specimen
following the equations provided in �STM �2845-08 standard. �ppendix 2 summarizes the
results of ultrasonic pulse measurements. �n example of �-scan is reported in �igure 5.6.
Standard deviation of 20 ultrasonic traces of each measurement has been reported in
�ppendix 2.
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�igure 5.5. Specimens for investigation UPV

�ccording to �STM, in order to measure the true dilational wave velocity in UPV
measurements, the minimum lateral dimension of 5 times the wavelength of the compression
wave for the specimen is required, with the minimum wavelength being 3 times the average
grain size. This interconnection between lateral dimension of specimen, average grain size,
pulse propagation velocity (compression) and natural resonance frequency of transducers has
been defined as follow (�STM �2845)

 5 15D Vp f d  �q (5.3)

where � is the minimum lateral dimension of the specimen,Vp is the pulse velocity, f is
the natural resonance frequency of transducers, and d is the average grain size of the
specimen. In the current study, dimension of the specimen meet the above-mentioned
relationship.

�igure 5.6. �n example of �-scan for UPV measurements
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5.3. �iscussion of UPV results

Understanding the behaviour of ultrasonic pulse velocities through rammed earth
specimens is important because mechanical properties of rammed earth material have a
dependency on variation of material characteristics. In order to assist and guide in
developing a better understanding of the correlations between non-destructive and
destructive tests’ parameters, this section reports an evaluation of ultrasonic velocities of
rammed earth specimens as a function of physical and mechanical properties. �rucial
mechanical properties and parameters have been related to the pulse velocities via empirical
formulas.

The resultant data of the above-mentioned experimental program, designed and
conducted at the department of earth science of University of Turin, was used to investigate
the ultrasonic pulse velocity and mechanical properties of rammed earth material.

It worth mentioning that, although the UPV method is an efficient method for
non-destructive characterization of material properties, the results are affected by a number
of factors, arising from skill of operator or incorrect interpretations and the ability of the
operator to interpret the result. �pplication of UPV method involves uncertainties. �
satisfactory interpretation of the first arrival of the waves highly rely on the application of
experience and good judgement. �ifficulties in clearly identifying the first arrival of the
transverse wave, pose difficulties in the interpretation of the results of UPV measurements,
and thus evaluating mechanical properties of material. �urthermore, the scatter of data can
also be attributed to the type of material and non-homogeneity in the structure of the material,
which, apart from operator and operation errors, are probably the most obvious attributing
factors, influencing the results.

5.3.1. �ssessment of compactive effort

In this section. ultrasonic pulse velocity measurements have been performed to
investigate compaction characteristics. Measured P-wave velocities for pure clay specimens
prepared at compactive effort of �2 and �3 varies between 436.31 m/s and 686.08 m/s for
compactive effort of �2 and between 349.34 and 766.52 for compactive effort of �3.

�s shown in �igures 5.7 and 5.8, it can be found that the variation of wave velocity with
water content follows a trend for each compactive effort. The results show that for the
specimens with compactive effort of �2, specimens with lower water content have higher
values of UPV. On the other hand, for compactive effort of �3, with increasing water content,
P-wave and S-wave velocities increase to a maximum value. Thereafter, an increase in water
content results in decrease of pulse velocities. �urthermore, as can be seen in �igures 5.7 and
5.8, there is not considerable variation between the velocities measured in specimens
constructed using compactive effort of �2 and those compacted with compactive effort of �3.


owever, based on these observations, a general order 2 polynomial trendline can be
considered for variation of pulse velocities versus water content for rammed earth material
(�q. 5.4). These trendlines have been shown in �igures 5.7 and 5.8 and reported in Table 5.1.

2V aw bw c   �q (5.4)
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�igure 5.7. Variation of P-wave velocity versus water content for two different compactive
effort
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�igure 5.8. Variation of S-wave velocity versus water content for two different compactive
effort
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5.3.2. Influence of water content

�igures 5.9 and 5.10 show the effects of the water content on the pulse velocities for
different mixtures of material. It can be observed that the variation of water content in
rammed earth specimens greatly influences the velocity of the P-wave (�igure 5.9). The
variation of amount of water does not, however, significantly influence the measured S-wave
velocity (�igure 5.10).

It can be observed that for materials with 0% sand and 15% sand content and compactive
effort of �2 , lower water content, and thus more aggregate content, has increased the pulse
velocity, while specimens with 5% and 40% sand content, P-wave and S-wave velocities
increases to a maximum value. Thereafter, an increase in water content results in decrease of
pulse velocities. The general order 2 polynomial trendline can be considered for variation of
pulse velocities versus water content for rammed earth material for different sand content (�q.
5.4), which have been shown in �igures 5.9 and 5.10 and Table 5.1.

Table 5.1. Parameters of trendlines for Vp-W and Vs-W
Vp-W Vs-W

a b c a b c
Sand=0%, �2 -9.263 347.77 -2573.5 -2.8583 89.343 -219.27
Sand=0%, �3 -5.1454 168.75 -618.67 -3.5141 117.57 -500.65
Sand=5%, �2 -11.114 409.72 -3074.6 -4.6177 157.02 -891.64
Sand=15%, �2 -3.4735 98.299 78.718 -1.2999 25.981 362.68
Sand=40%, �2 -11.604 226.38 -11.422 -5.4156 108.93 125.1
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�igure 5.9. Variation of P-wave velocity versus water content for four different mixture of



115

rammed earth material
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�igure 5.10. Variation of S-wave velocity versus water content for four different mixture of
rammed earth material

5.3.3. �ssessment of granulometry of rammed earth

�s previously mentioned, experiments on rammed earth specimens with various
grain-size distribution were carried out to achieve the intended objective. This study shows
that the grain-size distribution significantly affects the UPV of rammed earth. Therefore, the
role of granulometry of rammed earth should be considered for accurate prediction of
properties using UPV. �ased on �igures 5.11 and 5.12, a strong relation between sand content
and ultrasonic velocities can be observed.

Specimens with sand possess a density much higher than clay specimens. �onsequently,
addition of sand increases the unit weight of rammed earth specimens, indicating that for the
same water content, rammed earth having higher sand content resulted in higher pulse
velocity value. In the mixture of sand and clay, the finer grain clay particles have a capacity to
fill void spaces, creating a good bondage between fine and large particles, which contributes
to higher density of these rammed earth specimens, as well as reducing void ratio.

Therefore, it can be found that the UPV values decreases with increasing clay
replacement of sand in the mixture (�igures 5.13 and 5.14). Rammed earth material
containing 60% clay and 40% sand had the highest UPV values as shown in �igures 5.13 and
5.14.


owever, this study showed that the UPV is much less enhanced for higher sand
contents (�igure 5.13 and 5.14). The reason behind this may be the development of
non-homogeneity in rammed earth material, which highly contributes to retardation of the
UPV.
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�ased on wave propagation theory, the lower the material density, the lower the wave
velocity through material. �or rammed earth specimens of lower density, the value of UPV is
also expected to be lower. The addition of sand content to clay material is normally
considered to increase its density. It is clear that the rammed earth material gets denser with
increasing sand content. 
igher amounts of sand results in decrease in void spaces and thus
the increase in density. The lower the volume of pores and thus higher the density with
addition of sand, the greater the velocity of pulse propagated through the rammed earth due
to the lower pulse velocity values through voids compared to solids and liquids. Moreover,
this study shows that dry density does not affect the P-wave and S-wave velocity the same
degree. That is, compared to S-Wave, the P-wave is more sensitive for variations of sand
content and thus, dry density (�igure 5.15).

Variation of UPV versus dry density as well as the trendline fitted using regression
analysis is shown in �igure 5.15. It can be observed that the trends observed in the Vp-��
data are more pronounced than the trend observed in Vs-�� data. It can be observed that
velocities of the rammed earth specimens increase with increasing dry density with generally
higher velocities obtained for the specimens with higher sand content, with clearly less
enhanced UPV values for higher dry densities.
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�igure 5.15. Variation of UPV versus dry density

Moreover, an investigate on the ratio of compressional to shear wave velocity
(Vp/Vs) for rammed earth mixtures of the current study has been presented in �igure
5.16. �igure 5.16 shows compressional and shear wave velocities for mixtures reported in this
study, indicating almost uniform distribution of these data for the highly variable
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composition of rammed earth materials. �ccording to �igure 6.16, Vp/Vs for rammed earth
mixtures of the current study tends to lie mostly within a narrow band between 1.5 and 2.
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� plot of P-wave velocity-void ratio and S-wave velocity-void ratio curve for two ranges
of degree of saturation, Sr>0.86 and Sr< 0.87 are shown in �igures 5.17 and 5.18, respectively.
The lines in �igures 5.17 and 5.18 represent linear regression analysis of variation of wave
velocity versus void ratio for two given degree of saturation of Sr>0.86 and Sr< 0.87.

