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Sažetak i ključne riječi

Drevne tehnike gradnje zemljanim kamenjem, nastale u dalekoj prošlosti, mnogo

prije pojave konvencionalnih građevinskih materijala, ponovno su zaokupile po-

zornost znanstvene i šire javnosti početkom 21. stoljeća. Istraživanja su protek-

lih godina vršena u cijelom svijetu, ali hrvatski zemljani građevinski fond nije bio

prepoznat zbog nedostatka informacija. Ovo je istraživanje provedeno u sklopu

prvog znanstveno-istraživačkog projekta usmjerenog na razumijevanje seizmičkog

ponašanja kuća od nabijene zemlje s područja istočne Hrvatske.

Kako bi se razumio napredak u razumijevanju zemljanih kuća napravljen diljem

svijeta, izvršen je pregled literature nekoliko priručnika i normativnih dokumenata

te više od 50 istraživačkih radova. Provedeno je istraživanje postojećih zemljanih

kuća u istočnoj Hrvatskoj te je prikazano pet dokumentiranih kuća i raspravljen

njihov raspored i uporaba, čime je stvorena mala baza podataka istočne Hrvatske

zemljanih kuća. Ključna zapažanja odnose se na razlike u sastavu materijala između

preporuka u literaturi i kuća od nabijene zemlje u istočnoj Hrvatskoj. S druge strane,

plastičnost i tlačna čvrstoća tla u skladu su s većinom preporuka.

Saznanja stečena pregledom literature i terenskim promatranjem bila su vrijedan

temelj za izvođenje eksperimentalne analize zidova od nabijene zemlje. Četiri zida

od nabijene zemlje ispitana su u ravnini, variranjem režima pobude, sastava mater-

ijala i razdoblja sušenja. Međutim, utvrđeno je da razlike nisu značajno utjecale na

nosivost zidova niti faktor ponašanja konstrukcije. Nadalje, rezultati eksperimenta

su korišteni za provođenje validacije numeričkog modela u ANSYS Workbenchu.

Provedena je parametarska analiza koja se sastoji od 54 numerička modela. Anal-

izirano je ukupno 18 različitih zidnih sustava koji se mogu naći u tradicionalnim

kućama od nabijene zemlje iz istočne Hrvatske, primjenom tri razine vertikalnog

naprezanja na vrhu zida.

Parametarska analiza je pokazala da se zidovi od nabijene zemlje ne bi trebali

smatrati samostojećim jedinicama, odvojenim od ostalih zidova u konstrukciji jer

bi nosivost i potresna otpornost mogla biti precijenjena. Međutim, duljina bočnih

zidova ne mora biti duža od 50% duljine stijenke. Faktor ponašanja konstrukcije od

ca. 2.0 je određen, čime je za promatrane zidne sustave dokazano da se mogu koristiti
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vrijednosti veće od 1.5. Primijenjena su dva pristupa za određivanje krivulja spektra

odziva: trenutna i nova generacija Eurokoda 8. Stoga su razmotrane razlike u dvije

generacije, u kontekstu zidova od nabijene zemlje. Naime, prema novoj generaciji

Eurokoda 8, očekuje se da bi tradicionalni zidovi od nabijene zemlje mogli izdržati

potresne aktivnosti koje se mogu očekivati u istočnoj Hrvatskoj. Međutim, trenutna

verzija Eurokoda 8 daje potpuno suprotan zaključak, umanjujući potresni kapacitet

takvih konstrukcija.

Ključne riječi: zidovi od nabijene zemlje, istočna Hrvatska, potresno pon-

ašanje, ispitivanje zidova u ravnini, numerička analiza, ANSYS Workbench, faktor

ponašanja konstrukcije
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Abstract and keywords

Ancient earthen building techniques that originated in the distant past, long before

the advent of conventional building materials, have regained the attention of the

scientific and broader public with the beginning of the 21st century. Research has

been performed throughout the world in the past few years. However, due to a lack

of information, the Croatian earthen building fund was not widely recognised. This

study was performed within the scope of the first scientific research project, which is

directed at understanding the seismic behaviour of eastern Croatian rammed earth

houses.

In order to understand the advancements in earthen houses made worldwide, a

literature review of several manuals and normative documents, as well as more than

50 research papers, was performed. Observation of existing rammed earth houses

in eastern Croatia was performed, and five documented houses were presented and

their layout and usage discussed, thus creating a small database of eastern Croatian

rammed earth houses. Key observations concern differences in granular composition

between literature recommendations and eastern Croatian rammed earth houses.

On the other hand, soil plasticity and compressive strength are in line with the

majority of recommendations.

Knowledge gained through literature review and field observation was the valu-

able foundation for performing experimental analysis of rammed earth walls. Four

rammed earth walls were tested in-plane by varying excitation regimes, material

composition and drying periods. However, it was determined that differences did

not majorly affect the load-bearing capacity of walls or structural behaviour fac-

tor. Results were further used to perform numerical model validation in ANSYS

Workbench. A parametric analysis comprising 54 numerical models was performed.

In total, 18 different wall systems found in traditional rammed earth houses from

eastern Croatia were analysed by applying three levels of vertical stress on top of

the wall.

Parametric analysis showed that rammed earth walls should not be considered

free-standing units, separated from other walls in the structure, since the load-

bearing and seismic capacity could be overestimated. However, the flange wall length
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does not need to be longer than 50% of the wall length. A structural behaviour factor

of ca. 2.0 was determined, thus proving that values greater than 1.5 can be used for

wall systems observed. Two approaches for determining response spectrum curves

were followed: current and new generation of Eurocode 8. Thus, differences between

the two generations were considered in the context of rammed earth walls. Namely,

according to the new generation of Eurocode 8, traditional rammed earth walls could

withstand seismic activities that could be expected in eastern Croatia. However,

the current version of Eurocode 8 yields an opposite conclusion by diminishing the

seismic capacity of such constructions.

Keywords: rammed earth walls, eastern Croatia, seismic behaviour, in-plane

wall testing, numerical analysis, ANSYS Workbench, structural behaviour factor
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Chapter 1

Introduction

Earthen construction has gained the interest of the scientific community in the past

decades due to its potential as one of the options for sustainable buildings of the

future (Hall et al., 2012). With the advent of Sustainable Development Goals pro-

posed by the United Nations (2015), the increased use of rammed earth building

techniques could help in achieving at least four Goals (i.e. No. 9 (Industry, innova-

tion and infrastructure), 11 (Sustainable cities and communities), 12 (Responsible

consumption and production) and 13 (Climate action)). Rammed earth structures

owe their sustainability to building materials. Namely, the building techniques that

ensured simplicity in the past make soil an extremely sustainable building material

today (Jaquin, 2012). Rammed earth structures were traditionally built using lo-

cally available soil without any artificial binders. Traditional rammed earth houses

in the eastern Croatia area were usually regular in shape and consisted of only one

storey, with an attic as storage space (Lončar-Vicković and Stober, 2011; Silva et al.,

2018). The desires of today’s average person or family are bigger, even though the

needs have not changed as much. Thus, modern rammed earth buildings are not

always built in a sustainable manner. Instead, artificial stabilisers such as cement

or gypsum (Toufigh and Kianfar, 2019) are added to the soil mixture to facilitate

greater load resistance and a larger structure. Nonetheless, the use of artificial sta-

bilisers will not be comprehended within this thesis to emphasise and promote the

sustainable aspect of the rammed earth. Therefore, complete research will comprise

unstabilised rammed earth structures with clay as the sole binder.

Earthen structures can be found on every continent except Antarctica (Thomp-
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son et al., 2022). According to several authors, 30–50% of the population still lives

in earthen houses today (Avrami et al., 2008; Kaluđer et al., 2022; Perić et al., 2021;

Reyes et al., 2019; Thompson et al., 2022). Moreover, from more than 20 earthen

construction techniques, rammed earth structures are the most common throughout

the world (Houben and Guillard, 1994; Thompson et al., 2022). A significant portion

of those structures is built in seismically active areas (Silva et al., 2014b; Thompson

et al., 2022). In Croatia, rammed earth structures can be found mostly in eastern

areas, i.e. Slavonia and Baranja, but also in Bjelovar-Bilogora County. Even though

the greatest ground accelerations in Croatia are not in the eastern parts, the area

of eastern Croatia has withstood several seismic activities of magnitude 4 to almost

6 (Savor Novak et al., 2019). Nonetheless, rammed earth structures, most of which

were built a hundred or more years ago, have withstood the ravages of time and are

generally still in use. However, even though their occurrence has been acknowledged

in literature by several authors (Lončar-Vicković and Stober, 2011; Španiček, 1992;

Živković, 2013), scientific research of rammed earth structures (i.e. determination

of material properties and structural response) from the eastern Croatian area has

not been previously conducted.

This research was conducted in the scope of the first scientific research project

that encompasses rammed earth structures from eastern Croatia (RE-forMS ), sup-

ported by the Croatian Science Foundation, UIP-2020-03-7363. Thus, this first step

consisted of investigating rammed earth houses on both a material and structural

level.

1.1 Research hypothesis and aims

The lack of research on the seismic behaviour of rammed earth structures in general,

but especially in the eastern Croatian area, motivated this thesis topic. Despite the

high occurrence of rammed earth structures in eastern Croatia, knowledge regarding

material properties, standard dimensions and load resistance is still limited. With

that in mind, the aims and research hypotheses of this thesis were determined as

follows:

Research hypotheses
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H1: Rammed earth walls, the likes of which can be found in the eastern Croatian

area, can withstand horizontal ground shaking with a minimum ground acceleration

of 0.20g, which is the design acceleration for the eastern Croatian area.

H2: The structural behaviour factor for rammed earth walls can be greater than

1.5, corresponding to the smallest allowed structural behaviour factor according to

the current European standards for designing seismic resistance in masonry and

concrete structures.

Aims

1. To create a database on locations, geometry, load, boundary conditions and

material composition for physical and numerical models of traditional eastern

Croatian rammed earth houses.

2. To evaluate the behaviour of the walls in existing rammed earth houses in

eastern Croatia based on the results of destructive testing of physical models

loaded with simulated gravity and earthquake loads.

3. To determine the seismic behaviour of rammed earth walls by performing

parametric analysis on validated non-linear numerical models.

1.2 Methodology

The research was conducted on three levels. Firstly, a literature review was com-

pleted by studying domestic and foreign publications regarding rammed earth. The

main focus was on seismic resistance, which is a known weak spot for rammed earth

buildings. The seismic resistance in the published literature has been determined by

means of experimental tests and numerical analysis. Both approaches were observed

in the thesis. Moreover, testing material properties and soil composition in the lit-

erature were also evaluated. The recommendations in standards and handbooks

for rammed earth structures were collected and exhibited, regarding both material

properties and structural design. Moreover, field observation in eastern Croatia was

conducted, and five rammed earth structures were documented. Existing rammed

earth buildings were assessed by noting the locations of houses, boundary conditions,

and standard dimensions of rammed earth walls and layers within the wall. Finally,
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with the owners’ permission, soil samples from rammed earth walls were collected

for further examination in the laboratory.

Following that, the next level of research began. Laboratory testing was con-

ducted on a material and structural level. On soil samples collected from rammed

earth walls in eastern Croatia, material properties were identified. Namely, parti-

cle size distribution and soil plasticity were determined to assess the soil used for

building rammed earth houses in eastern Croatia and compared to the literature.

Furthermore, when it was possible without endangering the stability of the house,

larger soil samples were collected. Regular prisms were cut from larger samples and

tested for compressive strength to get an insight into the stress state of existing

rammed earth houses.

The soil composition of rammed earth walls tested in the laboratory was de-

cided upon with respect to the established soil composition of eastern Croatian

rammed earth houses. One of the determining parameters in the construction of

rammed earth walls is moisture content. The conventional procedure for determin-

ing optimum moisture content in soil is the standard Proctor test; however, accord-

ing to Minke (2006), it is not an appropriate procedure for rammed earth. Instead,

Minke (2006) and other authors (Keable and Keable, 1996; Walker et al., 2005),

propose using the empirical drop test. Both approaches for determining optimum

moisture content were used in this research, beginning with the Proctor test and

drop test as a control. Following that, four models of rammed earth walls in scale

1:2 were constructed using traditional techniques. Rammed earth walls were tested

in-plane using cyclic displacement paired with constant vertical load at the top of

the wall. The experimental set-up was determined according to the literature review

and per rammed earth structures exhibited in eastern Croatia, but also laboratory

limitations. Experimental results were used to estimate the structural behaviour

factor of a rammed earth wall and as a basis for performing numerical parametric

analysis.

The final step in the research consisted of numerical analysis of various rammed

earth walls using ANSYS Workbench software (v. 2022 R1). Numerical models were

calculated using the finite element method. Firstly, experimental results were used

for the validation of the numerical model and establishment of material properties.

4 CHAPTER 1. INTRODUCTION



Perić Fekete, Ana, 2024

Seismic behaviour of traditional rammed earth walls from eastern Croatia area

A numerical model for validation purposes was made in the same dimensions as per

the experiment, i.e. scaled model. Following that, a full-scale model was prepared

and finally, parametric analysis on rammed earth walls of different geometry and

loaded with three levels of vertical load was performed. In total, 54 variations

were calculated and analysed. Based on numerical results, the seismic behaviour

of rammed earth walls was observed on a larger scale. The structural behaviour

factor was determined for every instance of the wall observed. Moreover, capacity

curves were overlapped with response spectra and inter-storey drift was determined

to assess the limit states of each observed wall system.

1.3 Research significance and limitations

This doctoral dissertation is the first attempt to scientifically comprehend rammed

earth walls from eastern Croatia. Namely, in the past thirty years, research has

been performed worldwide, but, not in Croatia. Due to that, when discussing the

presence of earthen architecture throughout the world, Croatia was omitted due to

the lack of information in the relevant literature. By this study, performed in the

scope of the research project RE-forMS, funded by the Croatian Science Foundation,

as well as all databases and scientific papers produced from the research project,

Croatian rammed earth house will be placed on that map.

Furthermore, in order to understand the applicability of foreign standards and

normative documents, soil material from existing rammed earth houses in eastern

Croatia must be collected and tested. Therefore, field observation will serve as

foundation for a database containing information regarding rammed earth houses

in eastern Croatia, and it will also enable collecting material samples to better

understand the material. Knowledge gathered from field observation and material

testing will be implemented into constructing rammed earth walls for laboratory

testing and numerical models in parametric analysis.

Experimental and numerical results will be used to evaluate the seismic be-

haviour of rammed earth walls characteristic for eastern Croatia. Namely, seismic

capacity is still questionable when rammed earth structures are considered. Even

though eastern Croatia is not the most seismically vulnerable part of the country,
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design horizontal acceleration up to 0.2g could be observed and it should be veri-

fied whether rammed earth walls can sustain that. Therefore, by determining the

seismic behaviour of rammed earth walls tested experimentally and numerically, the

behaviour of existing rammed earth houses can be assumed. To place the walls

analytically in eastern Croatia, seismic capacity curves will be overlapped with elas-

tic response spectra. To the author’s best knowledge, both the current and new

generation of Eurocode 8 was used to determine the response spectrum curves and

compared, in the context of rammed earth walls.

Finally, an important parameter in seismic analysis that enables one to perform

a seismic design of a structure is surely the structural behaviour factor. In this

study, the structural behaviour factor was determined as a ratio of a maximum

and yielding force, based on bilinear idealisation of a structural capacity curve. The

same procedure was utilised once previously for a rammed earth wall, but this study

extends the calculations on rammed earth walls of different geometric proportions

and vertical stresses. This analysis will give a better estimate of the structures and

determine a range of the structural behaviour factors that can be expected in further

analysis.

It should be noted that this thesis is concentrated solely on the seismic be-

haviour of rammed earth walls. Therefore, mechanical and physical properties re-

ported in later chapters were determined only to support the research on the walls

and no further analysis such as the influence of certain additives to the mixture

was performed. Furthermore, all conclusions were drawn based on testing walls and

should be comprehended as such. Further analysis ought to be performed to verify

whether they are applicable to the rammed earth house as a whole.

6 CHAPTER 1. INTRODUCTION



Chapter 2

Literature overview

Rammed earth, as one of the most popular earthen building techniques, is one of the

oldest building techniques. For example, Minke (2006) highlights the rammed earth

foundations from 5000 BC in Assyria. Presumably, in different variations, earthen

building techniques were developed alongside agriculture in the main cradles of civi-

lization. The proximity of rivers made soil rich in clay and silt, which, consequently,

makes the soil ideal for earthen structures. Seemingly, earthen building techniques

spread throughout the world with migrations of people. Therefore, the earliest earth

buildings might have been similar to caves and later developed as more permanent

settlements emerged (Jaquin and Augarde, 2012).

Earth was historically used mostly for vernacular but also monumental build-

ings, such as Alhambra Palace in Granada (Figure 2.1) built around 1238 or parts

of the Great Wall of China (Figure 2.2) built by the Ming dynasty. Further ex-

amples of rammed earth architecture across the world can be found in a book by

Jaquin and Augarde (2012). However, the advent of modern construction materials

with enhanced mechanical properties has diminished the use of earth for building

(Jaquin, 2012). Namely, the Industrial Revolution influenced the improvement of

manufacturing processes and transportation, and fired brick, concrete and steel dis-

placed earth.

However, Europe rediscovered earthen building techniques following the World

Wars. After the First World War, in the UK, an attempt to build with rammed

earth was made by architect Clough Williams-Ellis (Jaquin and Augarde, 2012).

Moreover, the first European contemporary technical standard devoted to earthen

7
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Figure 2.1: Alhambra Palace in Grenada (Spain) (source: https://www.

alhambradegranada.org/en/, accessed on 23rd January 2024)

building techniques originated in Germany. At the culmination of the Second World

War, the shattered industry was not able to facilitate the fast reconstruction of

enormous losses in housing. Therefore, as usually the only available building ma-

terial, the soil was intended as a fast and efficient solution for reconstruction after

the war. However, even though the technical standard was drawn up in 1944, due

to bureaucratic issues following the war, the code was put into effect seven years

later, in 1951, as DIN 18951. In the 1970s, earthen building techniques were once

again diminished by industrialisation in Germany, and DIN 18951 was withdrawn

(Schroeder, 2012).

On a global scale, at the beginning of the 1970s, amidst the first global oil

crisis, it became apparent that energy consumption ought to be reduced (Schroeder,

2016). In industrialised Europe, consumers began to value ecological aspects along-

side established durability and strength. In the same period, in Australia and the

southern United States, rammed earth was rediscovered as a sustainable building

material (Jaquin, 2008). Today, consumption reduction has been expanded to re-

sources in general (Schroeder, 2016), which is visible in the Sustainable Development

8 CHAPTER 2. LITERATURE OVERVIEW
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Figure 2.2: Great Wall of China, Jiayuguan Fort (source: https://www.

visitourchina.com, accessed on 23rd January 2024)
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Goals (Figure 2.3) proposed by the United Nations (2015). As Schroeder (2016)

noted, a new perspective is given to earth-building techniques in light of these eco-

logical advancements.

Figure 2.3: Sustainable Developement Goals Nations (2015)

2.1 General overview

The rammed earth building technique is a fairly simple process that comprises com-

pressing moist soil inside a formwork, resulting in a monolithic wall (Minke, 2006).

Traditionally, a wall was built inside wooden formwork using manual rammers, but

modern formwork is usually more sophisticated, and pneumatic rammers are com-

monly used (Keable and Keable, 1996; Krahn, 2019; Minke, 2006). Moreover, differ-

ent variations of manual rammers were historically used in terms of the shape of the

“head”, i.e. conic, wedged or flat, with a weight of 5 to 10 kg (Keable and Keable,

1996; Minke, 2006).

The very process of building a rammed earth wall is repetitive, as explained

in several modern handbooks for earthen construction (Jaquin and Augarde, 2012;

Keable and Keable, 1996; Krahn, 2019; Minke, 2006). Prior to the beginning of the

building, soil is mixed with an appropriate amount of water and ideally stored inside

a sealed container for up to 24 hours. The soil was traditionally mixed on the ground
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Figure 2.4: Process of building a rammed earth wall (author’s graphic presentation)

by shovelling or people and animals walking over it, while today it is usually mixed

using electric mixers (Jaquin and Augarde, 2012). Following that, a portion of loose

soil is poured into the formwork and compressed (or rammed), first ramming the

outer parts of the wall and then the centre. After completion of the layer, another

portion of loose soil is poured into the formwork, and ramming continues. The

process is repeated for each layer until the desired wall height is reached (Minke,

2006). The process is graphically depicted on Figure 2.4. Moreover, the height of

loose soil is usually halved after ramming, from around 100 mm to 50–70 mm (Keable

and Keable, 1996). The process of ramming a layer is considered complete when

a level of compaction of around 98% is reached (Walker et al., 2005), even though

Schroeder (2012) claims that for most practical purposes, an acceptable compaction

limit is achieved when around 90% of maximum dry density is achieved. One can

recognise the finish line when the soil volume ceases to change after consecutive

blows (Keable and Keable, 1996). Additionally, an experienced rammer will notice

a “ringing” while compacting a finished layer (Krahn, 2019).

2.2 Rammed earth in Croatia

As Živković (2013) pointed out, Croatia is a relatively small area with various types

of buildings, which indicates a richness in traditional building funds. Namely, the

geographical position of Croatia enabled a collision of three cultures: the Pannonian,

the Dinaric and the Mediterranean. The origin of the eastern Croatian house was

just one room with a fireplace in the middle, which slowly developed into a two-room

house by separating the sleeping area from the kitchen and day area. In the second

half of the 18th century, during the reign of Maria Theresa and her son Joseph II, the
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building of Slavonian villages was planned and legislated. The head of every house

cooperative was given construction land 25 m wide and 100 m (or more) deep inside

the yard. Therefore, houses were usually built with a shorter facade on the street side

and a longer side in the yard, with auxiliary buildings below. Moreover, to ensure the

equality of cooperative members, no additional separated sleeping areas were built.

However, in the second half of the 19th century, when village cooperatives were not

compulsory any more, another room was added to the house, creating a traditional

Slavonian three-room house Figure 2.5. The house is comprised of a kitchen in the

centre, a large room facing the street, and a smaller room on the other, yard, side.

Moreover, with the abolishment of house cooperatives, land division among brothers

was often implemented. Thus, 25 m wide land, was divided into two or even three

narrow parts, about 10 m wide. That division resulted in a recognisable array of

houses on Slavonian streets (Figure 2.6). Furthermore, the house plan development

stopped at three rooms, but the house porch was gradually extended along the whole

house (Živković, 2013).

Figure 2.5: Plan of three-room slavonian house (Živković, 2013)

Due to the large amount of loam in the area, rammed earth houses were his-

torically a feature of eastern parts of Croatia (Lončar-Vicković and Stober, 2011;

Živković, 2013). Throughout history, humans have been inclined to build with lo-

cally available materials from their surroundings. As opposed to stone (usually lime-

stone) in the Adriatic area, eastern Croatian peasants used soil, commonly mixed
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Figure 2.6: Array of houses in a Slavoinan street (Živković, 2013)

with plant materials, to build their shelters. Another commonly used material for

building houses in eastern Croatia was wood, until the 18th century, when the gov-

ernment prohibited using the then-pricey Slavonian oak for building, to gain more

profit in sales across Europe. The Slavonian peasant was occasionally given the

material for the timber frame from the government but was left to make infill per

his own possibilities (Živković, 2013). It should be noted that Živković (2013) limits

the usage of rammed earth in Croatia only to the Baranja area and attributes it to

high Hungarian influence and a shortage of timber in the area. However, Lončar-

Vicković and Stober (2011) mention the usage of rammed earth, among other tradi-

tional building techniques, in a wider area, including Slavonia, Baranja and Srijem.

Finally, according to Španiček (1992), rammed earth houses in the Baranja area are

one of the best achievements of village architecture in Croatia.

Material for building a rammed earth house was traditionally provided by

digging a well or basement in proximity to the construction site. Low-quality soil

was mixed with clay, and occasionally, the soil mixture was enriched with finely

chopped straw or chaff. The soil in the excavation was mixed with the water and

left for 12 to 24 hours prior to building. Moreover, Lončar-Vicković and Stober

(2011) also report using different types of wooden rammers with flat, pointed or

rounded heads. Approximately 10 to 15 cm of loose soil was rammed to 5–6 cm in

the finished wall. It took from two to three weeks to finish ramming the walls of

one house, and drying the structure could take up to two years.

Foundations were first made of rammed earth mixed with straw or chaff inside
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excavations but were later replaced with fired brick and stone foundations. Walls

around 50 cm (Živković, 2013) to 70 cm (Lončar-Vicković and Stober, 2011) thick

were finished with oak beams on the top and plastered with a mixture of loam

and chaff. Moreover, Lončar-Vicković and Stober (2011) mention the usage of fired

brick or broken roof tiles in the lowest parts of the wall for waterproofing. Chopped

straw, chaff or sawdust were added to the soil mixture to prevent cracking of the

wall due to shrinkage, while corners were reinforced with vines or willow branches.

Openings were cut out of the finished wall at least six months after building the

wall, and gables of rammed earth houses were built after drying from adobe or fired

brick (Lončar-Vicković and Stober, 2011). The ceiling construction was made of

wooden beams. The space between the beams was filled with rolls of long straw

and mud wrapped around wooden slats (cro. vitlovi). After ceiling construction

was completed, it was coated with mud and chaff to flatten the surface. The attic

area of the one-story houses was usually used as a granary or for other storage

purposes. The roof construction was usually gable, covered with cane, straw and,

in later instances, tile (Lončar-Vicković and Stober, 2011).

According to Živković (2013), traditional building techniques were utilised un-

til the Second World War, when new materials emerged and new knowledge was

applied. The processes of industrialisation and urbanisation marked traditional as

outdated. As a result, people were ashamed of their traditions and demolished old

buildings to build new and modern ones. However, at the end of the 19th century,

among architects and ethnologists in the Croatian area, an interest in traditional

buildings was awakened. Regardless, following the war years in the 1990s, major

reconstruction took place, and many traditional houses were replaced by modern,

fired brick houses. Lončar-Vicković and Stober (2011) also highlight the loss of cul-

tural, social, demographic and rural aspects of Croatian villages in the 21st century.

2.3 Standards overview

Earthen structures were historically non-engineered building systems that required

inexpensive and simple equipment. Basic quality control performed on-site yielded

estimated values highly influenced by the subjectivity of the examiner. Therefore,
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Figure 2.7: Technical standard for adobe (Egypt, 1500 BC) (Hassan, 1973;

Schroeder, 2016)

the test conditions were not reproducible. The earliest rules were kept and trans-

ferred in the form of sketches and paintings (Hassan, 1973; Reddy et al., 2022;

Schroeder, 2016), but contained only information regarding building techniques

without quality control. However, increased interest in building with earth in the late

20th century moved earth building techniques from empirical handmade processes

to industrial production. Thus, earth construction methods became engineered and

regulated by standards and normative documents. Engineered constructions assume

the industrial production of building materials, with defined parameters determined

by reproducible laboratory testing procedures using standardised test equipment

(Schroeder, 2012).

However, despite the existence of several standards and normative documents,

uniform test procedures for determining material properties as well as design criteria

for earthen constructions currently do not exist. Rather, test protocols from other

disciplines are often utilised. The most common examples are using principles of

soil mechanics for determining the suitability of the soil for earthen construction but

also methods for testing tensile and compressive strength that originate in standards

for concrete (Koutous and Hilali, 2021; Maniatidis and Walker, 2008; Toufigh and

Kianfar, 2019), or less often masonry (Miccoli et al., 2016; Silva et al., 2014a).

Despite the frequent use of these methods, their applicability was not proven on a

larger scale. Schroeder (2012) pointed out the necessity of developing adequate test

procedures on the same level as for other conventional building materials.

Schroeder (2012) gathered thirty-three building standards and normative doc-

uments from 10 countries, published over the last 40 years. Thirteen out of those

thirty-three documents concern buildings with rammed earth. More recently, Thomp-
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son et al. (2022) digested current construction guidelines, emphasising seismic rec-

ommendations. The Rilem Technical Committee (TC 247-TCE) published a report

regarding the testing and characterisation of earthen building materials and ele-

ments (Reddy et al., 2022) that reflected codes and standards for earth construction

techniques as well. A combined output of standards and normative documents re-

garding rammed earth constructions is given in Table 2.1. Twenty-nine documents

from 20 countries in the world were listed, while half of those 29 documents contain

recommendations regarding seismic-resistant design.

According to the International Standards Organisation (ISO), standards and nor-

mative documents are not the same. A standard is a “document, established by con-

sensus and approved by a recognised body, that provides, for common and repeated

use, rules, guidelines, or characteristics of activities or their results, aimed at the

achievement of the optimum degree or order in a given context”, and it “should be

based on the consolidated results of science, technology, and experience and aimed at

the promotion of optimum community benefits”. In other words, a standard contains

technical guidelines specifying minimum demands and directions for the construc-

tion process that should be adhered to (Heinsdorf, 2015; Thompson et al., 2022).

If the standard is enacted into law by a local, regional or national authority, it

becomes a code. All participants in the construction process are legally bound to

comply with a building code (Heinsdorf, 2015; Thompson et al., 2022).

A normative document, on the other hand, does not have a scope or the

endorsement of a standard, but it can become a standard should a government body

adopt it (Schroeder, 2016). Therefore, normative documents provide instructions for

building construction systems developed by non-government organisations, technical

groups or academia. The purpose of creating normative documents, such as practical

manuals, books and technical reports, is either to start standard development or to

provide guidance for safe construction processes in developing countries (Thompson

et al., 2022).

The documents in Table 2.1 were predominantly published in the form of

standards or normative documents while only four instances of building codes were

noted. Publications listed in Table 2.1 usually cover a variety of earthen build-

ing techniques, such as adobe, cob, compressed earth block, wattle and daub, and
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rammed earth. Moreover, many of the guidelines regarding structural design apply

to all types of earthen construction, while exceptions are indicated. Thompson et al.

(2022) provided a review of structural design guidelines based on publications (Ta-

ble 2.1), which concern the seismic resistance of the new rammed earth structure.

Recommendations based on Thompson et al. (2022) are summarised below and can

be further explored in the article and respective documents from Table 2.1.

In order to decrease seismic vulnerability, rammed earth buildings should be as

regular and symmetric as possible. Publications that address a maximum number

of storeys disagree on whether the rammed earth houses should be one-storey or

two-storey. The reason for the disagreement possibly lies in the location where a

specific guideline is applied. Namely, according to Arya 2014, recommendations

regarding one-storey and two-storey houses relate to the seismic code classification

in an individual location. All new rammed earth structures should be based on

concrete foundations. Commonly, foundation strip footings from 0.5 to 0.7 m wide

are recommended, while NBC 204:1994 implies a minimum width of wall thickness

plus 0.3 m. Foundations should be at least from 0.3 to 0.6 m deep, in compliance

with other codes in the respective country regarding the foundation design.

Wall dimensions are described by specifying either thickness, length or height.

The recommended values for a minimum wall thickness differ greatly, according to

Thompson et al. (2022): from 0.2 m (Lehmbau Regeln; EBAA) to 0.457 m (14.7.4

NMAC). Moreover, according to Minke (2006), a minimum wall thickness should

be greater than the height of the construction divided by eight. The unsupported

wall should not be longer than 15 times the wall thickness based on HB 195-2002

or 10 times the wall thickness according to NBC 204:1994. If the wall is supported,

it should not be longer than 10 times the thickness according to Arya et al. (2014)

and IS:13827, or 12 m as stated in NZS 4297. The most common recommendation

for the wall height is the factor of the wall thickness. Besides that, NBC 204:1994

specifies a maximum wall height in the range of 3 to 3.6 m, while NZS 4297 and

NZS 4299 differ the specification depending on the location’s seismic zone.
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Openings in the rammed earth walls for windows and doors are commonly

limited by the percentage of the total wall area, in the range of 1/5 to 1/3 of the

wall area (Arya, 2003; Houben and Guillard, 1994; ?). The maximum opening size

is consistently limited, in all publications that consider the subject of openings, to a

value of 1.2 m (Arya, 2003; Houben and Guillard, 1994; Minke, 2006; Walker, 2002).