�rom the measurements on specimens with varying amount of sand, it can be observed
that the void ratio is one of the attributing factors influencing the wave velocities, whereas,
the influence of level of degree of saturation were found to be less pronounced. It can be
readily seen from �igures 5.17 and 5.18 that all data lies within a relatively narrow band. It
can be observed that an increase of void ratio in any given range of degree of saturation
contributes to decrease of the P-wave and S-wave velocities. It can be noted that the slope
of the regression lines for two different ranges of degree of saturation are approximately
equal. �ased on observations in �igures 5.17 and 5.18, a general trend of lower P-wave and
S-wave velocities with increasing degree of saturation at a constant void ratio and decrease of
wave velocities with an increase in void ratios at a given range of saturation degree is
evident.
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5.3.4. �ssessment of Modulus of elasticity of rammed earth

Measurements of longitudinal and transverse wave velocities allows the calculation of
several important material elastic parameters, also known as dynamic constants, such as
dynamic modulus of elasticity, �dyn. Ultrasonic longitudinal and shear wave velocities are
key parameters in ultrasonic sensing applications, as each medium can be characterised by its
own value of the ultrasonic velocities that are usually representative of the elastic properties
of the medium. �lastic properties of solid can be evaluated by these wave velocities, which
means that the variation of elastic parameters are commonly established as a function of
ultrasonic wave velocities.

The objective of this section is to provide some relevant data on dynamic modulus of
elasticity, in which the physical and mechanical characteristics of rammed earth are the main
subject of investigation. In order to analyse dynamic modulus of elasticity of rammed earth
specimens, UPV of specimens were experimentally obtained and the dynamic values of
modulus of elasticity were calculated. In this section, the results are presented with the
correlation of dynamic and static values of modulus of elasticity of rammed earth specimens.

It can be observed that for each rammed earth composition of material, increasing water
content generally contributes to the increase of P-wave and S-wave velocities to a maximum
value. Thereafter, an increase in water content results in decrease of �dyn (�igure 5.19).
Therefore, based on these observations, variation of �dyn versus water content for rammed
earth materials can be defined as a general order 2 polynomial trendline (�q. 5.4). �ased on
regression analysis, the constants of �q. 5.4 have been obtained for materials included in this
study, which has been demonstrated in �igure 5.17 and summarized in Table 5.2.

�dynȱ=ȱ-11.824w2ȱ+ȱ400.29wȱ-ȱ2373.7
R2ȱ=ȱ0.9339
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Sr>0.86 and Sr< 0.87, for rammed earth specimens included in this study
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Table 5.2. Results of regression analysis for characterization of �dyn
�dyn-W

�dyn/�sec0.5US �dyn/�USa b c
Sand=0%, �2 - - - 11.138 32.951
Sand=0%, �3 -11.824 400.29 -2373.7 6.3413 10.378
Sand=5%, �2 -18.278 660.63 -5114.9 8.8133 21.481
Sand=15%, �2 -9.6243 281.45 -1026.9 13.014 18.61
Sand=40%, �2 -40.919 833.02 -1982.8 40.599 42.74

	enerally, modulus of elasticity has been a key component in prediction and the
judgement of durability of existing structures. The modulus of elasticity used for safety
diagnosis and analysis of structures is the static modulus of elasticity, generally secant
modulus, usually measured experimentally using uniaxial compression testing. The tangent
modulus (�tan) determined from slope of stress-strain curve under the uniaxial compression
loading, is also considered to be a static modulus representative of the dynamic modulus,
which refers to almost purely elastic low strain effects.

�uring an uniaxial compression testing of material, as the stress increases, the slope of
stress-strain curve and thus the secant and tangent modulus changes significantly. This
variable value of the secant modulus requires the statement of the level of stress or strain at
which the modulus of elasticity has been defined.

It can be noted that the data of variation of velocities with respect to variation of �sec at a
stress level of 50% of US, presented in �igures 5.20 and 5.21, shows a reasonably linear trend,
which means that for each rammed earth composition of material, compressional and shear
wave velocities increase almost linearly with increasing elastic modulus. �urthermore, �igure
5.22 presents a plot of Vp/Vs, versus �sec0.5Us. �ccording to �igure 5.22, Vp/Vs ratio is almost
constant for most rammed earth specimens, and it is independent of �sec0.5US.

�igures 5.23 and 5.24 show the variation of �dyn with variation of ratio of stress to strain
(�sec) at stress level of half of US and at US level, respectively. Moreover, �igure 5.25 show
variation of the ratio of �dyn versus �tan for specimens in the current study. It can be
observed that dynamic modulus is significantly higher than the static, secant or tangent,
modulus. �ased on �igure 5.25, it can be observed that higher amount of sand content
generally contributes to increase of the ratio of �dyn to �tan.

�ecause the behaviour of the rammed earth material under uniaxial compression varies
with variation of compactive effort and granulometry, and modulus of elasticity is a function
of the uniaxial compression behaviour, the relationship between dynamic modulus and static
modulus also varies as a function of these properties, which means that there is no simple
conversion of the value of the dynamic modulus to the static modulus. 
owever, various
empirical relations, as shown in �igures 5.23, 5.24, and 5.25 and summarized in Table 5.2, can
be drawn for various composition of rammed earth material.
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�igure 5.20. Variation of P-wave velocity versus �sec0.5US
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5.4. �onclusion

The feasibility of using non-destructive ultrasonic pulse velocity properties to
characterize rammed earth material was investigated in this study. This study has been
mainly consisted of determination of P-wave and S-wave velocities in relation with
physico-mechanical characteristics of rammed earth specimens, including compactive effort,
grain-size distribution, water content, density, void ratio and saturation degree, and resulting
modulus of elasticity. � strong relation between sand content and ultrasonic velocities has
been observed in the current study, showing that the grain-size distribution is one of
important parameters controlling the UPV of rammed earth. It was observed that the UPV
values decreases with increasing clay replacement of sand in the mixture, with rammed earth
material containing 60% clay and 40% sand having the highest UPV values. �nother
observation confirms that dry density does not affect the P-wave and S-wave velocity the
same degree. That is, compared to S-Wave, the P-wave is more sensitive for variations of sand
content and thus, dry density. Moreover, variation of UPV versus dry density as well as the
trendline fitted using regression analysis was investigated in this study, showing that the
trends observed in the Vp-�� data are more pronounced than the trend observed in Vs-��
data. �ccording to obtained results, Vp/Vs for rammed earth mixtures of the current study
tended to lie mostly within a narrow band between 1.5 and 2.

�urthermore, an analysis of dynamic modulus of elasticity of rammed earth specimens
with respect to UPV of specimens were addressed in this study. It can be observed that for
each rammed earth composition of material, increasing water content generally contributes to
the increase of P-wave and S-wave velocities to a maximum value. Thereafter, an increase in
water content results in decrease of �dyn.

The present research is the very first analytical study in interrelating non-destructive
ultrasonic pulse velocities and destructive uniaxial compression measurements for rammed
earth specimens and therefore it is, to a certain extent, bound to further investigation. In view
of the very limited experimental work in this study, there is a clear need for further
laboratory work on UPV properties of rammed earth specimens. 
owever, in light of future
research, it may be possible to examine and improve the efficiency of the proposed formulas
for non-destructive characterization of rammed earth heritage.
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�
�PT�R 6

�iscussion of failure pattern development and
underlying mechanisms

This section focuses on the mechanics of crack development and failure of rammed earth
material under uniaxial compression stress condition. Therefore, aiming at contributing to
advance the understanding of crack propagation in rammed earth specimens, by using
uniaxial compression testing and digital image correlation technique, an experimental
campaign was conducted on cylindrical specimens of clay-sand, as described in chapter 4.
�eginning with this experimental investigation, a more theoretical analysis of different
pattern of cracking and possible driver of crack propagation for different material texture is
now further investigated.