However, values for the minimum distance from the corner of the construction range

from 0.75 to 1.2 m (Arya, 2003; Minke, 2006; Walker, 2002). Publications (Arya,

2003; Minke, 2006; Walker, 2002; Walker et al., 2005) also recommend a bearing

length of lintels above openings as not less than 0.3 or 0.4 m. However, NBC

204:1994 recommends a significantly lower value of 0.05 m.

Reinforcement, a key element in the seismic resilience of a structure, is also

mentioned by several publications. Vertical reinforcement should be cast into foun-

dations, connected into plinth beams, of at least 300 mm height above ground, as

per Arya et al. (2014); Minke (2006) and IS:13827, and run up through the wall to

the horizontal bands. However, it should be noted that mentions of both concrete

and timber horizontal bands were noted in publications. Specifications for vertical

reinforcement are given in only two publications, i.e. IS:13827 and HB 195-2002,

that recommend using 12 mm steel rebar. Obstructions during the ramming of the

wall due to the reinforcement are recognised when using both vertical and horizon-

tal reinforcement. Moreover, the negative effect of horizontal reinforcement bars on

rammed earth walls reducing their ability to withstand shear forces due to cracking

and weakening of the wall, was noted by Minke (2006). Indian standard IS:13827

also permits using bamboo canes as reinforcement.

The roof should be as light as possible, preferably made of timber or bamboo,

and fixed to the rammed earth walls or horizontal band. The necessity of proper

roof construction is emphasised due to its influence on the structural integrity of the

building as well as seismic resistance (Keefe, 2005).

Most of the publications relate the seismic resistance of a rammed earth struc-

ture only to structural design. Formulas for seismic design are given in only two

publications; Arya et al. (2014) and NZS 4297. Remaining publications usually

merely reference another national code that is to be followed to ensure the seismic

resilience of the structure. Therefore, one must read multiple publications simulta-
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neously, which may lead to misinterpretation. To aid the problem, Thompson et al.

(2022) propose the creation of one unified code, similar to Eurocode 8, Part 1: Gen-

eral Rules, Seismic Actions and Rules for Buildings. However, they acknowledge

the lack of knowledge and research regarding material properties and structural

behaviour of earthen materials that must precede the development of a specific

standard. Most publications are developed from masonry codes and standards, de-

spite the unproven applicability of the masonry codes for earthen materials. Thus,

both earthen materials and the applicability of masonry codes should be further

researched.

2.4 Construction soil

The rammed earth buildings of the past were built using empirically acquired knowl-

edge, spread by word of mouth. However, if one wishes to utilise any form of building

technique today, an appropriate standard or normative document should be followed.

In order to enable the usage of traditional building techniques such as rammed earth

in the same way as those used in contemporary construction, proper research ought

to be conducted. The source material needs to be observed and tested following

procedures as rigorous as those for conventional building materials (e.g. concrete,

steel, masonry). However, since rammed earth needs to be understood as both

soil and a construction element, a variety of analyses should be performed. In the

reviewed research papers, the most commonly determined properties are particle

size distribution, optimum moisture content, maximum dry density and compres-

sive strength. However, a significant number of research papers also give information

regarding plasticity and soil-water retention (i.e. suction). In the following sections,

recommendations from the literature and previously conducted research regarding

the mentioned most common material properties are summarised.

2.4.1 Particle size distribution

Soil is formed by weathering the bedrock and is usually divided into topsoil (with

organic matter), subsoil (useful for building materials) and bedrock (Keable and

Keable, 1996; Krahn, 2019). A construction soil (i.e. subsoil) is divided into boulders
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(larger than 200 mm), cobbles (60–200 mm), gravel (2–60 mm), sand (0.06–2 mm),

silt (0.002–0.06 mm) and clay (smaller than 0.002 mm) (Jonathan Knappett, 2012).

Boulders and cobbles are not used for rammed earth construction, but the remaining

four elements should comprise soil for earthen construction (McHenry, 1984). The

skeleton is provided by gravel particles that are filled with sand and soil, while clay

is used as a natural binder (Krahn, 2019; Minke, 2006). According to Jaquin and

Augarde (2012), clay particles hold an electrostatic charge on their surface, which

causes the attraction forces between the particles, providing an apparent cohesive

strength in the soil. However, they deem the electrostatic bonding of particles

not strong enough to generate strength and credit suction as a significant source of

strength. The suction and unsaturated behaviour of soil in rammed earth structures

will be further explained in section 2.4.5.

The construction soil was traditionally taken from the construction site without

specific laboratory testing or determining the suitability of the soil. However, several

preliminary field tests for determining the suitability of the soil have been proposed:

• Observation of the construction site (e.g. cracks in the dry soil indicate a

high clay content, a loose dry soil indicates a high sand content) (Houben and

Guillard, 1994; Keable and Keable, 1996)

• Rubbing the soil between the fingers or palms (Houben and Guillard, 1994;

Keable and Keable, 1996; Walker et al., 2005) gives one an idea if particles are

fine or coarse

• Smell test: used to determine the presence of organic matter in the soil

(Houben and Guillard, 1994; Keable and Keable, 1996; Krahn, 2019; Minke,

2006; Walker et al., 2005)

• Taste test: used to determine the texture of the soil; the more coarse the soil

is, the more irritating the texture is against one’s teeth (Houben and Guillard,

1994; Krahn, 2019; Minke, 2006)

• Wash test is used to determine the predominant soil fraction (i.e. sand and

gravel, silt or clay) by rubbing humid soil between palms and observing the

soil residue on palms (Houben and Guillard, 1994; Minke, 2006)
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• Cutting test: if the cut surface of the wet soil ball is shiny, the mixture has a

high clay content; otherwise, it indicates high silt content (Keable and Keable,

1996; Minke, 2006)

• Simplified sedimentation using a jar (Houben and Guillard, 1994; Keable and

Keable, 1996; Krahn, 2019; Minke, 2006; Walker et al., 2005) to get an esti-

mation of particle size distribution

• Inquiring the locals or builders in the area of the construction site (Houben

and Guillard, 1994; Walker et al., 2005)

However, engineering design cannot rely solely on simple field tests, despite their

applicability for the initial selection of the soil. Instead, thorough laboratory test-

ing should be performed (Walker et al., 2005). According to Schroeder (2012), the

suitability of the soil for earthen construction depends on the granular composition

of the mixture (influencing the “skeleton”) and the amount and type of clay parti-

cles (responsible for plasticity and cohesion). Determining a complete particle size

distribution (PSD) curve requires using laboratory procedures such as sieving and

hydrometer methods (Avrami et al., 2008; Houben and Guillard, 1994; Maniatidis

and Walker, 2003; Minke, 2006; Reddi et al., 2012).

A soil mixture containing both fine and coarse particles without organic matter

present is usually recommended (Hall and Djerbib, 2004; Houben and Guillard,

1994; Walker et al., 2005). According to Keable and Keable (1996), good soil is

crucial for adequate performance of rammed earth construction, and it should be

rich in sand and gravel content, with just enough clay acting as a binder, while

more than 30% of clay in the mixture could cause shrinkage cracks (Reddi et al.,

2012). On the other hand, some researchers diminish the influence of the particle

size distribution on the suitability of the soil for rammed earth construction (Gomes

et al., 2014). The Rilem Technical Committee (TC 247-TCE) recommended using

a performance-based approach for determining the suitability of the soil rather than

solely the composition of the material (Reddy et al., 2022).

Despite the disagreements on the role of the material composition in soil suit-

ability, particle size distribution is one of the key parameters describing the soil and

therefore cannot be omitted due to its impact on mechanical performance (Ávila
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et al., 2021). Therefore, in previously published guidelines and normative doc-

uments regarding rammed earth construction, recommendations for choosing the

appropriate soil based on composition were given. From eleven recommendations

plotted in Figure 2.8 and Figure 2.9, only one recommends a soil with the major-

ity of clay particles (Alley, 1948), while all others propose mainly sand and gravel

particles in the mixture. Moreover, in two publications (McHenry, 1984; Schrader,

1981), mixtures containing only clay, sand and gravel without silt are recommended.

Remaining publications (Doat et al., 1979; Houben and Guillard, 1994; Keable and

Keable, 1996; Keefe, 2005; Norton, 1997; of Zimbabwe, 2001; Walker, 2002; Walker

et al., 2005) propose a similar particle size distribution, with a majority proportion

of sand and gravel particles.

Figure 2.8: Lower limits for granular composition

One of the commonly used envelopes for determining the suitability of the

soil for rammed earth construction was proposed by Houben and Guillard (1994),
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Figure 2.9: Upper limits for granular composition

but only as guidance. According to them, the envelope is intended to be applied

as a flexible frame. Despite that, research published in articles regarding rammed

earth construction is often conducted with soil chosen based on the envelope (Ávila

et al., 2022; Lin et al., 2017; Romanazzi et al., 2022a; Silva et al., 2016a). In

Figure 2.10, the envelope proposed by Houben and Guillard (1994) is plotted, with

two recommendations used by Walker et al. (2005) and HB 195-2002, as those were in

the biggest percentage throughout considered research papers. It should be noted

that the recommendations presented by Walker (2002) and Houben and Guillard

(1994) are essentially the same, with a small difference regarding the minimal limit

of fine soil particles. The plot will be used in the following chapters for comparison

with the local soil collected from rammed earth houses in eastern Croatia.

In published articles concerning rammed earth structures, the particle size dis-

tribution of used mixtures is commonly reported. According to the report by The

Rilem Technical Committee (TC 247-TCE) (Aubert et al., 2022), particle size dis-
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Figure 2.10: Envelopes for determining suitable soil in rammed earth construction

tribution was mentioned in all observed articles (19 in total), while other properties

were mentioned in less than 50% of the articles. In Table 2.2, 50 articles published in

the last 15 years were reviewed, and 80 different granular compositions were noted.

In the majority of articles, all four groups of particles (clay, silt, sand, and gravel) are

reported separately. However, in three articles (Miccoli et al., 2014; Michiels et al.,

2017; Silva et al., 2014c), the amount of sand and gravel was summarised, while clay

and silt were summarised in only one article (Barrera et al., 2023). Moreover, based

on the 80 mixture compositions observed, the minimum and maximum amounts of

each particle group were determined, and very high variability was observed. Fine

particles, clay and silt, appear in ranges of 1 to 48% and 1 to 83%, respectively,

while large particles, sand and gravel, were used in ranges of 6 to 90% and 1 to 55%,

respectively. The high variability of particle proportions in soil mixtures used for

rammed earth constructions indicates that different kinds of soils can be used for

building elements. Moreover, it could also support the view presented by Gomes

et al. (2014), regarding the lack of effect of particle size distribution on soil suit-

ability for rammed earth constructions. On the other hand, Dialmy et al. (2023)

proved that by adjusting the granular proportions in the rammed earth mixture,

compactness is increased, and, by extension, the unconfined compressive strength

and stiffness are increased. It should be noted that, according to them, one must
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perform extensive laboratory tests to achieve the optimum granular composition,

and thus they give no recommendations similar to those presented in Figure 2.8 and

Figure 2.9.

Finally, the granular compositions of mixtures presented in articles (Table 2.2),

were compared with the upper and lower limits in the normative documents and

standards (Figure 2.8 and Figure 2.9). For each mixture, an abbreviation was noted

in the last column in Table 2.2, or N/A was written if the mixture corresponded to

none of the recommendations. 80 mixtures were gathered, half of which complied

with no recommendations. Moreover, from eleven suggestions plotted in Figure 2.8

and Figure 2.9, the one made by Alley (1948), with a major intake of clay particles

in the mixture, corresponded with none of the mixtures presented in the articles.

Furthermore, recommendations in Schrader (1981) and McHenry (1984) agreed with

only one of the presented mixtures (Ciancio et al., 2013), which corresponded to no

other suggestions. On the other hand, of the 40 mixtures that agree with at least

one of the recommendations, 75% of them comply with all three most common

recommendations by Houben and Guillard (1994), HB 195-2002 and Walker et al.

(2005). What is more, 90% of the mixtures made by recommendations were in line

with Walker et al. (2005), while 78% and 75% of them were in correspondence with

Houben and Guillard (1994) and HB 195-2002, respectively.
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2.4.2 Optimum moisture content

In order to make a rammed earth construction, suitable soil must be mixed with

water, which activates the binding forces (Minke, 2006). However, the amount

of water added to the mix is crucial; too dry or too wet soil cannot be properly

compacted. The optimum moisture content depends on the soil mix; however, expe-

rienced builders can estimate if the soil is too wet or dry (Keable and Keable, 1996).

The optimum moisture content for building rammed earth construction can

be easily determined on-site, without any sophisticated laboratory equipment, by

performing the drop test. What is more, a drop test enables builders to quickly and

frequently check the moisture content during the building process. According to

Houben and Guillard (1994); Keable and Keable (1996), a ball (40 mm in diameter)

should be formed from damp soil and dropped from shoulder level to the ground.

If the ball flattens and the soil stays in one piece without much cracking, the soil

mixture is too wet, and if it breaks into many small pieces, it is too dry. The

optimum moisture content is indicated by breaking the ball into only a few larger

pieces.

It should be noted that when assessing the state of the ball, one should consider the

clay content as well. Namely, the soil that appears too dry could lack clay, and vice

versa, seemingly too wet soil could have excessive clay content (Keable and Keable,

1996; Minke, 2006).

Although Krahn (2019) urges that the drop test has not been proven precise

and repeatable, the author recognises its efficiency and marks the test as compul-

sory in his manual. Maniatidis and Walker (2003) also mention the drop test, which

is suited for a good first approximation of the optimum moisture content and for

monitoring the moisture content during construction.

The standard procedure for determining the optimum moisture content at which a

maximum dry density is achieved is the Proctor test (BS 1377-4:1990). In cylin-

drical moulds soil mixtures with different moisture contents are compacted using a

standardised Proctor hammer (Houben and Guillard, 1994; Maniatidis and Walker,

2003; Minke, 2006). Keable and Keable (1996) and Krahn (2019) propose using a

variety of a standardised Proctor test, using a square mould and a constant amount

of compaction, to find the maximum dry density. It should be noted that the
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standard Proctor test, with lower compaction energy, is more suitable for manually

compacted rammed earth structures (Keable and Keable, 1996). The modified Proc-

tor test could result in an overestimated optimum moisture content (Walker et al.,

2005) and it is more suitable for pneumatically compacted rammed earth structures

(Ávila et al., 2021; El Nabouch, 2017). However, according to Minke (2006), the

compaction at optimum moisture content does not necessarily lead to the maximum

density and compressive strength. Hence, Minke (2006) advocated using higher than

the optimum moisture content, which he characterised as a minimum moisture con-

tent, and the same is repeated by Schroeder (2012). Walker et al. (2005) proposed

using the soil at ±1–2% from the optimum moisture content determined by the ex-

periment, while (NZS) allows using the water content within 3% of the optimum

moisture content.

In 38 out of 50 articles reviewed articles (76%), information regarding optimum

moisture content (OMC) and dry density (MDD) was given (Table 2.3). However, in

a few instances, one of the pieces of information was omitted, usually the maximum

dry density, thus N/A was written. A wide range of optimum moisture content

reported in the literature was noticed, from 5.8% to 26.4%, but most values lay in

the range of 8 to 12%. The range of maximum dry density values is slightly less

dispersed. Values from 1526 to 2190 kg/m3 were reported in the reviewed literature.

Table 2.3: Optimum moisture content and maximum dry density of rammed earth

in literature

OMC [%] MDD [kg/m3] Reference

12.5 1850 (Maniatidis and Walker, 2008)

12 2017 (Jaquin et al., 2009)

9 2060 (Nowamooz and Chazallon, 2011)

5.8 N/A (Ciancio et al., 2013)

8.3 N/A

6.4 N/A

7.4 N/A
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Table 2.3 continued from previous page

OMC [%] MDD [kg/m3] Reference

9.6 N/A

12 1920 (Silva et al., 2013)

12 1840

12 1710

10 2010

11 1920 (Bui et al., 2014a,b)

7.6 2190 (Ciancio et al., 2014)

8 2018 (Gomes et al., 2014)

17.8 1733

21.5 1651

11.2 1600

15.6 1814

8 2018

10.1 2100 (Silva et al., 2014a, 2016b)

15 1876 (Gerard et al., 2015)

10.1 1997 (Araki et al., 2016)

11 1950 (Champiré et al., 2016)

11 1970

9 1980

N/A 1870 (Arrigoni et al., 2017a)

8 2160 (Arrigoni et al., 2017b)

14 1820 (Lin et al., 2017)

16 1820

11 1950

16.3 1779 (Liu and Tong, 2017)

19.4 1697
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Table 2.3 continued from previous page

OMC [%] MDD [kg/m3] Reference

20.9 1657

24.2 1586

26.4 1526

12 1850 (El-Nabouch et al., 2018)

12.5 1950 (Xu et al., 2018)

9.8 2000 (Abhilash and Morel, 2019)

12.3 1860

12.5 1900 (Chauhan et al., 2019)

14.1 1840 (Tinsley and Pavía, 2019)

12 N/A (Toufigh and Kianfar, 2019)

9 1940 (Kosarimovahhed and Toufigh, 2020)

9.6 2060 (Chitimbo et al., 2022)

9 2055 (Ramezanpour et al., 2021)

12.5 1900 (Chauhan et al., 2022)

8 2165 (Gil-Martín et al., 2022)

8 1900 (Pelé-Peltier et al., 2022)

12 2020 (Romanazzi et al., 2022b)

19.7 1726 (Sen and Saha, 2022)

16 1700 (Barrera et al., 2023)

11.1 2020 (Baleca et al., 2023; Barsotti et al., 2023)

9.9 1872 (Dialmy et al., 2023)

9.6 1850

12 2020 (Romanazzi et al., 2023)
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Table 2.3 continued from previous page

OMC [%] MDD [kg/m3] Reference

5.8 1526 MIN

26.4 2190 MAX

12.2 1896 MEAN

4.3 153.2 STANDARD DEVIATION

9.6 1820 1st QUARTILE

12.5 2015 3rd QUARTILE

2.4.3 Plasticity

The dependency of water content on soil state is a fairly familiar concept in soil

mechanics, introduced by a Swedish soil scientist, Albert Atterberg (Reddi et al.,

2012). Hence, the plasticity of the soil is usually characterised by testing the Atter-

berg limits: the liquid limit (LL), the plastic limit (PL), the shrinkage limit (SL),

and the plasticity index (PI), which are commonly reported in the literature, ex-

cept shrinkage limit. The transition between the limits is gradual, without abrupt

changes (Reddi et al., 2012). Essentially, the liquid limit is a boundary between

liquid and plastic states, the plastic limit is the boundary between plastic and semi-

solid states, and the shrinkage limit is the boundary between the semi-solid and

solid states (Minke, 2006).

The liquid limit (LL) can be determined using the Casagrande apparatus

(Houben and Guillard, 1994; Reddi et al., 2012) as the minimum water content

at which two parts of the soil sample separated by a standardised tool will come to-

gether at a distance of 13 mm, after 25 blows in the apparatus. Another commonly

used method, that is the preferred procedure in literature, is the cone penetration

test which defines the liquid limit as the water content at which a standardised cone

(weight 80 g, angle 30°) sinks precisely 20 mm into the soil during a 5 s period

(Reddi et al., 2012). The plastic limit (PL) is the minimum water content at which

soil rolled into a cylindrical thread, 3 mm in diameter, does not crumble (Houben

and Guillard, 1994; Reddi et al., 2012). The shrinkage limit is the minimum water

content at which drying will not cause a volume decrease (Reddi et al., 2012). The
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plasticity index, specified as the difference between the liquid and the plastic limit,

indicates the potential deformation of the material (Avrami et al., 2008). Moreover,

according to Maniatidis and Walker (2003), the plasticity index also indicates clay

content, i.e. soil with a high clay content yields a higher plasticity index, which

indicates a higher shrinkage rate of a dry soil sample. Additional information and

a detailed description of the procedures can be found in standard BS 1377-2:1990

or publications regarding earthen construction requirements (Minke, 2006; Reddi

et al., 2012).

Moreover, in standards and normative documents, several recommendations

were given regarding upper and lower limits for liquid and plastic limits, or the

plasticity index for rammed earth soil mixtures. Walker (2002) recommended using

soil with a liquid limit in the range of 35 to 45% and a plasticity index ranging from

10 to 30%. Walker et al. (2005) limited only the upper value of the liquid limit to

45% but allowed the plasticity index in a wide range from 2 to 30%. Houben and

Guillard (1994) recommended using the soil with a liquid limit of 25 to 45%, and a

plasticity index also in the range of 2 to 30%. Doat et al. (1979) allowed the largest

value of liquid limit, ranging from 25 to 50%, while their recommendation for the

plasticity index was from 7 to 29%. Finally, Delgado and Guerrero (2007) suggested

the narrowest range of liquid limit and plasticity index for soil mixtures suitable for

rammed earth construction. Namely, they proposed a liquid limit in the range of 32

to 46% and a plasticity index ranging from 16 to 28%.

In 24 out of 50 reviewed articles (48%), information regarding soil plasticity,

i.e. liquid limit and plasticity index, was given (Table 2.4). Moreover, liquid limit

is reported in all reviewed articles, while information regarding plasticity index and

plastic limit was omitted from two articles (Gomes et al., 2014; Silva et al., 2013).

Missing values were denoted as N/A (not applicable) in Table 2.4. A high dispersion

of values was observed, with the liquid limit and plastic limit ranging from 14.8

to 51.8% and 7.0 to 76.9%, respectively. The plasticity indexes presented in the

reviewed articles ranged from 3.0 to 29%.

Furthermore, the values presented in the articles were compared with the litera-

ture recommendations described in the previous paragraph. Since recommendations

were given separately for liquid limit and plasticity index, in Table 2.4 distinction
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was made regarding complying with recommendations only for liquid limit, plas-

ticity index, or both. If the category complied with none of the recommendations,

non-applicable (N/A) was written. It was observed that more than 81% of re-

ported data agree with recommendations given by Walker et al. (2005), for values

of both liquid limit and the plasticity index. The remaining data corresponded to

recommendations for either liquid limit or plasticity index in Walker et al. (2005).

Furthermore, recommendations given by Doat et al. (1979) and Houben and Guil-

lard (1994) complied with both values in more than 65%. The recommendations

given in HB 195-2002 and Delgado and Guerrero (2007) corresponded to less than

20% of the data of liquid limit and plasticity index values as a group. However, more

than 65% of the data agreed with the recommendation in HB 195-2002 regarding

the minimum and maximum value of the plasticity index as an individual value.

Finally, if both values did not correspond to a recommendation, the value for the

plasticity index complied with literature recommendations in more cases than the

liquid limit.
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2.4.4 Compressive strength

Rammed earth, similar to concrete, can predominantly resist compressive loads and

is troubled by tension and shear loads, particularly if the element is still moist (Ma-

niatidis and Walker, 2003). However, as Houben and Guillard (1994) pointed out,

soil can be considered a low-strength concrete due to its low compressive strength

coupled with high specific gravity. According to Keable and Keable (1996), all parts

of the building process contribute to the compressive strength of the rammed earth

construction. Namely, they indicate the importance of soil mixture and optimum

moisture content, but also mixing and ramming inside a well-constructed formwork.

Therefore, the strength of a rammed earth element is unattainable to predict without

performing testing (Maniatidis and Walker, 2003). However, a uniform procedure

for testing mechanical properties has still not been developed. Instead, procedures

from concrete and masonry standards have been adopted. The applicability of the

adopted test procedures has not been reliably proven. The latter is necessary for

increasing the competitiveness of earthen building techniques and raising them to

the level of commonly used concrete and masonry structures (Schroeder, 2012).

Furthermore, one cannot identify a universal value for the compressive strength of

rammed earth due to the high variability of the raw earth material properties. Thus,

Abhilash et al. (2022) suggested that the compressive strength should be evaluated

individually for each rammed earth construction. Also, Keable and Keable (1996)

suggest that the simplest way of determining soil suitability is to prepare a small

rammed earth sample and use it to test compressive strength. It should be noted

that they suggest using a simple, non-destructive compressive strength field tester.

Nonetheless, if the compressive strength of the rammed earth cube, at least eight

hours after production, is 0.5 to 0.75 MPa, after a week it should be two or three

times bigger and in compliance with requirements. However, they urge the reader

to perform a full set of laboratory tests for a more detailed identification of the soil.

Due to the similar nature of rammed earth and concrete (i.e. high compressive

and low tensile strength), compressive strength is usually determined by laboratory

tests corresponding to concrete standards or less frequent masonry (Maniatidis and

Walker, 2003). Therefore, test samples (cylinders, prisms or cubes) are loaded un-

til failure, and compressive strength is determined according to the maximum ap-
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Table 2.5: Compressive strength test specimen details in standards

Cylinder Prism
No. of required

specimens
Referenceφ h l w h

[mm] [mm] [mm] [mm] [mm]

150 110 150 1.3 × h 150 5 (CSIRO Bulletin 5)

150 300 N/A N/A N/A
1 sample every

25-100 m2

(HB 195-2002)

N/A N/A 102 102 102 N/A (14.7.4 NMAC)

N/A N/A N/A 2 × h N/A 5 (NZS 4298)

N/A N/A 200 200 200 3 (Lehmbau Regeln)

N/A N/A 300 300 300 10 (MOPT Tapial)

plied load. Moreover, Maniatidis and Walker (2003) recommend avoiding designing

rammed earth elements for pure tension and assuming bending and shear strength

to be zero without experimental data proving otherwise. According to Schroeder

(2016), compressive strength, which is usually the only one determined, is abundant.

Houben and Guillard (1994) pointed out that even though for a single-story, a

downward thrust equals around 0.1 MPa, one should require a much higher compres-

sive strength, in total 24 times larger, due to several safety factors: the construction

process, material quality, loading, and the ratio of wet and dry strength. Therefore,

an earthen sample should have a compressive strength of at least 2.4 MPa after 28

days of drying. Moreover, without any special information regarding a structure

height, a specimen compressed to 90–95%, according to standard Proctor, should

have a compressive strength of about 2 MPa, which should increase by about 40%

after 1 year and by about 50% after 2 years. Other sources proposed significantly

smaller values for the safety factor, i.e. 6.7 to 8 (Lehmbau Regeln; Regeln zum

Bauen mit Lehm) and even 3 to 6 (MOPT Tapial; Rammed Earth: Design and

Construction Guidelines). What is more, even though researchers usually condition

samples for 28 days, following the concrete standards, Schroeder (2016) recommends

drying specimens until equilibrium moisture content is reached (no weight change) –

at least 6 weeks, without artificial acceleration. Also, a decrease in specimen dimen-

sions leads to an increase in compressive strength. In (Table 2.5) details regarding
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Table 2.6: Recommended minimal and design values for compressive strength

fc,min [MPa] fc,d [MPa] Reference

N/A 0.7 (CSIRO Bulletin 5)

1 N/A (EBAA)

1 0.4 - 0.6 (HB 195-2002)

2.07 N/A (14.7.4 NMAC)

N/A 0.5 (NZS 4298)

1.5/2a N/A (Keable and Keable, 1996) & (SAZS 724)

N/A 0.3 - 0.5 (Lehmbau Regeln)

N/A 0.2/0.13b (MOPT Tapial)

N/A 0.3 - 0.5 (Regeln zum Bauen mit Lehm)

1 N/A (Walker et al., 2005)

2 N/A (Houben and Guillard, 1994)

Note: a = for two-storey walls, b = in wet environment

test specimens for compressive strength tests were reported. In six standards, vari-

ous specimen dimensions and shapes were noted. Cylindrical specimens were noted

only in Australian standards (CSIRO Bulletin 5; HB 195-2002). Moreover, the num-

ber of specimens required for each case ranges from 3 to 10. Recommended minimal

and design values also vary from one source to another (Table 2.6), though there

is no big dispersion. Minimal recommended values of compressive strength do not

appear to be less than 1 MPa or more than 2 MPa, while design values range from

0.2 to 0.7 MPa.
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Figure 2.11: Compressive strength in function of modulus of elasticity - values from

published articles
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Figure 2.12: Compressive strength in function of density - values from published

articles
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Values of compressive strength, modulus of elasticity, and dry density reported

in the published articles were gathered and reported in Table 2.7. Firstly, both

cylindrical and prismatic specimens were used in a high variety of sizes, as could

be assumed based on Table 2.5. The compressive strength was reported to range

from 0.25 to 4.8 MPa, while the modulus of elasticity ranged from 31.4 to 1050

MPa. Moreover, of the more than 30 research papers reviewed, modulus of elasticity

is reported in 19 of them. It should be noted, however, that due to difficulties

regarding placing measuring instruments on the rammed earth sample, the modulus

of elasticity is usually estimated based on the stress-strain curve and not measured.

Density values were slightly less widespread, ranging from 1649 to 2168 kg/m3.

A high level of scatter is even more obvious if Figure 2.11 and Figure 2.12 are

observed. What is more, no apparent relationship between compressive strength

and modulus of elasticity or density can be recognised. It supports the opinion of

Abhilash et al. (2022) that excessive laboratory testing should be carried out for

each rammed earth construction. However, caution should be taken when transfer-

ring laboratory test results to real construction due to differences in test and site

conditions, such as the size of the test specimen and compaction energy (Schroeder,

2012). Laboratory-tested samples usually yield higher compressive strength and

bulk density, reflecting short-term strength (i.e. fast load application) as opposed

to the creep strength in the structural element (Schroeder, 2016).

2.4.5 Hydro-mechanical behaviour

Depending on the amount of voids between soil particles (i.e. degree of saturation),

one can distinguish between saturated and unsaturated soil. Saturated soil con-

tains only soil particles and water, while unsaturated soil assumes at least a portion

of the voids are filled with air. In analysis and design, engineers usually assume

saturated soil, even though it is not correct in all applications (Augarde, 2012).

Moreover, unsaturated soil exhibits greater strength than saturated soil, thanks to

suction. According to Augarde (2012), water between two grains of unsaturated soil

is “pulling” them together, as opposed to saturated soil when grains are “pushed”

apart by water. Hence, in unsaturated soil, the normal force at contact is greater,

which leads to a greater frictional force and, finally, a greater shear strength. Con-
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sequently, the difference between the air pressure and the pore water pressure is

what is commonly referred to as suction. Unstabilised earthen constructions owe

their stability precisely to suction. Even though they appear dry, a small amount of

water is always present, and, according to Augarde (2012), they can never be com-

pletely dry. Practically, a wall will dry until humidity in pores between soil particles

and relative humidity in the air surrounding the wall equalize (Bui et al., 2011b).

Due to the small amount of water, suction is present and deserving of the strength

of a structure. Even though it is known that suction is the sum of matric and os-

motic suction, Jaquin et al. (2009) proposed that rammed earth owes its strength

to matric suction. Furthermore, they pointed out that suction highly depends on

relative humidity (RH), especially in rammed earth structures due to a large area

of wall exposed to air. Especially in areas of high RH (100–95%), small changes

can lead to fluctuations in total suction up to 1 MPa, while variations of RH below

95% cause much smaller changes. And since the majority of historic rammed earth

structures are located in arid parts of the world with low RH, changes in suction

over time will be small, eventually resulting in stability.