6.1. Introduction

The fracture pattern of compacted earth under uniaxial compression is a complex
phenomenon, which carries with it clues to the state of soil structure, and strains and stresses
imposed, important information useful to describe earlier events in the structure of material
and to provide an idea about possible subsequent mechanisms of behaviour of material.

It is known that the soil structure and fabric, varies with compaction characteristics, in
particular: moulding water content and compactive effort. �racture propagation seems to be a
fabric driven process wherein soil structure can be of extreme importance in development of
crack during stages of loading.

Very little is known about the influence of the soil structure on the stress-strain
behaviour of rammed earth materials and on the way the cracks propagate in these materials.
� review of literature reveals the absence of fully monitored laboratory tests focusing on
crack development in rammed earth specimens.

The need for a quantitative estimation of the stress-strain curve of loaded rock specimen
has made �igital Image �orrelation (�I�), commonly used in mechanical engineering, quite
popular recently (�errero & Migliazza, 2009; Nguyen et al. 2011; Zhang et al. 2012; Stirling et
al. 2013; Yang et al. 2015; 	uy et al. 2018; �aselle et al., 2019). �I� is a robust non-contact
technique for measuring the relative displacements of points between a reference image and a
subsequent one, shot from the same position during a test on a sample of a certain material
(Vendroux & Knauss, 1998; �laber et al., 2015). The open-source, freely available 2�
subset-based �I� software package called Ncorr (�laber et al., 2015) is a complete, updated,
efficient and flexible code. The authors chose to use it for processing images of uniaxially
loaded specimens, to obtain maps of stress and displacement.
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The section focuses on an experimental campaign aiming at contributing to advance the
understanding of crack propagation in rammed earth specimens. This study reports the
results of a laboratory investigation designed to understand mechanics of failure in rammed
earth, cylindrical specimens of clay-sand measuring 103 mm in height and 51 mm in diametre,
subjected to uniaxial compression stress conditions. The results and conclusions were drawn
from a multidisciplinary approach incorporating characterization by uniaxial compression
testing and digital image correlation technique, to monitor crack propagation and explain the
theoretical aspects of the observed processes involved in cracking rammed earth specimens.

6.2. Theoretical analysis

Through the combined use of laboratory uniaxial compression testing and digital image
correlation methodology, aiding in the monitoring and characterization of fracture processes
and conceptualization of the mechanisms that may act at micro-scale during fracturing
processes, this section attempts to provide contributions into understanding how
physico-mechanical characteristics results in the processes responsible for different stages of
crack development, and thus the gradual strength loss of material mass leading up to failure.
Results from this interdisciplinary laboratory incremental loading tests are used to qualify the
state of soil structure and fracturing and to investigate and clarify its effects on the
accumulation of damage with respect to stress-strain characteristics.

6.3. Uniaxial Stress-strain curves and drived stages of failure pattern in rammed earth
specimens

In this section, a review of the mechanical and fracturing behaviour of rammed earth
under uniaxial compression loading will be presented. �fter a brief discussion of stress-strain
behaviour and crack processes, different mechanisms that were observed to play an
important role in failure process of different materials will be debated.

6.3.1. �ailure characteristics of rammed earth masses

Rammed earth contains a number of discontinuities or micro-cracks in their structure,
developed during their construction process or induced by settlement, which contribute to
division of small sections of an material, otherwise being continuous. �s stress concentrators,
discontinuities, causing the stress to increase in localized regions, plays a governing role in
the formation and propagation of cracks. �s a result of an induced combination of external
and internal stresses, further propagation of discontinuities and interaction of propagated
cracks leads to failure of these materials.

The crack development process at different stages with respect to corresponding
deformation and stress state of laboratory tested rammed earth specimens are investigated in
this section. �igures 3.1-3.7 in �ppendix 3 shows the way the cracks propagated in the
specimens under uniaxial compression loadings. The results of digital image correlation
analysis have been reported in �igures 4.1-4.19 in �ppendix 4.

Ncorr v.1.2.2 software (�laber et al., 2015), implementing �igital Image �orrelation (�I�)
algorithms, was used to process frames. The software is able to estimate displacement and
strain of a sample under deformation through the use of image processing techniques. The
method consists in comparing each progressive image with the reference one.
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We chose to extract from each video the frames corresponding to 50%, 75%, 90% and
100% of the maximum load. �igures 4.1-4.19 in �ppendix 4 presents the results obtained from
this laboratory campaign and subsequent analysis designed to isolate different stages of
fracture development and to explore its relationship to the state of stress and deformation. �s
observed in �igures 4.1-4.19 in �ppendix 4, rammed earth specimens pass from an unbroken
to a broken condition through a process involving initiation and extension of micro and
macrocracks, due to an additional load.

The results and conclusion drawn from this study highlights that the observed failure
process displayed during uniaxial compression loading can be broken down into several
stages, that may include, (1) closure of pre-existing cracks, due to axial compaction imposed
by loading demonstrated through settling down the specimen; (2) nearly linear elastic
behaviour; (3) crack initiation and propagation leading to failure.

The first stage, closure of pre-existing cracks, is characterized by the mechanism in which
material deforms as a result of vertical loading. In a broad sense, this stage involves settling
down process driven by vertical deformation behaviour of the material and the
corresponding changes of its characteristics, contributing to reaching the state of extreme
compaction of material.

�s observed, the following stage of stress-strain behaviour, the elastic stress-strain
behaviour, can be characterized by a maximum tangent Young's modulus of material, beyond
which with a general increase in curvature and decrease in the tangent, the material reaches
the maximum compressive stress, displaying strength of the material. �s indicated by data,
another identified stage of behaviour corresponds to the stable growth of crack, through
which the effect of initiation and growth of the number or size of isolated microcracks and
cracks gradually leads to decrease of tangent Young's modulus of material until the peak is
reached.

6.3.2. Mechanisms

The cracking in rammed earth under uniaxial compression condition is a complicated
three dimensional fracture growth process, with many different events involved at different
scales of micro, meso and macro, which depending on the constituting elements of the
material may include plasticity events, frictional effects, interaction of machine platens and
specimen and soil material structural effects, leading to a resultant macroscale nonlinear
stress-strain behaviour and crack pattern. Obviously, for such cases where many different
physico-mechanical mechanisms is expected to play an important role on the failure process
and cracking behaviour of the material, complications arise.

�ased on �igures 3.1-3.7 in �ppendix 3 and 4.1-4.19 in �ppendix 4, it can be observed
that there are major differences in the way different rammed earth materials crack, and
possibly the driver of progress of crack and pattern of crack propagation, when subjected to
uniaxial compression incremental loading. In specimens with a more brittle stress-strain
behaviour, an almost single crack, parallel to the axial load and perpendicular to the tension,
propagates, leading to specimen failure, whereas in some specimens such as S04Sa0Si0W14�2,
failure can be attributed to coalescence of multiple cracks developed parallel to the
compressive loads.

� number of mechanisms can be highlighted in fracture of specimens in compression. �s
this data illustrate, when a specimens is subjected to compressive external loads, the zones of
compression and tension develop around a discontinuity (�ppendix 4). �urther uniaxial
compressive loading has resulted in progress and inclination of the these original
discontinuities in the specimens and development of secondary cracks, whose development
at the tips or intermediate corners of primary cracks resulted in crack propagation and
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interactions in a direction parallel to that of the uniaxial compressive stress, leading to failure
of specimens. It can be observed in �ppendix 4 that vertical cracks in specimens subjected to
a compressive stress field propagates only when the global compressive stress is reached a
higher value.

�igures 6.1-6.5 highlight the way crack initiated and propagated for the specimens. �s
depicted in �igures 3.1-3.7 in �ppendix 3, �igures 4.1-4.19 in �ppendix 4 and �igures 6.1-6.5,
a number of various mechanisms may serve as crack initiation and growth processes. These
observations seem to indicate that rammed earth can fail as a direct result from the
three-dimensional nature of the cracking development, along inclined shear crack driven by
the development of shear zones or through tensile splitting mechanism, or through the
combination of both mechanisms (�ppendix 3). The prevailing mechanism will clearly
depend on a number of physico-mechanical structural parameters. �nother observation
confirms that, with further increase of the global compressive stress, initially inclined shear
crack did not necessarily propagate through the growth of cracks in the presumably shear
direction along the sides of the shear zones, but rather oriented in the vertical direction
parallel to the compression loads, causing tensile fracture propagation.