Principles of unsaturated soil mechanics were used for the mechanical charac-

terisation of rammed earth for the first time by Jaquin et al. (2009). The relationship

between suction and strength was determined in reviewed articles on several occa-

sions by testing both properties at different moisture levels (Jaquin et al., 2009).

According to Walker et al. (2005), the final value of compressive strength in a con-

struction is estimated to be at least 50% higher than that of a moist sample. More-

over, it was shown that in sandy clay (soil comparable to one in a rammed earth

structure), suction contributes to strength to a certain degree, upon which suction

rises but strength remains at a plateau (Toll, 1990; Toll and Ong, 2003).

As mentioned, Jaquin et al. (2009), tested compressive strength and suction

on samples whose moisture content varied between 5.5 and 10%, while Bui et al.

(2011b, 2014a) increased the moisture content range (from 11–13% to 1–2%). More-

over, they tested different soils and concluded that, albeit compressive strength rises

with a decrease in moisture content, the rate of increase depends the on soil. Araldi

et al. (2018) did not determine suction; instead, they concentrated on determining

compressive strength at different moisture contents, among other properties. Three
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different moisture contents were observed: naturally dry specimens (2%), dry speci-

mens kept inside boxes under conditions of 97% RH and 21 °C to increase moisture

content (4%) and specimens tested 24h after manufacturing (8%). They found the

difference between the compressive strength of the sample with 4% and 2% moisture

content to be around 30%, while the difference rises to 49% when 4% and 8% of

moisture content are taken into consideration. The same trend was noticed when

the modulus of elasticity was taken into consideration.

Champiré et al. (2016); Chauhan et al. (2019, 2022); Chitimbo et al. (2022);

François et al. (2017); Gerard et al. (2015); Hajjar et al. (2018) all used special saline

solutions to impose different RH levels and thus determine the relationship of suction

and strength. Champiré et al. (2016) found that the compressive strength of samples

conditioned at 95% RH was 60-80% of the strength of samples conditioned at 25%

RH. Gerard et al. (2015) and François et al. (2017) found that samples conditioned

at 97% RH (moisture: 6%) achieved 50% smaller compressive strength than samples

conditioned at 40% RH (moisture: 2%). Moreover, Gerard et al. (2015) observed

that the compressive strength of a saturated sample (moisture 14.5%) is 10% of the

compressive strength at 40% RH. Chauhan et al. (2019, 2022); Hajjar et al. (2018)

and Chitimbo et al. (2022) conditioned samples using seven saline solutions to im-

pose RH from 9 to 97.3% and corresponding suction values. It was observed that

compressive strength increases after additional compaction by performing unload-

reload cycles during the compression strength test (Chauhan et al., 2019; Hajjar

et al., 2018). Moreover, Hajjar et al. (2018) found that for RH around 60%, com-

pressive strength is around 3 MPa, while Chauhan et al. (2019) and Chitimbo et al.

(2022) observed a brittle failure in samples at higher suction states. Chitimbo et al.

(2022) dried larger rammed earth prismatic samples (15 × 15 × 45 cm) over a longer

period (0, 2, 3, 4, 6, 8, and 19 weeks) prior to performing the compressive strength

test. They noticed that compressive strength increased by 60% in the 3-week drying

period, while maximum strength was achieved after 6 weeks of drying. Moreover,

Chauhan et al. (2022) developed a methodology for determining the required drying

period for the rammed earth wall and concluded that 3-4 months of drying during

the summer are needed, while a 6-month period is necessary during the winter con-

ditions.
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Beckett et al. (2018) on the other hand, conditioned samples at different tem-

peratures (15 °C, 20 °C, 30 °C, and 40 °C) along different RH (30%, 50%, 70% and

90%). With a reduction in RH and a temperature increase, moisture content re-

duces, hence suction and compressive strength increase. Also, for the corresponding

RH, compressive strength increased with temperature increase.

2.5 Experimental campaigns

The seismic behaviour of rammed earth constructions is still a matter of question.

One could assume that ancient rammed earth buildings such as Alhambra Palace in

Spain or The Great Wall of China have encountered seismic activities during their

lifespan, which they have apparently withstood without serious damage. Silva et al.

(2018) suggested that old rammed earth buildings successfully withstood seismic

load by virtue of the traditional way of building. Namely, ancient buildings were

usually one-story and had thick walls with a regular floor plan. However, today,

traditional rammed earth buildings are more sensitive to earthquakes than conven-

tional buildings such as concrete or masonry structures. According to Ortega et al.

(2018), the reason for that lies in poor quality of building materials and workman-

ship, while Arto et al. (2020) believe that lack of maintenance and time deepen the

deterioration, increasing the seismic vulnerability.

When it comes to modern rammed earth buildings, they should comply with

standards and norms such as those presented in Table 2.1. Bui et al. (2011a) ex-

plained that Eurocode 8 can be utilised, but after them, to the author’s best knowl-

edge, no other researcher supported the claim with further research. Therefore,

experimental testing of rammed earth walls is still a necessity in order to gain a

better understanding of their seismic behaviour. Table 2.8 contains data regarding

rammed earth walls subjected to in-plane loading published in reviewed articles. In-

plane loading is applied as monotonically increasing (i.e. pushover method) in 40%

of cases, while cyclic loading is used in 60% of articles. In one instance, presented

in articles by Bui et al. (2014a,b), only vertical load was applied in the absence of

horizontal displacement. It should be noted that in a few instances, the out-of-plane

behaviour of walls was tested as well (Romanazzi et al., 2022b; Wangmo et al., 2019).
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However, this being the first research of this scope regarding rammed earth walls

from eastern Croatia, it was decided to focus only on in-plane load behaviour.

Furthermore, rammed earth walls are usually quadratic, with the same height

and width, with just a few instances of a different geometry. The biggest deviation

from the norm was presented in Romanazzi et al. (2022a) when an I-shaped wall was

tested (a flat wall with two flanges) to understand side walls’ contributions to the

in-plane load resistance. It was observed that although wall dimensions correspond

to a scaled model, the scale factor is reported in only four instances: 1:1 (Reyes

et al., 2018), 1:1.25 (Romanazzi et al., 2022a), 1:2 (El-Nabouch et al., 2016, 2017)

and 1:3 (Ramezanpour et al., 2021). However, it should be noted that the scale of

the wall is usually determined by laboratory conditions and the size of the test rig.

As for the number of tested walls per research, it usually ranges from one to three,

while in only one instance, nine walls were tested per study (Wangmo et al., 2021).

For each rammed earth wall, when it was possible, the inter-story drift (IDR)

was obtained. Therefore, comparison of this research with previously published re-

search in articles would be easier, despite differences in geometry proportions. The

test setup is usually a cantilever, with reinforced concrete beams under and above

the rammed earth wall. However, another type of test setup was used, when a

rammed earth panel was placed inside a steel (Arslan et al., 2017) or wooden frame

(Baleca et al., 2023; Barsotti et al., 2023). The frame, with hinges in corners, en-

abled a rammed earth wall to endure much higher forces. In particular, walls with

reinforced concrete beams showed IDR from 0.06 to 1.82%. On the other hand, a

rammed earth wall inside a steel frame exhibited IDR from 2.49 to 2.64%, while a

wooden frame enabled even higher IDR (5.1-5.8%). Finally, a vertical load in most

cases was applied in ranges of 0.1 to 0.3 MPa. However, extremes were also present:

Miccoli et al. (2016, 2017) applied a vertical load of 0.56 MPa, exaggerating on pur-

pose to impose a desired failure behaviour, while Romanazzi et al. (2022a) applied

an extremely low vertical load (0.0067 MPa) by virtue of placing only cement bags

on top of the wall and not using hydraulic presses for additional load. Data pub-

lished in research papers was used to determine the experimental setup for rammed

earth walls presented in this thesis.
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2.6 Numerical analysis

In this literature review, focus was put on numerical analysis performed using the

finite element method (FEM), which can be carried out either as a micro-model or

a macro-model (Bui et al., 2022). The micro-modelling strategy leads to accurate

simulation at the local level of the model but requires high computational time and

resources. Mesh needs to be refined on a higher level, and the analysis usually re-

quires imputing computational parameters that need to be estimated. The latter

leads to a considerable amount of uncertainty in the analysis. Therefore, according

to Bui et al. (2022), macro-modelling might be a better approach for larger struc-

tures. That assumes utilising homogenous and continuous material with parameters

that can be obtained directly from performing tests on specimens. Furthermore,

other idealisations in terms of simpler geometry and elements can be implied. It

should be noted, however, that the use of FEM analysis has not yet been adequately

adapted for evaluating earthen structures (Bui et al., 2022). Despite that, FEM is

commonly used for modelling rammed earth walls following laboratory testing. An-

other approach, discrete element modelling (DEM), did not show precedence to

FEM in the case of modelling rammed earth (Bui et al., 2022), even though it was

used in several instances (Bui et al., 2016, 2018, 2017).

Numerical models of rammed earth structures presented in articles were mainly

developed using a macro-modelling approach, which does not take the layered struc-

ture of the rammed earth wall into consideration. A high variety of software was

reported in the literature. Diana was mentioned in the highest percentage (Al-

lahvirdizadeh et al., 2019; Miccoli et al., 2015, 2016; Shrestha et al., 2020b; Silva

et al., 2014a,c; Wangmo et al., 2019, 2021), while Abaqus is the second most used

software (Bui et al., 2019, 2020; Loccarini et al., 2020; Nguyen et al., 2021) for mod-

elling rammed earth structures. Other software was used in much fewer instances:

ANSYS : (Liu et al., 2014; Loccarini et al., 2020), Adina: (Loccarini et al., 2020) and

SAP2000 : (Gomes et al., 2011). Also, the usage of different computational codes

is mentioned in three instances: CASTEM code (Bui et al., 2014b), Aster code

(El-Nabouch et al., 2015) and CAST 3M code (Nowamooz and Chazallon, 2011).

It should be noted that, although rammed earth walls are analysed in most cases,

other types of structures were mentioned as well, such as arches (Loccarini et al.,
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2020) and whole buildings (Gomes et al., 2011).

A complete description of models is presented in Table 2.9. As was explained in

the previous paragraph, the majority of research papers report using Diana software.

What is more, software usually governs the choice of constitutive model, i.e. TSRCM

constitutive model is usually used when Diana software is applied. Also, it was

determined that about half of the analysis comprises micro modelling, which implies

each rammed earth layer is modelled separately. The testing method reported in

Table 2.9 depended on experimental research previously performed based on which

numerical analysis was modelled.
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Even though numerical analysis of rammed earth structures was the subject of

more than 15 published articles, no consensus was reached on the optimal process

of building a numerical model. The debate is still ongoing regarding the choice of

software, using micro-modelling or macro-modelling strategy and the type of non-

linear material used. However, the approaches used in published articles were used

as a tool to understand the modelling approaches suitable for performing analyses of

rammed earth structures. The selection of software was not based on the frequency

of appearances in published articles but on the availability of software at the home

university and previous knowledge. Based on that, the ANSYS software was chosen,

since instances of using the ANSYS software for modelling rammed earth structures

have appeared in the literature.

2.7 Conclusion

Even though rammed earth structures, along with other earthen buildings, have

existed since ancient times, the research regarding their behaviour is still fairly new.

Excessive research has begun yet in the 21st century. Several notable publications

were written in the 20th century as well, but not as frequently. In recent decades,

there has been an increase in awareness of the extent of climate change. That led

to an increase in the popularity of earthen structures due to their low ecological

impact. However, since earthen structures were built empirically in the past, there

is not sufficient scientific knowledge regarding their mechanical and physical proper-

ties, as well as seismic behaviour. In this chapter, an overview of published manuals

and guides was given, with emphasis on recommendations regarding minimum re-

quirements for material and structure. A section was devoted to standards overview

and another to the history of rammed earth houses in Croatia. Finally, more than

50 articles published on the topic of rammed earth structures were reviewed, and

their key information was noted.

Rammed earth houses in Croatia were previously digested in three publica-

tions, that concentrated mostly on architectural aspects of structures, without re-

viewing structural capacity. However, the information is crucial in comprehending

the circumstances and approximation of a time period in which still existing rammed
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earth houses in eastern Croatia were built. What is more, an explanation of tradi-

tional building practices was given as well.

Standards and normative documents reviewed in this chapter give recommen-

dations regarding construction design. Namely, wall dimensions are usually de-

scribed by a function of thickness, which can range from 0.2 to 0.5 m, while openings

should not exceed more than 1/3 of the total wall area. Reinforcement is mentioned

in several publications, regarding foundations, plinth beams and wall bands. Also,

concrete or wooden frame is usually mentioned as necessary, especially in danger of

seismic activity. It should, however, be mentioned that for seismic design reader is

usually referenced to explore more in the corresponding national normative docu-

ment.

When construction soil is considered, in published research papers, particle size

distribution, optimum moisture content and dry density and compressive strength

were usually reported. However, in more than a few instances, plasticity and suction

were presented as well. In this chapter, a short digestion of all material properties

was given. Also, several recommendations were presented, regarding choosing an

appropriate soil by performing simple field tests.

Particle size distribution in literature is usually described in permissible pro-

portions of each soil particle size. The most commonly used envelope by Houben

and Guillard (1994) was plotted. However, the particle size distribution presented

in research papers was compared with ten more recommendations. It was deter-

mined that other than Houben and Guillard (1994), the majority of research agrees

with recommendations by Walker et al. (2005) and HB 195-2002 as well. Also, it

was determined based on 80 different granular compositions that high dispersion of

particles can be observed. Namely, the proportions of particles range: 1-48% (clay),

1-83% (silt), 6-90% (sand) and 1-55% (gravel).

Optimum moisture content determined by the standard Proctor test and cor-

responding maximal dry density was presented in 38 out of 50 reviewed research

papers. It was determined that a wide range of optimum moisture content was

reported in the literature (5.8 to 26.4%), while maximum dry density ranged from

1526 to 2190 kg/m3. Plasticity was slightly less frequently reported since it was

usually determined only to confirm the applicability of the soil for rammed earth
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building. Again, a high range of values was reported: 14.8 to 51.8% (LL), 7.0 to

76.9% (PL) and 3.0 to 29.0% (PI). Most values corresponded to recommendations

given by Doat et al. (1979) and Houben and Guillard (1994). Also, no apparent

relationship between compressive strength and modulus of elasticity or dry density

could be recognised.

Compressive strength was determined on samples of various shapes and sizes.

It should also be mentioned that standards regarding rammed earth also do not

agree on test samples and high variation was reported in that area as well. While

compressive strength was usually tested, the modulus of elasticity is commonly

determined based on the stress-strain curve. Values of compressive strength in

research papers range highly from 0.25 to 4.8 MPa. However, despite the value of

compressive strength, most samples yield a modulus of elasticity around 100 to 300

MPa.

Suction was determined in several research papers by following a variety of test

methods. The most commonly used method implies using different saline solutions

that impose different RH levels. What is more, suction was usually reported along

with compressive strength, thus describing the changes in rammed earth sample

behaviour with changed moisture content.

Experimental testing of rammed earth structures usually implies testing rammed

earth walls. The majority of performed tests comprised testing the in-plane be-

haviour of rammed earth walls. However, the loading regime varied from monoton-

ically increased (i.e. pushover) and cyclic loading. Also, vertical stress applied to

the top of the wall ranged from very low values (0 and 0.0067 MPa) to very high

and unexpected values for a rammed earth structure (0.56 MPa). Also, IDR values

were determined for rammed earth walls reported in published articles. When the

test set-up characteristic for testing masonry was implied (i.e. test specimen placed

between two concrete beams), which was used most frequently in published articles,

IDR values ranging from 0.28 to 1.06% were reported. However, changes in test

set-up, geometry and vertical load implied major changes in IDR values.