�ifferent constituting materials and structure of rammed earth give different
stress-strain characteristic behaviour, which can be mainly characterized by a number of
parameters, such as tangent Young’s modulus, peak stress and corresponding peak strain. �s
data indicate, rammed earth materials with brittle and ductile stress-srain behaviour have
distinctive crack pattern properties, however, some similarities can still be identified in these
two categories of materials with some entirely contrasting characteristics.

�s data illustrate, many factors control crack pattern, with the common factor being the
development of tensile stress within a narrow region of the specimens at each stage of
loading. �ased on these observations, it seems that the soil structure gives a clear picture of
soil cracking behaviour under different states. Soil structure plays an important role in
cracking behaviour, as it can be considered an indication of many physical and mechanical
soil parameters. �s shown in �igures 4.1-4.19 in �ppendix 4, in one type of failure, large
zones of plastic deformation develop before crack initiation and growth. �nother group of
specimen is characterised by a failure in which inelastic deformation is small before crack
initiation and growth. This may indicate that under uniaxial compressive stress condition, the
vertical and lateral pressure induced by vertical and lateral displacements results in failure in
rammed earth material.

It could be noticed from the results that the failure characteristics of studied rammed
earth specimens are dependent on the soil structure and characteristic stress-strain behaviour,
which undoubtedly plays an important role on the resistance of soil to initiate and propagate
cracks. �s data indicate, in specimens with brittle stress-strain behaviour deformations tend
to localize in a narrow zone.

One of the processes substantially noticed in the specimens with higher sand content, is
interfacial crack, cracking around the boundaries of aggregate, driven by the bonding
between sand aggregates and clay contributing to lateral tension. Uniformly loading the
specimens from the top, at particle level, leads to concentrations of compressive or tensile
stress at aggregates level, which depending on the bonding between sand particles and clay,
may contribute to development of tension and subsequently cracks at the interface between
sand and clay. �nother important mechanism occurring at the scale of particles is the
development of well-known shear zones on top and below the aggregates, driven by the
triaxial stress state at this scale, which might be attributed to the existing difference between
stiffness, and consequently lateral deformation, of stiffer aggregates and softer clay.

�nother observation confirms the local compaction occurring in the porous zones in the
material, through which large deformations observed during pre-peak stages in some
specimens (�ppendix 4) could be explained.
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It can be noticed that in rammed earth specimens with more uniform soil structure,
specimens constituting only clay particles, the more identical ratio between the strength of
constituting elements of material leads to diminish non-linear behaviour during pre-peak
stages. This is more evident in the specimen S01Sa0Si0W20�2.

The interaction of specimen and loading platens of machine, the boundary restraint of
the loading platens, was revealed to play an important role specificly when the size of cracks
and lateral deformation reaches a large value with respect to size of specimen. In some
specimens boundary shear regions can be observed, which can be attributed to the boundary
restraint, which contributes to the development of triaxially confined parts in the regions in
contact with the loading platens.

�nother important observation is that highly non-uniform lateral deformation occur
near the peak and post peak. In fact, such observation can be inferred to indicate that in these
specimens failure occurs from the outside to the inside (�ppendix 3 and 4). In these
specimens, post peak load bearing capacity can be attributed to an remaining intact core part
of the specimens.

It can also be observed that increasing dry density or decreasing moisture content,
contributes to increase the capability of resisting crack propagation, and thus compressive
strength. �s observed, decrease of moisture content from the wet side of optimum to the dry
side of optimum, contributes to higher level of roughness of material, and thus to higher level
of frictional resistance to further progress of cracking.

�igures 3.1-3.7 in �ppendix 3 and 4.1-4.19 in �ppendix 4 indicates that the horizontally
directed pre-existing discontinuities and cracks tended to close under the uniaxial
compressive stress. The reason for this can be attributed to the higher water content, causing
the material to become more plastic and ductile. This observation also indicates that in
specimens with higher water content the uniaxial compressive stress is more effective in
closing the discontinuities and cracks.

�n analysis of data from laboratory investigation indicates that the roughness of
material and, thus roughness of the cracks, had a large influence on the uniaxial compressive
strength of material. It can be observed that the greater was the roughness of the material, the
greater was the value of the compressive strength of the specimens.

�s �igures 3.1-3.7 in �ppendix 3 depicts, the specimens with a planar crack and the
sample with a rough crack whose sides are inclined at a few degrees tend to have similar
strengths (specimens S03Sa40Si0W8�2 and S04Sa5Si0W14�2). 
owever, the specimens with
rough texture of material tended to develop rougher cracks. The specimens that developed
rough cracks with more inclined sides was shown to be stronger, with specimen
S03Sa40Si0W8�2 being stronger than S04Sa40Si0W6�2. The reason for this may include the
higher shear strength of more inclined rougher cracks. �ue to rough texture of these
materials, the cracks takes the form of a stepped configuration, introducing a frictional
resistance to further progress of cracking, which in turn may affect the way cracks propagate.
This is more evident in the specimen S03Sa0Si0W16�3, displaying very stepped inclined
crack pattern with the highest obtained uniaxial strength.

�rom the detailed results of �I� analysis as well as stress-strain behaviour for the
specimen S02Sa0Si0W17�2, constructed with 0% sand and 17% water content compacted
with compactive effort �2, shown in �igure 6.6, the following may be suggested.
The specimen passes from an unbroken to a broken condition through a process involving
initiation and extension of cracks, due to an additional load in the direction of its long axis.
The results would seem to indicate to a more plastic type of behaviour of the specimen
associated with relatively large deformation occurred before reaching a relatively constant
but significantly low level.of stress. �urther examination of the resultant plots reveals
exposition of the specimen to low level of stress before reaching a steep stress increasing
trend at initial stages of loading, as can be observed in �igure 6.6. This results indicate that



132

uniaxial compressive loading induces a degree of non-linearity in stress-strain behaviour
during initial stages of loading, which would seem to be attributable to the crack closure
achieved during the first increments of loading, demonstrated through axial compaction
imposed by loading contributing to settling down the specimen. The non-linear stress-strain
behaviour exhibits an increase in axial stiffness, before the axial stiffness begins to behave in a
more linear fashion. �s shown in �igure 6.6, large zones of lateral deformation develop
before crack initiation and growth. Whereas visible cracks were difficult to find during initial
stages of uniaxial loading, crack growth parallel to the direction of loading contributes to
enlarging the crack continuously until the vertical splitting crack was visible in relatively high
axial deformation, which might be attributed to excessive transverse tensile stresses
developed under higher axial compressive stresses causing the failure. Tensile vertical
cracking was found to be caused mainly by overburden pressures, formed from a zone in
which most of the transverse deformation is localized. This may seem to indicate that under
uniaxial compressive stress condition, the vertical and lateral pressure induced by vertical
and highly non-uniform lateral displacements results in failure of the specimen. This
observation would seem to reveal that in this specimen failure occurs from the outside to the
inside. The illustration shown in �igure 6.6 would also seem to indicate crack formation and
propagation at respectively low stress levels, which could be attesting to the ease at which
cracks are formed.

S02Sa0Si0W18�2S03Sa0Si0W16�2

S04Sa0Si0W14�2
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S02Sa0Si0W17�2 S03Sa0Si0W17�2

�igure 6.1. �rack development in clay specimens with compactive effort �2
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S05Sa0Si0W12�3

S04Sa0Si0W14�3

S03Sa0Si0W16�3

S02Sa0Si0W18�3 S01Sa0Si0W20�3

�igure 6.2. �rack development in clay specimens with compactive effort �3
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S05Sa5Si0W12�2

S04Sa5Si0W14�2

�igure 6.3. �rack development in clay-sand specimens with sand content 5% and compactive
effort �2
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S05Sa15Si0W08�2

S04Sa15Si0W10�2 S03Sa15Si0W12�2

S01Sa15Si0W14.7�2 S03Sa15Si0W14.7�2

�igure 6.4. �rack development in clay-sand specimens with sand content 15% and
compactive effort �2
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S04Sa40Si0W6�2 S02Sa40Si0W10�2

S01Sa40Si0W9.2�2 S03Sa40Si0W9.2�2

�igure 6.5. �rack development in clay-sand specimens with sand content 40% and
compactive effort �2

(a)

(b)
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�igure 6.6. �I� �isplacement in horizontal direction S02Sa0Si0W17�2, (a) 0.5*Strength, (b)

0.75*Strength, (c) 0.9*Strength, (d) Strength, (e) analysis points

6.4. �onclusion

In this research, which focused on the effects of soil structure on mechanical behaviour
of a compacted soil incorporating cracking process, a series of uniaxial compression tests
were conducted on different soil fabric, different mixture of compacted soil at different water
contents and at different compactive effort. The progressive cracks induced by compression
were monitored and analysed by image processing technique. �ased on the obtained data, the
coupling effects of physical and mechanical properties of soil on observed cracking and
failure behaviour are herein analysed and discussed. Particularly, the relationship between
stress-strain state of material and development of crack pattern of the soil is qualitatively
characterized. The observed failure patterns indicate that rammed earth specimens can fail
along inclined shear crack driven by the development of shear zones or through tensile
splitting mechanism, or through the combination of both mechanisms. The prevailing
mechanism clearly depends on soil structure, which is indicative of a number of
physico-mechanical structural parameters.
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�
�PT�R 7

Identification of material parameters for rammed
earth specimens

This study evaluates the effectiveness of back analysis in parameter identification of rammed
earth material using finite element analysis and laboratory examination results. Motivated by
the complexity of the shape of stress-strain curve, which is inherent to each soil structure, and
the consequent difficulty in the selection of appropriate Young’s modulus of rammed earth
specimens, a general equalization is applied which describes the behaviour of a wide range of
rammed earth material by a single framework. �ased on this semi-inverse analytical
approach, in order to simplifying the curve into a uniform form, a generalized equivalent
stress-strain curve is defined, upon which the inverse analysis is mainly employed. This
equivalent stress-strain curve provides useful equivalent parameters by which to interpret the
behaviour of various rammed earth composition observed in laboratory testing.
Whether the analytical procedure examined in this study can be extended to include more
comprehensively important aspects associated with the behaviour of rammed earth material
will be an issue requiring further examination. The present research is the very first analytical
approach to back analysis of rammed earth specimens and therefore it is, to a certain extent,
bound to further investigation. In view of the very limited experimental data, in which
important material characteristics have not been investigated, there is a clear need for further
laboratory work on characterization of rammed earth material. 
owever, in light of future
research, it may be possible to develop a more efficient approach for prediction of
parameters.

7.1. Introduction

�esides laboratory experiments and analyses, numerical simulation is an important
method of study of architectural heritage. Therefore, after conducting series of laboratory
experimentation and analysis on rammed earth materials, as described in previous chapters,
this section focuses on finite element simulations of uniaxial compression loading and
discussion of important parameters essential for the task at hand. � better understanding of
how material parameters change as a result of soil composition and structure is believed to be
critical for many applications of simulation of rammed earth structures in conservation of
cultural heritage rammed earth buildings.

Improving the tools and methods based on analytical solution are critically important for
the numerical simulation of rammed earth heritage. Mathematical and finite element analysis
methods are widely used for estimation of state of material and structure, and strains and
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stresses imposed, providing an idea about possible subsequent behavioural mechanics, and
thus aiding in prediction of future possible behaviour and safety.

In the present study, a total of 16 rammed earth specimens were investigated for finite
element analysis under uniaxial compression loading (�igure 7.1). The details of their
production and characteristics have been described in �hapter 4, which have been
summarized in �ppendix 1. �inite element analysis were performed on above-mentioned
specimens using �OMSOL software.
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�igure 7.1. Specimens in this study

There are several principal material parameters of major interest to describe the
mechanical response of a compacted earth material to applied loading (�hapter1). �or
characterizing soil properties, a common requirement is to obtain values of parameters based
on laboratory or field measurements or judgement and experience (Wangmo et al. (2019), Jo
et al. (2018), �aoudi et al. (2018), �avicchioli et al. (2018), �aglioni et al. (2016), �enkmil et al.
(2018), Ruiz et al. (2014), Martín-del-Rio et al. (2018), Silva et al. (2018), and 	omes et al.
(2014)). Thus, in development of the models to capture important features of soil behaviour,
parameter identification pose significant challenges.

The simulation of above-mentioned rammed earth specimens seems to be challenging. �
potential difficulty in modeling is the complexity of the shape of stress-strain curve, which is
inherent to each soil structure. On one side, it requires constitutive model that can describe a
very different mechanical behaviour and characteristic load-deformation curves of each
rammed earth specimens, which is characterized by different stages; Secondly, each stage of
load-deformation is associated to soil structure, represented by soil composition and
capturing different stages is challenging.

�onsiderable variability of obtained stress-strain results was also noted between clay
and clay-sand specimens (�igure 7.2). Interpretation can be found in dissimilar nature and
structure of the materials in these specimens. The stress-strain behaviour developed along
initial stages of loading impose difficulty in the selection of appropriate Young’s modulus.
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�or specimens with more sand content, longer exposition of the specimen to low level of
stress before a steep stress increasing trend can be observed. In other group of specimens
uniaxial load-deformation behaviour begins with a steep stress increasing trend followed by
a curvature change before reaching very linear section of load-deformation (�igure 7.2).
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�igure 7.2. �onsiderable variability of Load- axial deformation along initial stages

The cohesion is one of the most widely used material parameter that reflects the
behaviour of unsaturated soils, but it is not easy to obtain and a series of well-defined and
complicated laboratory tests are needed. 
ence, this section attempts to investigate the
feasibility of contribution of uniaxial compression testing to comparative description of
cohesion characteristic of rammed earth material, constituted by compacted moist earth in
unsaturated state.

7.2. Methodology in current study

There are several principal properties of major interest to describe the mechanical
response of a rammed earth material to applied loading. �ohesion is that important property
relating strength gain and material structure changes in rammed earth materials. �or these
reasons, plus the fact that this property appears in many theoretical constitutive laws of
material and thus, stress-strain analyses, an effort is made herein to provide a simplified
procedure for its approximate qualitative determination.

The main difficulties inherent to analysis of rammed earth material are related to the
diversity and complexity of stress-strain behaviour in initial stages of loading (�igure 7.2),
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making the estimation of modulus of elasticity a challenging task, which may yield
non-unique solutions for defining modulus of elasticity of one particular rammed earth
specimen. Therefore, appropriate definition of Young’s modulus is a critical issue. �ased on
variability of Young’s modulus along whole range of applied loading on the data in �igure
7.2, one may notice the difficulty in recognition of a specific stress level or well-defined
framework for Young’s modulus determination, leading to an uncertainty of methodology in
appropriate determination of Young’s modulus, which may suggest a necessity for the
establishment of a methodology, which should overcome the problem of diversity and
complexity observed along initial range of loading, clearly attributed to the structure of
material.

�n effective way to calibrate a model employs inverse analysis, also called back analysis,
techniques, minimizing the difference between experimental or field test and numerically
computed results. �n inverse modeling approach, by associating a finite element analysis
with an optimization procedure, offer numerous advantages in the process of identification of
soil material parameters of an adopted soil model from test results that produce the best fit
between experimental and analytically computed results in model analysis, for any testing
procedures and material model, even with no physical meaning. �n inverse analysis involves
calibration of a model by iteratively modifying and updating the estimates of its input
parameters until a match between the numerically simulated output values and the observed
experimental values, quantified by minimizing the error between computed results and
experimental data, is obtained.

	enerally, stress-strain , or load-deformation, curve is an extremely important indicator
to represent the mechanical behaviour of soil. It is a difficult task to control many variability
displayed in the form of a displacement-stress curve, which is associated with the material
texture, implying load-deformation behaviour during different stages of loading, compaction,
softening or hardening, dilation of soil, etc. �or that reason, it is desirable to apply
simplifications to experimental results. �ccording to different kinds of load-deformation
curves observed in experimentally tested specimens, as described in previous chapters, in
order to overcome such above-mentioned challanges, it seems that application of inverse
analysis to capture such a wide range of behaviour observed in load-deformation
characteristic of rammed earth specimens require a lot of simplification having powerful
adaptability. Therefore, in this study, in order to simplifying the curve into a uniform form,
the stress-strain curve is equalized into an equivalent stress-strain curve, upon which the
inverse analysis is mainly employed to inversely identify parameters of a material model.