Numerical analysis was performed several times in published research papers,

however in fewer quantities than experimental testing of rammed earth walls. Due

to that, no uniformity in approaches was recognised. Namely, the usage of several
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software was observed, with each of them usually governing the decision regarding

the constitutive model used for modelling. Also, micro and macro modelling ap-

proaches were recognised in equal proportions.

Knowledge gained through reviewing published articles and recommendations

regarding rammed earth building practices was used in later phases of research.

Namely, traditional building practices were supplemented with modern recommen-

dations in normative documents, standards and manuals. Values reported in re-

search papers were used as a reference for analysing values determined on produced

samples. Also, test set-up and numerical analysis approaches were employed as a

guide as well.
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Chapter 3

Field observations

Earthen houses in Croatia are a traditional feature in the eastern parts of the coun-

try. Slavonia and Baranja were described as locations holding an important part of

cultural heritage by Lončar-Vicković and Stober (2011) and Živković (2013). What

is more, publications of both issues were supported by Croatian ministries, showing

their recognition of earthen architecture. The Croatian Ministry of Culture and

Media has also drawn up a Strategy for the protection, preservation, and sustain-

able economic use of the cultural heritage of the Republic of Croatia. The Strategy

makes the protection and preservation of building heritage in Croatia compulsory.

On a much higher scale, earthen constructions throughout the world make up 15%

of UNESCO’s world heritage list (Arto et al., 2020; Saidi et al., 2018).

Despite the recognition of earthen architecture on a local and global scale, there is

no legal framework for building with earth in Croatia since no standards or norma-

tive documents have been developed. In order to open the possibility of standards

development, exhaustive research on earthen architecture in eastern Croatia should

be performed. This study was performed within the scope of the research project

RE-forMS, which is the first attempt to scientifically comprehend rammed earth

houses from eastern Croatia (Kraus et al., 2022). The focus of the project is the

seismic behaviour of traditional rammed earth structures, but other properties, such

as material composition, strength, and thermal properties, are researched as well.

To comprehend the current state of rammed earth houses in eastern Croatia,

the frequency of their occurrence, and their characteristic geometrical proportions,

field observation was conducted. Houses were documented and, with the owners’
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permission, photographed, measured, and the material was collected according to

the procedure in Gomes et al. (2014). In this chapter, five documented houses are

presented in detail. Houses were observed in early spring, from the end of March

until the end of April. When material collection was possible, laboratory tests were

performed and reported. This knowledge gathered through field observation was

used for determining experimental settings. Moreover, by noting information on

rammed earth houses from eastern Croatia, a database regarding rammed earth

houses worldwide was supplemented. It should be noted that the observed rammed

earth constructions in eastern Croatia were mainly residential. Therefore, all build-

ings, whether their application was residential or industrial (i.e. outbuildings, stor-

age spaces, or stable), are hereafter denoted houses.

3.1 Rammed earth houses in eastern Croatia

The field observation comprised more than thirty villages and two towns in Osijek-

Baranja County and one village in Vukovar-Srijem County. Furthermore, 19 villages

were screened entirely, i.e. all streets were analysed and visually identified rammed

earth houses were noted. It should be noted that in approximately half of the set-

tlements, only adobe houses were observed. A visual observation was possible due

to the deteriorated state of the houses, owing to a lack of maintenance. Damaged

rammed earth houses were usually still used for storage, while those in a better

state are still in use for living or occasional occupancy (e.g. tourism). On Fig-

ure 3.1, settlements in which rammed earth houses were observed are noted, while

settlements containing only adobe houses are omitted. Even though both rammed

earth and adobe are techniques of building with earth, due to the different nature

of the structure and material demands, adobe was not considered in this study.

In 15 settlements marked on Figure 3.1, more than 90 rammed earth houses were

noted. Most of the houses were observed in Baranja (59%), while the remaining

are located in Slavonia. Features observed in houses are in agreement with those

described in Lončar-Vicković and Stober (2011) and Živković (2013). Encountered

houses were usually elongated inside yards, with shorter façades and gable walls

facing the street. Moreover, most of the houses contained porches inside the yard,
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Figure 3.1: Approximate locations of settlements containing rammed earth houses

(source: https://croatia.eu/, accessed on 25th January 2024)

from which one could enter the middle room of the house. The other two rooms

could be entered from the middle room. Characteristic dimensions measured on ten

observed rammed earth houses in eastern Croatia are presented in Table 3.1.

Dimensions are graphically explained in the sketch inside the table. The

length of the houses (L) varies highly, but other dimensions are much more uni-

form. Namely, wall thickness (dwall) varies from 40 to 55 cm, while the height of the

wall from ground to gable wall (H) from 227 to 344 cm was measured. The width

of the houses (B) from 450 to 657 cm was measured in the ten observed houses.

However, it should be noted that width was measured as outer dimension and it is

not the same as the largest span of the house.
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In the following sections, five selected rammed earth houses from eastern Croa-

tia are described with photographs and architectural plans. Based on the amount

of material that was collected, physical and mechanical properties were determined.

The labels for each house in the following sections were created based on the address

of the house, which was purposely omitted from the text, to adhere to the privacy

of the owners.

3.2 A-Z-73

The one-story rammed earth house is located in Aljmaš, a village in Osijek-Baranja

county, and is in private ownership. The year of construction is estimated to be the

1930s, according to the owners. The house is uninhibited and in a fairly deteriorated

state (Figure 3.2), hence it is not in use. One column of the porch is missing, making

the roof structure unsafe for frequent use (Figure 3.2a). With the owners’ permission,

the house was documented, and a large amount of earthen material was collected.

Therefore, it was possible to perform a great number of laboratory tests.

The layout of the house corresponds to a three-room house connected by the

porch (Figure 3.3), as described in the literature (Lončar-Vicković and Stober, 2011;

Živković, 2013). The external dimensions of the house are roughly 5 × 14 m, or 6.5

× 14 m if a porch is included. The first and third rooms have similar dimensions (ca.

4.15 × 4.5 m), while the middle room is significantly smaller (ca. 4.15 × 2.8 m).

The remains of the fired brick chimney in the middle room indicate that the room

was used as a kitchen area. Following the spatial organisation of the traditional

earthen houses in the area, one could presume that the front room was the main

room, serving as the living room, bedroom, and dining room, while the back room

was the guest room.

The porch was presumably flanked by four columns; however, today only three

remain. Two of the columns are constructed of fired brick, while the third one is

wooden. Due to the deteriorated state of the porch and the house, one cannot,

with security, presume how the communication through the rooms was organised.

Namely, at the time the house was documented, the first door leading to the front

room, which faces the street, was serviceable. However, the double door leading to
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the third room was barricaded. What is more, owing to the damage to the inside

walls, one could not be certain regarding the placement of the door that leads to

the middle room in the house (Figure 3.3).

The gable is facing the street, and the street façade is characterised by two

small windows (75 × 100 cm). Even though the majority of the traditional earthen

houses were built on the edge separating the plot and street, this house is slightly

indented into the yard. Outer, load-bearing walls are around 50 cm thick, while

inner walls are a bit thinner (40 cm). All walls comprise approximately 10 cm of

rammed earth layers and were originally completely covered with plaster. Ravages

of time took a toll on the house, which is visible by the missing plaster and parts of

the wall missing as well (Figure 3.2b).

The ceiling was constructed traditionally by filling the space between wooden

beams using rolls of long straw and mud wrapped around wooden slats (cro. vitlovi).

The largest span between load-bearing walls is 415 cm. The traditional gable roof

is covered with flat clay tiles (cro. biber crijep) and is in a fairly deteriorated state,

while the gable wall is constructed of wood planks.
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(a) North-East façade in deteriorated state

(b) South-West façade in deteriorated state

Figure 3.2: Authors’ photographs of A-Z-73 house

3.3 A-ZS-1

This Aljmaš located rammed earth house was originally “U” shaped in plan view

(Figure 3.5). However, the northern part of the building collapsed (Figure 3.4a).

It appears like the core building was the usual three-room house with a porch, and

flange buildings were added subsequently. The house is placed on top of a small hill,

in close proximity to the Danube River. Due to the deteriorated state of the house,

it is not in use for living or storage purposes. The year of construction is unknown,
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Figure 3.3: A-Z-73: Plan diagram

75 CHAPTER 3. FIELD OBSERVATIONS



Perić Fekete, Ana, 2024

Seismic behaviour of traditional rammed earth walls from eastern Croatia area

and ownership is private.

Despite the unique layout of the house, the roof construction is a traditional

gable roof, covered with flat clay tiles. However, unlike the majority of traditional

earthen houses in the area, the roof runs parallel to the street. The yard entrance

is placed along the northern façade, while the house entrance is placed inside the

yard, on the west façade (Figure 3.4a).

Prior to the entrance, a small porch is covered with a roof, thus protecting the

user from rain while walking between the rooms. Moreover, the porch ceiling and

roof construction are supported by three square columns made of a combination of

adobe and fired brick. The core building (i.e. the main living area) consisted of

three connected rooms. The middle room was presumably the kitchen area since

the fired brick chimney is still visible today. From the kitchen, one could enter the

main room, which would traditionally face the street. However, in this house, the

two windows in the main room face the yard entrance. The third room, which could

be used as the guest room, could be entered only from the porch, as is the case with

the two flange rooms, which presumably served as storage or as a room for young

married couples (cro. kijeri).

The walls in the elongated part of the house are 50 cm thick, while in the

subsequently built flange building, the thickness of the walls made of rammed earth

and fired brick is 38 cm. Gable walls are built of adobe, while the northern wall of

the house is protected by building a fired brick wall on the outer side of the house

(Figure 3.4b). The fired brick wall was presumably built to secure the building from

further collapse. The largest span between the load-bearing walls is 400 cm, while

the ceiling construction was traditional, made of wooden beams and rolls of long

straw and mud wrapped around wooden slats (cro. vitlovi).
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(a) West façade in deteriorated state

(b) Fired brick wall built to support collapsed rammed earth wall

Figure 3.4: Authors’ photographs of A-ZS-1 house

3.4 BB-ZP-1

This rammed earth house located in the village Bijelo Brdo, in Osijek-Baranja

County, was used as a stable, but now it is only a storage space. The location

of the BB-ZP-1 house inside the yard can indicate the original spatial organisation
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Figure 3.5: A-ZS-1: Plan diagram
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of the house plot. Specifically, traditional earthen houses were usually located in

the front portion of the yard, while utility buildings were placed below. Today, the

modern residential building is located in the front portion of the yard. One could

presume it was built in the place of the old, traditionally built house. The ownership

of the building is private, but the year of construction is unknown.

Despite the non-residential use of the building, the layout is similar: three

rooms connected by a porch (Figure 3.6a, Figure 3.7). Six circular columns flank

the porch and support the roof construction, thus protecting the user from environ-

mental influences such as rain, snow, and sunshine. The traditionally constructed

ceiling is extended to the end of the porch. As is the case with previously presented

rammed earth houses, wooden slats wrapped with mud and straw (cro. vitlovi) are

used to fill the space between the two wooden beams. Above the ceiling, attic space

was used as storage space. The gable roof is covered with flat clay tiles.

The dimensions of the building are roughly 5 × 13 m, while the porch adds an

additional ca. 1.5 m to the width. The largest span between the load-bearing walls,

which is essentially the inside width of each room, is 405 cm. All three rooms have

similar dimensions.

The columns in the porch are all built of fired brick and are in fairly good

condition, as is the majority of the load-bearing construction. The plaster, however,

is missing from most of the façade, and the gable walls have collapsed (Figure 3.6b).

Rammed earth walls are 50 cm thick and made of layers from 6 to 10 cm high.

Chopped straw could be identified in wall portions without plaster. Vines and thin

branches were also used between the layers as simple reinforcement. According to

the owner, the walls were constructed on a fired brick foundation, constructed by

laying fired brick and then pouring a fine soil fraction over them. Due to the way

the building was used, no windows were observed, and only three doors, for entering

three rooms.
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(a) South façade

(b) East façade

Figure 3.6: Authors’ photographs of BB-ZP-1 house
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Figure 3.7: BB-ZP-1: Plan diagram
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3.5 C-SR-38

The one-storey rammed earth house is located in Čeminac, a village in Osijek-

Baranja County. It appears to be a classic example of a three-room house with a

porch inside a yard (Lončar-Vicković and Stober, 2011; Živković, 2013), as it can

be observed in Figure 3.8a and Figure 3.9. The year of construction is unknown,

and the ownership is private. Moreover, it was not possible to enter the house, but

based on the surroundings, one could assume it is not inhibited. It may be used for

storage purposes. Deterioration is apparent, especially on the yard side.

The external dimensions of the house are roughly 6.8 × 17 m, with a porch

included. Moreover, the house is located at the street line, and the 1.5 m wide

porch contains an arched entrance from the street. Two windows (ca. 95 × 130 cm)

are also facing the street. The porch is flanked by fired-brick columns. Today, five

columns remain; however, following their arrangement, one could presume that the

additional two columns are missing. The deterioration of the roof beam due to their

absence is apparent.

The porch, being the major communication element in the traditional three-

room house system, is extended along the house and ends with the same arched

passage that leads further into the yard. Two doors lead from the porch into the

house. If the traditional three-room house system is assumed, one of the doors

presumably leads inside the middle room (usually the kitchen), from which the user

can enter the front room. The other door leads inside the back room, which is

usually used as the guest room.

Thanks to the roof construction, the porch is covered, preserving the house

façade and protecting the user from weathering conditions. The roof is gabled and

covered with traditionally used flat clay tiles. As is usually the case, the gable is

oriented towards the street, while the other utility building is presumably located

deeper inside the yard.

Rammed earth walls are made up of layers 10 cm high. The corners of the

house are strengthened using fired brick (Figure 3.8b). Between fired bricks, layers

of approx. 25 cm of rammed can be recognised. Moreover, fired brick can be found

in the footings of the walls and porch columns as well. The gable wall is built from

an adobe, and the largest span is 440 cm if 50 cm thick walls are assumed.
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(a) South façade

(b) A detail of corner strengthened with fired brick

Figure 3.8: Authors’ photographs of C-SR-38 house
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3.6 K-SP-6

The rammed earth house is located in Karanac, an Ethno-village in Osijek-Baranja

County. Moreover, Karanac is a part of Kneževi Vinogradi municipality, in which the

largest percentage of rammed earth houses was observed. The house is presumably a

three-room house with a porch (Lončar-Vicković and Stober, 2011; Živković, 2013).

It could be deduced that the house is uninhibited, even though it was not possible

to enter the rooms. Moreover, based on the surroundings, one could presume that

the house is still in use for storage purposes. On the street fa

The house is located almost on the line on the neighbouring (northern) side

of the plot. However, the street façade is slightly indented inside the yard (ca. 1

m). Two windows (ca. 80 × 150 cm) are facing the street, enabling light into,

presumably, a main room if the three-room house is assumed. Moreover, on the

street facade, a distinctive column creates the arched entrance to the porch.

The porch is covered by the roof, as is usual in traditional earthen buildings.

Columns that typically flank the porch are missing in this house, except the first

one (Figure 3.10a, Figure 3.11). However, one can assume the columns were a part

of the original house but were demolished at some point and never rebuilt. Despite

that, the roof is in quite a preserved state. even though some mending of the ceiling

construction on the porch is visible.

According to the owner, the ceiling was constructed traditionally, using wooden

slats wrapped in muddy straw (cro. vitlovi). Moreover, the attic floor was then

covered with a layer of poured soil material, upon which oak planks were placed.

That form of ceiling construction served as thermal insulation. The roof construction

is, as expected, a gable roof, with the ridge oriented perpendicular to the street.