�learly, the effective simplification or equalization of information displayed in
stress-strain curves can significantly improve the speed of analysis with the main aim being
to obtain a uniform definition for a very wide range of stress-strain behaviour that may
encounter in a very wide range of rammed earth materials.

�s observed, inherited diversity and complexity of rammed earth materials has led to a
complex load-deformation behaviour too. Thus, it is desired to characterize the specific
behaviour of a material structure by its equivalence defined through equalization of
load-deformation characteristics. �igure 7.3 shows a schematic of such equalization adopted
herein.
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The process of parameters identification of a rammed earth specimens considered in this
study includes the following steps. The input parameter, equivalent modulus of elasticity, is
initially calculated by equalizing stress-strain curve using available laboratory test results.
Next, initial value for equivalent cohesion is defined and a numerical simulation of uniaxial
compression test is run. The simulated load-deformation results are then compared to the
equalized load-deformation curve obtained from experimentally measured data. The input
parameter, equivalent cohesion, is updated and the numerical simulation is repeated until an
optimal fit between load-deformation result of simulation and equalization is reached.

This approach provide solution in which the equivalent Young's modulus describes an
average properties of media observed along all initial phases of loading. In order to use the
result of uniaxial compression test to evaluate the cohesion characteristics of different
rammed earth fabrics, this study assumes an equivalent material having equivalent Young’s
modulus, �M, and equivalent cohesion, �M, characteristics. Therefore, the equivalent Young’s
modulus and cohesion of rammed earth specimens can be obtained, as shown in �igure 7.3,
which can then be utilized to investigate the relationship between the values of cohesion
obtained by the uniaxial compression test, �U� and by the analytical approach adopted herein,
�M. If a sound proportion relationship can be determined between �U� and �M of rammed
earth specimens, it may be possible to develop a simple and appropriate alternative approach
to characterize the cohesion characteristics using the results of uniaxial compression test.

7.3. Model development and discussion of results

In order to study the effect of structure change of material on mechanical strength gain
characteristics of the rammed earth, being in an unsaturated state, a series of the two-step
analytical approach described above were conducted on the specimens summarized in �igure
7.1, which have been previously described in detail in chapter 4.

Therefore, the above-mentioned equivalent load-deformation curve has been constructed
for each specimen. �rom equivalent curve and using a finite element model, an equivalent
modulus of elasticity for each specimen were obtained , with an equivalent cohesion obtained
through back analysis. �igures 7.4-7.7 show equivalent behaviour obtained for four different
material composition in the current investigation.
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�igure 7.7. �quivalent load - axial deformation curve for clay-sand specmens with 40% sand
content

The model has been created using 2� �xisymmetric Model Wizard window, with
geometry being defined with the Width and the height as �/2 and 
. Since the reaction force
is defined at nodes, in the �efinitions toolbar, Nonlocal �ouplings, Integration, intop1, is
defined with method being defined as summation over nodes. In the Physics toolbar,
Mohr-�oulomb criterion has been attributed to Soil Plasticity. The �rucker-Prager criterion
matched to a Mohr-�oulomb criterion, has been used in the modelling, with �rucker-Prager
being selected to be matched at compressive meridian under plastic potential. Material data is
expressed in terms of the parameters cohesion, c, and, �ngle of internal friction, ϕ, defined in
the Mohr-�oulomb model. The values for �ngle of internal friction in modeled rammed earth
specimens are defined as reported in �ppendix 5. Therefore, the correlations among structure
of material, the proportion of �M and �U� has been studied under the framework of the
Mohr-�oulomb model combined with back analysis.

�igure 7.8 shows the relationship of the cohesion obtained from analysis (�M) and the
results derived directly from the uniaxial compression testing (�U�). The analytical results
show that the cohesion value is approximately in linear increasing relation to the
corresponding cohesion value obtained from the uniaxial compression value. Variation of
�M/�U� with respect to �U� has been shown in �igure 7.9.

�ased on all the results discussed above, a relationship between �M and �U� can be
observed. 
owever, because of currently insufficient amount of the laboratory data with lack
of measurement of important characteristics of material, further well-defined laboratory
study needs to be conducted to clarify this phenomenon and to help develop a more
comprehensive approach to characterize this important parameter for practical application.
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7.4. �onclusion

It can be noticed that diversity of composition of rammed earth materials leads to
complexity of structure of rammed earth materials, emphasizing a complex stress-strain
behaviour too, imposing difficulty in the selection of appropriate Young’s modulus of
rammed earth specimens. Knowing this, equalization is indispensable for having a unique
system of procedures, a well-defined and specific framework applicable for any rammed
earth medium to describe and simulate the evolution of stress-strain behaviour associated
with the specific material. This is the reason why it is necessary to equalize the stress-strain
curve of rammed earth media to that of an equivalent media. In this respect, two main input
parameters of the equivalent media, equivalent modulus of elasticity and equivalent cohesion,
control the stress-strain behaviour of medium.

Thus, in the current study, a rammed earth media with stress-strain behaviour, is
equalized with an equivalent continuum medium displaying an equivalent stress-strain curve.
Therefore, the inverse analysis mixed with equalization introduces powerful adaptability that
can provide a possibility to make use of monitored information to define the constitutive
behaviour of a very wide range of rammed earth media. It can be observed that there shall be
relationship between the values of parameters obtained by the uniaxial compression test and
by the analytical approach adopted herein. 
owever, because of currently insufficient
amount of the laboratory data with lack of measurement of important characteristics of
material, further well-defined laboratory study needs to be conducted to clarify this
phenomenon and to help develop a more comprehensive approach to characterize this
important parameter for practical application.

References

�aglioni, �.; �ratini, �., and Rovero, L. The characteristics of the earthen materials of the �râa
valley’s architecture. J. Mater. �nviron. Sci. 2016, 7(10), 3538-3547.

�enkmil, R.; �ahi, L.; �akhssass, �., and Ouadif, L. �ONTRI�UTION TO T
�
�
�R��T�RIZ�TION O� �ONSTRU�TION M�T�RI�LS O� 
ISTORI��L
MONUM�NTS-��S� STU�Y. International Journal of �ivil �ngineering and Technology.
2018, 9, 1680-1688.

�avicchioli, �.; Sant’�nna, L. 	., and Perroni, M. S. �nlightening the use of materials and
techniques in earthen architecture in southeast �razil during the first coffee cycle (19th
century). Journal of �ultural 
eritage. 2018, 31, 208-214.

�aoudi, L.; Rocha, �.; �osta, �.; �rrebei, N., and �agel, N. �haracterization of rammed-earth
materials from the XVIth century �adii Palace in Marrakech, Morocco to ensure authentic and
reliable restoration. 	eoarchaeology. 2018, 33(5), 529-541.

	omes, M.I.; 	onçalves, T.�., and �aria, P. Unstabilised rammed earth: characterization of
the material collected from old constructions in south Portugal and comparison to normative
requirements. International Journal of �rchitectural heritage. 2014, 8(2), 185-212.

Jo, Y. 
.; Lee, S. M., and Lee, �. 
. Material characteristics and building technique for the
rammed earth wall of the 13th Korean fortress in 	anghwa. �nvironmental �arth Sciences.
2018, 77(17), 1-15.



150

Keable, J. 1996. Rammed earth structure - � code of pratice. Intermediate Technology
Publications. London.

Martín-del-Rio, J.J.; �lores-�lés, V.; �lejandre-Sánchez, �.J.; �lasco-López, �.J. New method
for historic rammed-earth wall characterization: The �lmohade ramparts of Malaga and
Seville. Stud �onserv, 2019, 64(6), 363-372.

Silva, R.�.; Mendes, N.; Oliveira, �.V.; Romanazzi, �.; �omínguez-Martínez, O.; Miranda, T.
�valuating the seismic behaviour of rammed earth buildings from Portugal: �rom simple
tools to advanced approaches. �ng. Struct. 2018, 157, 144-156.

Silva, R.�.; �omínguez-Martínez, O.; Oliveira, �.V.; Pereira, �.�. �omparison of the
performance of hydraulic lime-and clay-based grouts in the repair of rammed earth. �onstr
�uild Mater. 2018, 193, 384-394.