The external dimensions of the house are roughly 6.5 × 18 m, with an about

1 m wide porch. Two doors lead from the porch inside the house, presumably inside

the kitchen and the back room (usually the guest room). The majority of the house

is built of rammed earth walls, presumably 50 cm thick. The back rooms, however,

are made of adobe walls, 50 cm thick. The privately owned house was built in

1883. Considering the long life span of the house, it is in a good state. However,

plaster is missing from most parts of the northern façade and cracks can be observed

(Figure 3.10b).
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Figure 3.9: C-SR-38: Disposition of the south façade
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(a) South façade

(b) Northern façade

Figure 3.10: Authors’ photographs of K-SP-6 house
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3.7 Experimental tests of collected material

Depending on the amount of collected material, a different range of laboratory tests

could be performed. For example, for all houses presented in sections section 3.2

through section 3.6, the moisture content of the in-situ material was determined,

while suction was determined for only one of them presented in section 3.2.

The reason for the different amounts of material collected during the field ob-

servation is the state of the construction, usage and accessibility. Specifically, if the

building was in use for, at least, storage purposes and the construction was in a

rather good state, it was decided not to collect an excessive amount of material to

protect the construction. On the other hand, if the building was out of use and

construction was already in an extremely deteriorated state, with the owners’ per-

mission, larger amounts of material were collected. Tests performed on material

collected from each house are presented in Table 3.2, along with the standard ac-

cording to which the test was conducted.

Table 3.2: Laboratory tests performed on collected samples

A
-Z

-7
3

A
-Z

S
-1

B
B

-Z
P

-1

C
-S

R
-3

8

K
-S

P
-6

Standard

w0 + + + + + HRN EN ISO 17892-1:2015

PSD + + + + - HRN EN ISO 17892-4:2016

LL, PL, PI + + + - - BS 1377-2:1990

UCS + + + - - BS EN 196-1:2005

s + - - - - ASTM S 6836-02

3.7.1 Moisture content

The moisture content of the in-situ material (w0) was determined for all collected

samples according to HRN EN ISO 17892-1:2015. The test was performed by drying

a portion of earthen material in the oven at 105 °C, for 24 hours. The moisture

content is then determined according to the mass of wet (mwet) and completely dry
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Figure 3.11: K-SP-6: Disposition of the south façade
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material (mdry), as exhibited in Equation 3.1:

w =
mwet −mdry

mdry

· 100% (3.1)

From house A-Z-73, two samples were collected at the end of April, during

sunny weather. One from the outer part of the wall, at 2 m height, while the

other one was collected from the inside, at 0.6 m height. Moisture content was

determined for both samples as an average value from three specimens. Samples

collected from the higher part of the wall showed an average moisture content of

2.8%, while samples collected closer to the ground had a moisture content of 3.6%.

The latter exhibited a higher moisture content, presumably due to its proximity

to the ground. Since traditional rammed earth houses had primitive waterproofing

systems, and sometimes not even that, it is not surprising that capillary moisture

made its way into the wall.

From house A-ZS-1, three samples were collected at the end of April, during

sunny weather. Again, the moisture content of each sample was determined as the

average of three values determined for each specimen. All three collected samples

were exposed to the environment and weathering due to the highly deteriorated state

of the house. Two samples collected from the pile of a previously collapsed rammed

earth wall had moisture contents of 3.9% and 2.8%. A sample collected from the

intact wall at 0.5 m height had a moisture content of 2.4%. It can be observed that

the intact wall was at least slightly better protected from moisture from the ground

than soil material from the collapsed wall, as could be expected.

Two samples collected from the BB-ZP-1 house were both collected from ap-

proximately 0.5 m in height. However, one was collected from the inside of the room

and the other from the outer part of the rammed earth wall. The house was observed

at the end of April on a cold but sunny day. Moisture content was determined as

an average value from three specimens taken from each sample as two close values.

Namely, the sample collected from the inside of the room had a moisture content of

6.7%, while the other sample collected outside had a moisture content of 6.5%. No

difference between the moisture content on the inside and the outside parts of the

wall could be determined. What is more, the values determined on samples from

this house were undoubtedly the highest.
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From house C-SR-38, two samples were collected as well, at the end of March,

during a cloudy day. Both samples were collected from the outside part of the

rammed earth wall since access to the interior was not possible. The first sample

was collected from an approximate height of 0.6 m, while the second sample was

collected from an approximate height of 1 m. Three specimens were taken from each

sample to determine the average moisture content of each sample. Moisture content

was determined as 3.6% and 2.6% for samples collected from heights of 0.6 m and

1 m, respectively. Again, as it was observed on samples collected from the A-Z-73

house, samples collected closer to the ground exhibited a higher value of moisture

content, presumably due to the capillary moisture.

House K-SP-6 was observed on the same day as house C-SR-38. Due to the

limited accessibility to the interior of the house, samples were also collected only

from the outside parts of the rammed earth wall, from heights of 1.3 m and 1.7 m.

As with other samples collected, three specimens were taken from each sample to

get an average moisture content. For the sample collected from 1.3 m, a moisture

content of 3.1% was determined, while the other sample, collected from a height of

1.7 m showed a moisture content of 3.0%. If these results are put into perspective

with other results presented in this subsection, it can be assumed that the influence

of the moisture from the ground ceases as the height of the wall increases.

3.7.2 Particle size distribution

Particle size distribution was determined for four out of five collected samples by a

combination of wet sieving and sedimentation (hydrometer method), in accordance

with HRN EN ISO 17892-4:2016. In four observed samples the p proportions of

particle sizes were determined as follows: clay (5.32% to 12.0%), silt (19.28% to

49.5%), sand (19.28% to 49.5%) and gravel (0.5-4.7%).

All grading curves were compared with envelopes presented in the Figure 2.10,

subsection 2.4.1. Moreover, the envelope developed according to local mixtures

from eastern Croatia, presented in Perić Fekete et al. (2024), was also plotted and

compared to the other envelopes in the literature. The granular composition of

the four collected samples exhibited in Figure 3.12, agrees with the local envelope

(Perić Fekete et al., 2024), as expected. The other three literature suggestions
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Figure 3.12: Particle size distribution of the material collected from rammed earth

houses in eastern Croatia

(Houben and Guillard, 1994; Walker, 2002; Walker et al., 2005), on the other hand,

only partially align with the gathered samples’ particle size distribution. The fine

particle proportion of all PSD curves corresponds to the recommendations, while A-

Z-73 and C-SR-38 correspond to the recommendation envelopes even more. What

is more, all four PSD curves also agree with the clay recommendation given by Ke-

able and Keable (1996) and SAZS 724, while three of them, except A-Z-73, agree

with the clay recommendation by Keefe (2005). If sand and gravel are considered

together, as is usually defined by reviewed guides and normative documents, the

particle size distribution of material collected from house C-SR-38 corresponds to

all three recommendations given in Figure 3.12.

3.7.3 Plasticity

Plasticity properties (LL, PL and PI) were determined for three out of five sam-

ples, according to BS 1377-2:1990. The soil sample was previously prepared by wet

sieving, limiting the largest particle size to 0.425 mm. The liquid limit (LL) was

determined using a cone penetration test. The plastic limit (PL) was determined

by rolling soil into a cylindrical thread (φ 3 mm). Finally, the plasticity index (PI)
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Table 3.3: Soil plasticity of collected rammed earth samples

House LL [%] PL [%] PI [%]

The regulations with

which it complies

only LL only PI both

A-Z-73 32 20 12 N/A HB Do, HG, W

A-ZS-1 32.4 18.8 13.6 Dg HB Do, HG, W

BB-ZP-1 36.4 19.7 16.7 N/A N/A
Do, HG,

HB, W, Dg

MIN 32 18.8 12

MAX 36.4 20 16.7

Note: Do = (Doat et al., 1979), HG = (Houben and Guillard, 1994),

HB = (HB 195-2002), W = (Walker et al., 2005),

DG = (Delgado and Guerrero, 2007)

was determined as a difference between the liquid and plastic limits (Equation 3.2).

PI = LL− PL (3.2)

In Table 3.3, plasticity properties determined on samples collected from three houses

in eastern Croatia are reported. According to USCS classification (ASTM D 2487-

17), all three samples collected from houses in Aljmaš (A-Z-73 and A-ZS-1) and

Bijelo Brdo (BB-ZP-1) are classified as low-plasticity. According to the ESCS clas-

sification (HRN EN ISO 14688-2), the limit between low and medium plasticity is

35%, while the limit between medium and high plasticity is 50%. Following that,

samples from houses in Aljmaš (A-Z-73 and A-ZS-1) would remain classified as low-

plasticity, while sample BB-ZP-1 would become medium-plasticity.

All samples comply with recommendations by Doat et al. (1979); Houben and

Guillard (1994) and Walker et al. (2005) in both LL and PI, while sample BB-ZP-1

complies with all five recommendations considered. Minimum and maximum values

of limits fall between the extreme values in published articles (Table 2.4). Hence,

according to determined soil plasticity, samples collected from rammed earth houses

in eastern Croatia agree with soil used worldwide, even though differences in particle

size distribution exist.
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3.7.4 Unconfined compressive strength

Unconfined compressive strength (UCS) was determined by following the standard

for testing compressive strength in cement samples (BS EN 196-1:2005). That stan-

dard was chosen because, due to the size and shape of the collected samples, it was

not possible to cut cylindrical or cubical samples characteristic for testing compres-

sive strength in concrete (i.e. diameter (φ) 15 cm, h = 30 cm, or 15 × 15 × 15 cm),

as is common for rammed earth samples.

Therefore, samples resembling those on which compressive strength in cement

and mortar is tested (i.e. 4 × 4 cm in cross-section) were cut using a circular saw

from collected pieces of material (Figure 3.13). Loading was performed with a stress

control of 0.01 MPa/s using a Shimatzu AG-X plus 50 kN testing machine.

Testing was performed on samples collected from three rammed earth houses

in eastern Croatia (A-Z-73, A-ZS-1, and BB-ZP-1). Because houses were out of use

and in a deteriorated state, a large number of samples could be collected. What

is more, owing to the size of the samples, several small specimens could be cut

for testing the UCS. From each sample, between two and five specimens were cut.

Results are presented as stress-strain curves (Figure 3.14) and in Table 3.4, where

average values of compressive strength and moisture content at the time of the test

were also presented.

Five specimens tested from sample 1 obtained in the A-Z-73 house showed

remarkably higher compressive strength than other samples, despite moisture con-

tent in the same range as other samples. Moreover, samples collected from house

Figure 3.13: Cutting rammed earth samples
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Figure 3.14: Stress-strain curves of tested in-situ samples
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Table 3.4: Average values of compressive strength and moisture content

House Sample No. of specimen tested UCS [MPa] wt [%]

A-Z-73 1 5 3.38 2.23

2 5 1.88 2.82

A-ZS-1 1 3 1.40 2.90

2 2 1.37 1.95

3 2 1.57 1.87

BB-ZP-1 1 2 2.22 5.59

2 3 1.22 4.80

BB-ZP-1 with extremely high moisture content (compared to other samples, see

subsection 3.7.1) showed compressive strength in the same range, or even higher,

than less moist samples. All of the samples showed compressive strength in line

with recommendations for minimal compressive strength by EBAA, HB 195-2002,

and Walker et al. (2005), as presented in Table 2.6 in subsection 2.4.4.

3.7.5 Soil water retention behaviour

Due to lacking appropriate testing machines, soil water retention behaviour was

determined at Durham University (UK), during a research visit. That limited the

amount of material to be tested. Thus, soil water retention behaviour (suction)

was determined on only one sample, collected from a house labelled A-Z-73 (sec-

tion 3.2), according to Method D in ASTM S 6836-02. Suction was determined

using a Decagon Water Potential 4C (WP4C) apparatus, following the chilled mir-

ror hygrometer method. Method D in ASTM S 6836-02 is used for suctions above

1000 kPa, while the chilled mirror hygrometer method determines suction based

on the water potential of the soil specimen. The procedure for measuring the soil

suction using the WP4C apparatus in detail is described in Rahardjo et al. (2019).

According to them, after a specimen is equilibrated inside the WP4C apparatus,

the water potential of the air in the chamber and the specimen becomes the same.

Inside the apparatus, condensation appears on the mirror above the soil specimen,

and a thermocouple reads the temperature at which condensation occurs. After

20-30 minutes, the final water potential (total suction) and temperature of the soil
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specimen are displayed on the apparatus screen. Total suction is calculated using

the Kelvin equation (Equation 3.3) (Gerard et al., 2015).

s =
ρwRT

Mw

· ln(RH) (3.3)

where:

ρw = bulk density of water (1000 kg/m3)

R = universal gas constant (8.3143 J/mol/K)

T = absolute temperature

Mw = molar mass of water (0.018 kg/mol)

RH = relative humidity

Suction was determined on small disc samples (approx. diameter (φ) 35 mm, h

= 8 mm) at different moisture contents, ranging from 2 to 12%. A set of preliminary

samples was made to determine the drying rate of test samples by weighing samples

every 5 to 10 minutes during 8 hours. Following that, samples were oven-dried,

and the drying pace was determined. 50 test specimens were made in the special

mould using a hydraulic press and kept in plastic cups for 24 hours prior to the

drying process to achieve equilibration inside the sample (Beckett and Augarde,

2012). Specimens were air-dried inside a temperature-controlled chamber, where

WP4C apparatus was placed as well. After each sample group of five specimens was

dried for the previously set period, plastic cups were covered with lids for at least

an hour prior to testing for equilibration. After the test, samples were oven-dried

at 105 °C, for 24 hours to determine the test moisture for each specimen.

Three samples in an undisturbed state, i.e. not crushed or oven-dried, were

tested as well. Small pieces of rammed earth wall were placed in the WP4C appa-

ratus and tested. Moisture content, determined by drying samples after the test in

the oven, ranged from 1.95 to 2.10%. In Figure 3.15, a decrease in moisture content,

followed by an increase in suction, can be observed. The undisturbed samples fit

well with the produced samples, which could indicate that the crushing and drying

of material for disc samples did not influence the soil water retention behaviour.

What is more, by air-drying disc samples, conditions close to those in an existing

rammed earth house were achieved.

To get a better understanding of the relationship between compressive strength

and suction, as described in the reviewed articles (Bui et al., 2014a; Jaquin et al.,
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Figure 3.15: Suction of samples collected from A-Z-73 house

2009), a set of small cylindrical samples was produced and tested using a Lloyd

test machine with a load cell of 5 kN capacity and a loading rate of 0.1 mm/min.

Samples (approx. diameter (φ) 38 mm, h = 76 mm) were produced and cured in

the same way as disc suction samples but were wrapped in plastic film and kept in

sealed plastic bags instead of plastic cups. In total, 30 samples were produced at ca.

12% moisture content and air-dried. The moisture content of test samples groups

ranged from 4.5 to 12.25%. Following the UCS test, a small portion was taken

from each sample and placed in the WP4C apparatus to get information regarding

suction. The two pieces of information are presented in Figure 3.16. As expected,

with an increase in suction, the compressive strength increased as well. However,

the contribution of suction to the strength ceased after about 104 kPa. The same

plateau behaviour was observed earlier by other researchers (Jaquin et al., 2009;

Toll, 1990; Toll and Ong, 2003).
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Figure 3.16: The suction/compressive strength relationship (A-Z-73 house)

3.8 Conclusion

During the field observation, more than 90 rammed earth houses were noted, but

only a portion of them were entirely observed and documented. In this chapter,

five houses that were documented and measured to the level that was possible were

presented. A short description of each house was written and accompanied by

photographs and architectural plans. Moreover, from each house, material samples

were collected, and laboratory tests were performed.

The moisture content was determined for each sample collected during the

field observation. Based on reported results, it can be assumed that parts of the

wall closer to the ground contain approx. 0.5-1% higher moisture. Moreover, the

influence of the capillary moisture from the ground ceases after approx. 1 m of the

wall, based on the aforementioned results. Presumably, the reason that moisture

in the ground has such an impact on the moisture in the wall lies in the primitive

or non-existing waterproofing in the traditional rammed earth houses. It should be

noted that, even though moisture content ranged from 2.4 to 6.7%, most values were

placed between 2.5-3%.