Wangmo, P.; Shrestha, K. �.; Miyamoto, M.; �oki, T. �ssessment of out-of-plane behavior of
rammed earth walls by pull-down tests. Int. J. �rchit. 
eritage. 2019, 13(2), 273-287.



151

�
�PT�R 8

�onclusion

The conservation of rammed earth heritage needs understanding of the state of material to
adequately evaluate state of conservation of buildings. This dissertation provides an
experimental, theoretical and analytical contribution to the understanding of rammed earth
material, with the main objective being to evaluate and develop the application of destructive
and non-destructive methodologies in investigating the rammed earth physical and
mechanical-related properties. It consists of main parts: (i) �n account of rammed earth
heritage around the world and decay of rammed earth constructions; (ii) �n SVM-based
scheme for automatic identification of architectural line features and cracks; (iii) �ssessing
size effect on strength characteristics of compacted earth for the analysis of earthen buildings;
(iv) Reconstruction of rammed earth material in laboratory and physico-mechanical
characterization of material; (v) Interrelating non-destructive ultrasonic pulse velocity (UPV)
and destructive uniaxial compression measurements for rammed earth specimens; (vi)
�iscussion of failure pattern development and underlying mechanisms; (vii) Identification of
material parameters for rammed earth specimens.

The following conclusions can be highlighted from this work:

(i) � review of literature highlights experimental researches in which attempts have been
made to investigate geotechnical properties of rammed earth materials, which are important
in characterizing soil material properties, and thus the behaviour of rammed earth, including
grain-size distribution, optimum water content and maximum dry density via the Proctor test,
�tterberg limits and clay mineralogical composition determined by XR�. It can be indicated
that, despite these important contributions, data provided by these studies does not include
all of the controlling factors having influential role in characterization of rammed earth
materials and thus, highlighting the difficulty in application of this data for characterization
of a very wide range of rammed earth material that may be found in rammed earth heritage.
(ii) With special attention to morphological characteristics of cracks and architectural line
features in surface images of earthen heritage, the current study proposes a scale-invariant
SVM-based framework whose main algorithm associates with each object morphological
characteristics of bidirectional bounding ellipses, namely axis length ratio, orientation ratio
and length ratio, and uses a SVM classifier to create crack and architectural line feature maps.
Rather than relying on the application of eight connectivity rule to combination of horizontal
and vertical gradient to extract edges, features are computed on each direction, separately.
It turns out that equivalent ellipse, representing a connected component, is sufficiently good
approximation for our purpose. Inclusion of three directed morphological characteristics, axis
length ratio, orientation ratio and length ratio, contributes positively to the performance of
crack detection algorithm for rammed earth images. The algorithm performs well on complex
images, which contains the combination of different cracks and architectural line features.
This approach is quite accurate at classification of horizontal texture lines, the characteristics
of most rammed earth walls. �nother advantage of this approach is its ability in
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distinguishing severe vertical cracks, one of the most common cracks in rammed earth
heritage, and vertical architectural lines. The results indicate a high degree of accuracy in
producing crack and architectural feature maps.
The accuracy with very thin cracks is slightly lower than with the wider ones, but their
misclassifications as architectural line features are still acceptable, since these cracks usually
represent texture cracks rather than structural ones. The results of this study also indicate that
the algorithm adds some true negatives in rammed earth structures with very specific texture
characteristics.
(iii) This research reviews the existing experimental investigations on the influence of
specimen geometry on strength characteristics of earth material. It is clarified that each group
of experimental data shows the statistically significant trend associated with relationship
between the uniaxial compressive strength (U�S) and the height to width ratio (
/W) of
specimens. Next, using a database containing 39 series of test results gathered from the
literature, which includes 20 and 19 series of cylindrical and prismatic specimens with a
broad range of 
/W, an analytical U�S-
/W model is introduced for compacted earth
material. The present research is the very first analytical approach to size effect in
characterization of mechanical strength in rammed earth materials and therefore it is, to a
certain extent, bound to further investigation. In view of the very limited published
experimental data available on this subject, there is a clear need for further laboratory work
on the estimation of size effect in uniaxial compressive strength of rammed earth. 
owever,
in light of future research, it may be possible to examine the efficiency of the proposed
formula for prediction of size effect at different water contents.
(iv) The results of this study reveals that soil structure appears to influence the mechanical
behaviour of specimens. Stress-strain behaviour and uniaxial compression properties
indicated a dependence on the structure of the soil and compaction characteristics. The sand
content and compaction properties, such as moulding water content, has shown a significant
influence on compressive strength. Increasing compactive effort on dry side of optimum has
resulted in an increase in compressive strength. It should be mentioned that higher level of
compaction on wet side of optimum may contribute to a lower strength value accompanied
by a small decrease in strain at failure.
(v) With main objective of investigating the feasibility of using non-destructive ultrasonic
pulse velocity properties to characterize rammed earth material, an investigation was
performed on determination of P-wave and S-wave velocities in relation with
physico-mechanical characteristics of rammed earth specimens, including compactive effort,
grain-size distribution, water content, density, void ratio and saturation degree, and resulting
modulus of elasticity. � strong relation between principal material parameters and ultrasonic
velocities has been observed in the current study, highlighting that soil structure involves
important parameters controlling the UPV of rammed earth. This research presents very first
analytical formulas in interrelating non-destructive ultrasonic pulse velocities and destructive
uniaxial compression characteristics for rammed earth specimens and therefore it is, to a
certain extent, bound to further analytical and laboratory investigations.
(vi) In this research, which focused on the effects of soil structure on mechanical behaviour of
a compacted soil incorporating cracking process, a series of uniaxial compression tests were
conducted on different soil fabric, different mixture of compacted soil at different water
contents and at different compactive effort. The progressive cracks induced by compression
were monitored and analysed by image processing technique. �ased on the obtained data, the
coupling effects of physical and mechanical properties of soil on observed cracking and
failure behaviour are herein analysed and discussed. Particularly, the relationship between
stress-strain state of material and development of crack pattern of the soil is qualitatively
characterized. The observed failure patterns indicate that rammed earth specimens can fail
along inclined shear crack driven by the development of shear zones or through tensile
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splitting mechanism, or through the combination of both mechanisms. The prevailing
mechanism clearly depends on soil structure, which is indicative of a number of
physico-mechanical structural parameters.
(vii) It can be noticed that diversity of composition of rammed earth materials leads to
complexity of structure of rammed earth materials, emphasizing a complex stress-strain
behaviour too, imposing difficulty in the selection of appropriate Young’s modulus of
rammed earth specimens. Knowing this, equalization is indispensable for having a unique
system of procedures, a well-defined and specific framework applicable for any rammed
earth medium to describe and simulate the evolution of stress-strain behaviour associated
with the specific material. This is the reason why it is necessary to equalize the stress-strain
curve of rammed earth media to that of an equivalent media. In this respect, two main input
parameters of the equivalent media, equivalent modulus of elasticity and equivalent cohesion,
control the stress-strain behaviour of medium.
Thus, in the current study, a rammed earth media with stress-strain behaviour, is equalized
with an equivalent continuum medium displaying an equivalent stress-strain curve.
Therefore, the inverse analysis mixed with equalization introduces powerful adaptability that
can provide a possibility to make use of monitored information to define the constitutive
behaviour of a very wide range of rammed earth media. It can be observed that there shall be
relationship between the values of parameters obtained by the uniaxial compression test and
by the analytical approach adopted herein. 
owever, because of currently insufficient
amount of the laboratory data with lack of measurement of important characteristics of
material, further well-defined laboratory study needs to be conducted to clarify this
phenomenon and to help develop a more comprehensive approach to characterize this
important parameter for practical application.

It needs to note that the analytical framework presented in this dissertation is the very first
approach to characterization of rammed earth materials and therefore, in view of the very
limited experimental data, further laboratory and analytical investigation is necessary to
examine the validity of the proposed formulas for other soils with very different material
properties.
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�ppendix 2

UPVmeasurement data
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�ppendix 3

Images of rammed earth specimens before and
after uniaxial compression loading
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(a)
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(b)

�igure 3.1. Uniaxial compression tests for specimens clay=100% and compactive effort �2 (a)
S04Sa0Si0W14�2, (b) S02Sa0Si0W18�2

(a)
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(b)

(c)
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(d)

(e)

�igure 3.2. Uniaxial compression tests for different compaction energy (a) S05Sa0Si0W12�3,
(b) S04Sa0Si0W14�3, (c) S03Sa0Si0W16�3, (d) S02Sa0Si0W18�3, (e) S01Sa0Si0W20�3
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(a)

(b)
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(c)

(d)
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(e)

�igure 3.3. Uniaxial compression tests for specimens containing 5% sands (a)
S01Sa5Si0W20�2, (b) S02Sa5Si0W18�2, (c) S03Sa5Si0W16�2, (d) S04Sa5Si0W14�2, (e)

S05Sa5Si0W12�2

(a)
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(b)

(c)

(d)
�igure 3.4. Uniaxial compression tests for specimens containing 15% sands (a)

S01Sa15Si0W16�2, (b) S03Sa15Si0W12�2, (c) S04Sa15Si0W10�2, (d) S05Sa15Si0W08�2
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(a)

(b)

(c)
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(d)
�igure 3.5. Uniaxial compression tests for specimens containing 40% sands (a)

S01Sa40Si0W12�2, (b) S02Sa40Si0W10�2, (c) S03Sa40Si0W8�2, (d) S04Sa40Si0W6�2

(a)
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(b)

(c)
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(d)
�igure 3.6. Uniaxial compression tests for specimens for loading rate (a)
S01Sa0Si0W14�2-0.125mm/min, (b) S02Sa0Si0W14�2-0.25mm/min, (c)

S03Sa0Si0W14�2-0.5mm/min, (d) S04Sa0Si0W14�2-1mm/min

(a)
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(b)

(c)
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(d)

(e)
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(f)

(g)
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(h)

(i)
�igure 3.7. Uniaxial compression tests for specimens for specimens with optimum water

content (a) S01Sa15Si0W14.7�2, (b) S02Sa15Si0W14.7�2, (c) S03Sa15Si0W14.7�2, (d)
S01Sa40Si0W9.2�2, (e) S02Sa40Si0W9.2�2, (f) S03Sa40Si0W9.2�2, (g) S01Sa0Si0W17�2, (h)

S02Sa0Si0W17�2, (i) S03Sa0Si0W17�2
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�ppendix 4

The results of �I� analysis:
isolated stages of uniaxial stress-strain curves and
drived stages of failure pattern in rammed earth

specimens
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(e)
�igure 4.1. �I� �isplacement in horizontal direction S04Sa0Si0W14�2, (a) 0.5*Strength, (b)

0.75*Strength, (c) 0.9*Strength, (d) Strength, (e) analysis points
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(e)
�igure4.2. �I� �isplacement in horizontal direction S02Sa0Si0W18�2, (a) 0.5*Strength, (b)

0.75*Strength, (c) 0.9*Strength, (d) Strength, (e) analysis points
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(g)
�igure 4.3. �I� �isplacement in horizontal direction Sa0Si0W12�3, (a) 0.5*Strength, (b)

0.75*Strength, (c) 0.9*Strength, (d) Strength, (e) analysis points
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(g)
�igure 4.4. �I� �isplacement in horizontal direction Sa0Si0W14�3, (a) 0.5*Strength, (b)

0.75*Strength, (c) 0.9*Strength, (d) Strength, (e) analysis points



183

(a)

(b)

(c)

(d)

0
1
2
3
4
5

0 0.01 0.02 0.03 0.04 0.05 0.06

St
re
ss
ȱ(M

Pa
)

Strainȱ(mm/mm)

S03Sa0Si0W16�3 �I�ȱanalysisȱpoints

(e)
�igure 4.5. �I� �isplacement in horizontal direction Sa0Si0W16�3, (a) 0.5*Strength, (b)

0.75*Strength, (c) 0.9*Strength, (d) Strength, (e) analysis points
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(e)
�igure 4.6. �I� �isplacement in horizontal direction Sa0Si0W20�3, (a) 0.5*Strength, (b)

0.75*Strength, (c) 0.9*Strength, (d) Strength, (e) analysis points
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(e)
�igure 4.7. �I� �isplacement in horizontal direction Sa5Si0W12�2, (a) 0.5*Strength, (b)

0.75*Strength, (c) 0.9*Strength, (d) Strength, (e) analysis points
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(e)
�igure 4.8. �I� �isplacement in horizontal direction Sa5Si0W14�2, (a) 0.5*Strength, (b)

0.75*Strength, (c) 0.9*Strength, (d) Strength, (e) analysis points
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(e)
�igure 4.9. �I� �isplacement in horizontal direction Sa15Si0W08�2, (a) 0.5*Strength, (b)

0.75*Strength, (c) 0.9*Strength, (d) Strength, (e) analysis points
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(e)
�igure 4.10. �I� �isplacement in horizontal direction Sa15Si0W10�2, (a) 0.5*Strength, (b)

0.75*Strength, (c) 0.9*Strength, (d) Strength, (e) analysis points
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(e)
�igure 4.11. �I� �isplacement in horizontal direction Sa15Si0W12�2, (a) 0.5*Strength, (b)

0.75*Strength, (c) 0.9*Strength, (d) Strength, (e) analysis points
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(e)
�igure 4.12. �I� �isplacement in horizontal direction Sa40Si0W06�2, (a) 0.5*Strength, (b)

0.75*Strength, (c) 0.9*Strength, (d) Strength, (e) analysis points
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(e)
�igure 4.13. �I� �isplacement in horizontal direction Sa40Si0W10�2, (a) 0.5*Strength, (b)

0.75*Strength, (c) 0.9*Strength, (d) Strength, (e) analysis points
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(e)
�igure 4.14. �I� �isplacement in horizontal direction S02Sa0Si0W17�2, (a) 0.5*Strength, (b)

0.75*Strength, (c) 0.9*Strength, (d) Strength, (e) analysis points
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(e)
�igure 4.15. �I� �isplacement in horizontal direction S03Sa0Si0W17�2, (a) 0.5*Strength, (b)

0.75*Strength, (c) 0.9*Strength, (d) Strength, (e) analysis points
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(e)
�igure 4.16. �I� �isplacement in horizontal direction S01Sa15Si0W14.7�2, (a) 0.5*Strength,

(b) 0.75*Strength, (c) 0.9*Strength, (d) Strength, (e) analysis points
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(e)
�igure 4.17. �I� �isplacement in horizontal direction S03Sa15Si0W14.7�2, (a) 0.5*Strength,

(b) 0.75*Strength, (c) 0.9*Strength, (d) Strength, (e) analysis points
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(e)
�igure 4.18. �I� �isplacement in horizontal direction S01Sa40Si0W9.2�2, (a) 0.5*Strength, (b)

0.75*Strength, (c) 0.9*Strength, (d) Strength, (e) analysis points
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(e)
�igure 4.19. �I� �isplacement in horizontal direction S03Sa40Si0W9.2�2, (a) 0.5*Strength, (b)

0.75*Strength, (c) 0.9*Strength, (d) Strength, (e) analysis points
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�ppendix 5

Material parameters of rammed earth specimens
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�ngle of
internal
friction
(deg)

�quivalent
Young's
modulus

(Pa)

�quivalent
�ohesion

(Pa)

�ensity
(kg/m3)

U�S
(MPa)

S01Sa0Si0W20�2 28 15030000 118000 1989 0.48
S02Sa0Si0W18�2 28 36810000 118000 1901 0.40
S04Sa0Si0W14�2 28 63410000 187000 1896 0.69

S01Sa5Si0W20�2 29 8150000 82000 1931 0.32
S02Sa5Si0W18�2 29 13630000 137000 1965 0.52
S03Sa5Si0W16�2 29 34320000 198000 1995 0.74
S04Sa5Si0W14�2 29 79780000 228000 1966 0.89
S05Sa5Si0W12�2 29 115700000 230000 1876 0.89

S01Sa15Si0W16�2 32 23350000 126000 2022 0.54
S03Sa15Si0W12�2 32 69320000 187000 1981 0.74
S04Sa15Si0W10�2 32 79780000 210000 1915 0.86
S05Sa15Si0W08�2 32 83210000 210000 1836 0.86

S01Sa40Si0W12�2 34 15120000 156000 2131 0.58
S02Sa40Si0W10�2 34 31930000 180000 2153 0.87
S03Sa40Si0W8�2 34 66460000 190000 2078 0.81
S04Sa40Si0W6�2 34 38030000 135000 1919 0.66