Particle size distribution determined on samples collected from rammed earth

houses in eastern Croatia comprised 5.32-12% of clay, 19.28-49.5% of silt, 36.35-
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68.92% of sand, and 0.5-4.7% of gravel. Grading curves plotted against literature

recommendations corresponded to them in fine particle proportion. Also, if sand and

gravel proportions were combined, the material collected from C-SR-38 corresponded

perfectly with the recommendations given in Houben and Guillard (1994); Walker

et al. (2005) and HB 195-2002.

Soil plasticity properties (LL, PL, and PI) were determined on samples col-

lected from three houses (A-Z-73, A-ZS-1, and BB-ZP-1). The liquid limit, deter-

mined using the cone penetration test, ranged from 32 to 36.4%. The plastic limit

was determined to be 18.8 to 20%, while the plasticity index was between 12 and

16.7%. According to the ESCS classification (HRN EN ISO 14688-2), two samples

(A-Z-73 and A-ZS-1) were classified as low-plasticity, while the remaining sample

from BB-ZP-1 was classified as medium-plasticity. On the other hand, if UCSC

classification is considered (ASTM D 2487-17), all samples would be classified as

low-plasticity. It should be noted that all three samples agree with recommenda-

tions with which most samples from published articles agree (Doat et al., 1979;

Houben and Guillard, 1994; Walker et al., 2005).

The compressive strength was determined on a small specimen cut from large

collected samples. From each sample, between two and five specimens were tested.

Most specimens exhibited compressive strength of around 1.5 MPa. One sample,

collected from the outer part of the wall in house A-Z-73, had an average strength

of 3.38 MPa, but moisture content was in line with other samples of lesser strength.

On the other hand, samples collected from the BB-ZP-1 house exhibited average

values of compressive strength but had a much higher moisture content. Based on

the results, moisture content in this case did not significantly affect the value of

compressive strength.

Soil water retention behaviour was determined on samples from only one house

(A-Z-73), due to the amount of the collected material. Testing on disc samples and

fragments from the UCS test samples was performed using the WP4C apparatus, and

undisturbed samples were tested as well. As expected, based on a literature review,

a drop in moisture content causes an increase in suction. Moreover, the relationship

between suction and compressive strength is proportional until reaching suction ofca.

104 kPa, when compressive strength reaches a plateau despite the continued growth
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of suction.

The information regarding the design, boundary conditions, and geometry

of rammed earth houses in eastern Croatia that creates this database helps place

Croatia on the earthen construction map of the world. Moreover, the valuable

knowledge gained through field observations will be used in defining the experimental

and numerical parts of the research. Laboratory testing performed on collected

samples aids in determining similarities, like soil plasticity and soil water retention

behaviour, with the material used for building rammed earth structures in other

parts of the world. Equally important, differences in the material from published

articles and recommendations given in handbooks and guidelines prove the variety

of the material that can be utilised for the rammed earth technique.
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Chapter 4

Seismic behaviour

Poor material properties of rammed earth, i.e. brittleness and low tensile strength,

accompanied by the large weight of the structure add up to high vulnerability to

strong loads such as earthquakes. The susceptibility rises even more in traditional

buildings, due to the low quality of building caused by the empiric approach to

building (Morris, 2012). Despite that, many earthen houses are built in seismically

prone areas (Figure 4.1) (Thompson et al., 2022).

According to a literature review and field observations, traditional rammed

earth houses in eastern Croatia were empirically built around one hundred years

ago. Being built in a seismically prone area with a design ground acceleration

of 0.20g, one can presume they encountered seismic events of magnitudes 4 to 6

(Figure 4.2). Despite that, as described in the chapter 3, encountered houses are

in a deteriorated state, but since construction is in a mainly good state, one could

presume that deterioration is a result of a lack of maintenance. However, the seismic

resistance of rammed earth structures is still a matter of research, as explained in

section 2.5. The first attempt to seismically comprehend rammed earth walls from

eastern Croatia was published in Perić Fekete et al. (2024) and will be presented in

the next chapter (chapter 5) in greater detail. In this chapter, a short introduction

to analysis for determining the seismic behaviour of rammed earth walls is given.
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Figure 4.1: Locations of earthen construction overlapped with seismically prone

areas (Thompson et al., 2022)

Figure 4.2: Map of earthquake epicentres in Croatia (source: https://www.pmf.

unizg.hr/geof/seizmoloska_sluzba/seizmicnost_hrvatske, accessed on 31st

January 2024; Savor Novak et al. (2019))
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4.1 Structural behaviour factor

The structural behaviour factor is based on the assumption that structural systems

have a significant amount of ductility (Chourasia et al., 2021). According to EN

1998-1, the structural behaviour factor (q) is “an approximation of the ratio of the

seismic forces that the structure would experience if its response is completely elastic

with 5% viscous damping to the minimum seismic forces that may be used in the

design with a conventional elastic analysis model.”

Following the definition, the structural behaviour factor can be calculated from

the maximum seismic force in an elastic structure (Fmax) and the ultimate design

seismic force (Fu) (Chourasia et al., 2021; Tomaževič, 2006). Both values of force

ought to be determined according to the bilinear idealisation of the capacity curve.

Maximum force in an idealised elastic structure (Fmax = Fe) corresponds to 40%

of the peak load, whereas ultimate seismic force Fu is the force at the end of the

loading phase (i.e. the ultimate base shear capacity of the rammed earth wall).

In the absence of proper standards for rammed earth constructions in Europe,

a comparison with recommendations for URM was made previously in published

articles. EN 1998-1 proposes the structural behaviour factor for URM in the range

of 1.5 to 2.5. Following the same recommendations, Bui et al. (2016) mention that

for rammed earth walls, a value of at least 1.5 should be used. To the author’s

best knowledge, the sole attempt to determine the structural behaviour factor of a

rammed earth wall was performed by Romanazzi et al. (2022a), in the same manner

as presented in this section, in the amount of 2.63 and 2.71 for an I-shaped wall.

In this study, the structural behaviour factor was determined based on experi-

mental and numerical analysis data and compared with minimal value according to

EN 1998-1, which was previously assumed correct for rammed earth structures.

4.2 Response spectrum

One of the objectives of this study is to determine the seismic behaviour of rammed

earth walls characteristic of the eastern Croatia area. Thus, from performed exper-

imental analysis, settings for performing numerical analysis were acquired. A para-

metric analysis comprising several wall systems was performed and capacity curves
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were determined. From determined base shear forces and horizontal displacement at

the top of the wall, seismic acceleration and displacement were determined. Spec-

tral acceleration was determined as a ratio of horizontal force at the base of the

wall and mass supported by the wall. In contrast, spectral displacement was equal

to the yield displacement of the top of the wall (Bui et al., 2016). By knowing the

spectral acceleration and displacement, the seismic capacity of each wall could be

estimated. In order to determine the target displacement, seismic capacity curves

were overlapped with response spectrum curves.

For that purpose, the elastic response spectrum was determined for ground

types A, B, and C. Ground types B and C can be encountered in eastern Croatia

(Pavić, 2023). Ground type A was considered as a referent response spectrum,

representing a situation when rammed earth walls were built on the rock or ground

of excellent quality. What is more, the elastic response spectrum was determined

according to the current Eurocode 8 standard (EN 1998-1) and the second generation

of the standard, according to the explanation in Čaušević and Bulić (2020) and

Čaušević et al. (2023). The elastic response spectrum was calculated for three limit

states corresponding to a different return period:

• DL: Damage Limitation

• SD: Significant Damage (this state is necessary to achieve according to Čauše-

vić and Bulić (2020))

• NC: Near Collapse

In the past few years, the general standard for the design of earthquake-

resistant structures, i.e. Eurocode 8 (EN 1998-1) has been renewed with a new

generation that carries significant changes. According to Čaušević and Bulić (2020),

the fact that the technical committee in charge of making the standard did not make

corrections to the previous version but opted for making a completely new document

divided into two parts indicates the depth of the changes in the second generation.

However, since the first generation of the standard is still in use in Croatia, seismic

capacity in this study was compared with the response spectra determined according

to both generations. However, a complete set of changes that the second generation
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brings will not be discussed in this study, and an interested reader can further ex-

plore the topic in the relevant literature, e.g. Čaušević and Bulić (2020), Labbé and

Paolucci (2022) or Čaušević et al. (2023).

The elastic response spectrum, according to the current Eurocode 8 (in graphs

denoted as “1stgen EC8 ”), was determined based on peak ground acceleration (PGA)

for the location of eastern Croatia. Namely, a PGA of 0.125g was utilised that cor-

responds to the Baranja area in eastern Croatia to determine the response spectrum

for ground types A, B and C. Damping of 5% was assumed due to the lack of ap-

propriate knowledge of damping in rammed earth structures.

In the second generation of the Eurocode 8 (in graphs denoted as “2ndgen

EC8 ”), the elastic response spectrum is defined by two probabilistically determined

spectral ordinates (Sα and Sβ). Sα is the reference spectral acceleration of the elastic

response spectrum for a ground type A, with a return period of 475 years and 5%

of damping, while the Sβ is the spectral acceleration for the period of 1 s, at the

same elastic response spectrum (Čaušević et al., 2023). Both parameters should

be determined according to the national hazard maps that will need to be created

for each country by seismologists. Also, according to Čaušević and Bulić (2020),

the difference between the PGA and Sα around 2.5 should be considered. However,

it should be noted that since the National Annex and seismic hazard maps are

still not available, this analysis will rely on assumptions and simplifications, similar

to Brandis (2022). For this study, the parameters were determined by picking a

location in eastern Croatia (Baranja, near Kneževi Vinogradi) using the European

Seismic Hazard Model 2020 (http://hazard.efehr.org/en/home/, accessed: 10th

May 2024).

In the following figures (Figure 4.3), the elastic response spectra for three limit

states (DL, SD and NC) determined according to the two generations of Eurocode

8 are presented. In both cases, consequence class 2 is considered since it is assumed

that rammed earth walls from this study are members of residential buildings. It

should be noted that only the SD limit state corresponds to the same return period

(475 years) in both generations, while the other two differ. Precisely, the NC limit

class corresponds to a 2475 and 1600 years return period, while the DL limit state

corresponds to 225 and 60 years return period for 1st and 2nd generations of Eurocode
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8, respectively (Figure 4.3).

Furthermore, the return period is not the only difference between the two

generations of a standard. The change in length of a plateau characteristic for

response spectra curves is obvious. Also, differences in spectral acceleration and

displacement corresponding to each limit state can be observed. If curves for a

return period of 475 years are compared between the two generations, significant

changes of spectral acceleration at which plateau occurs can be observed. The

influence of the differences on the seismic response of rammed earth walls will be

discussed in more detail in the chapter 6.

(a) Ground type A: 1st generation EC 8 (b) Ground type A: 2nd generation EC 8

(c) Ground type B: 1st generation EC 8 (d) Ground type B: 2nd generation EC 8

(e) Ground type C: 1st generation EC 8 (f) Ground type C: 2nd generation EC 8

Figure 4.3: Elastic response spectrum for the three ground types

The target displacement of every analysed wall was determined as an intersec-

tion point by overlapping the response spectrum corresponding to the three limit

states and return periods with capacity curves. Thus, inter-storey drift (IDRdT ) and
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damage state of each wall could be determined. According to Calvi (1999), there

are four limit states:

• LS1: no damage

• LS2: minor structural and moderate non-structural damage; a proposed drift

limit of 0.1%

• LS3: significant structural and extensive non-structural damage; a proposed

drift limit of 0.3%

• LS4: structural collapse; a proposed drift limit of 0.5%

However, when rammed earth walls are taken into consideration, El-Nabouch et al.

(2016) and Bui et al. (2016) suggest LS3 (0.3% IDR) should be the end limit.

In this study, only the elastic response spectrum was observed since the aim

is to study the behaviour of the traditionally built rammed earth walls found in

existing houses in eastern Croatia and not to perform the design of such structures.

4.3 Conclusion

The topic of this study assumed the determination of the seismic behaviour of

rammed earth walls. In this chapter, the method for determination of structural

behaviour factor, which was previously used for rammed earth walls, was explained.

Moreover, in order to get the seismic capacity of a wall, analysis results should be

overlapped with elastic response spectra to determine the target displacement on

the respective ground type. That enables one to analytically place structure in the

desired location, but even then it should be taken with a grain of salt, due to the

unpredictability of any seismic event.

Moreover, the 2nd generation of Eurocode 8 is going to undergo major changes

in many aspects, one of which is the procedure for determining the response spec-

trum. Since the procedure was already explained in detail in several research papers,

it was used in this study to evaluate the rammed earth walls. To the author’s best

knowledge, the comparison of the response spectra from 1st and 2nd generation of

Eurocode 8 standard, in the context of rammed earth walls has not been performed

earlier.
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Chapter 5

Experimental campaigns

Conflicts of interest disclosure: Please note that the research presented in this

chapter has been published in Perić Fekete et al. (2024) thus there are many simi-

larities and cross-referencing between this chapter and the paper.

Experimental research was concentrated on testing the seismic resistance of flat,

square-rammed earth walls by performing in-plane cyclic loading. Four rammed

earth walls were constructed by following traditional building techniques and from

the material corresponding to the local envelope presented in Figure 3.12 in chap-

ter 3. The geometry of the tested walls was also determined according to the houses

encountered during the field observation but was scaled (1:2) to ease the testing in

the laboratory and reduce the cost of construction.

All four model walls were made in the same dimension; however, two different

material compositions were used, and the drying period was varied in one of the

walls, as was the loading protocol. Further research involving different geometric

proportions, construction systems, and vertical pressure was performed numerically,

based on knowledge gained on experimental analysis, and is presented in the chap-

ter 6.

5.1 Soil characterisation

Existing rammed earth houses encountered during field observation prove the us-

ability of the material composition characteristic of eastern Croatia. However, this
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experiment was performed with two different material compositions, both in compli-

ance with the local envelope, to get a better understanding of the influence granular

composition has on seismic response. What is more, due to the traditional approach

chosen for constructing the walls, soil material was chosen solely according to the

local envelope without considering recommendations in the literature.

Soil material was collected from two building sites in eastern Croatia, south

and west of Osijek. One of them, denoted as Soil-S, due to the majority of sand

particles in the mixture, was used in its original state, as found at the building site.

The other soil material (Soil-M, with the majority of silt particles) fell out of the

envelope in its original state and was therefore mixed with 40% of the fine gravel

collected from the Drava River.

For both soil mixtures, particle size distribution (HRN EN ISO 17892-4:2016)

and plasticity (BS 1377-2:1990) were determined. What is more, optimum mois-

ture content was determined by the standard Proctor test (BS 1377-4:1990) and

controlled by the drop test. Following that, samples for testing compressive (EN

12390-2:2019) and tensile strength (BS EN 196-1:2005) were made and tested after

drying for 28 days.

5.1.1 Particle size distribution

Soil composition was determined for both mixtures according to HRN EN ISO 17892-

4:2016 and compared to envelopes presented in Figure 3.12, chapter 3. However, the

local envelope from Perić Fekete et al. (2024) was considered a determining factor.

In Figure 5.1, the granular composition of the mixtures is presented and compared

with the envelopes. As it can be observed, both Soil-S and Soil-M fit well in the

local envelope. However, mixtures comply with other recommendations only in a

portion of fine particles but have a much smaller intake of gravel, as is the case with

samples collected from rammed earth houses in eastern Croatia. Soil-M, however,

deviates only slightly from the envelope by Walker et al. (2005).

As explained above, the mixture Soil-S contained the majority of sand parti-

cles, in particular: 7.8% of clay, 30.1% of silt, 57.3% of sand, and 4.9% of gravel.

The second mixture (Soil-M) contained 8.9% of clay, 46.9% of silt, 33.9% of sand,

and 10.3% of gravel. Two model walls were made of Soil-S and the other two of Soil-
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Figure 5.1: Mixtures Soil-S and Soil-M compared to envelopes

M to test whether the soil composition has an impact on their seismic behaviour.

Moreover, despite eastern Croatia being a rather small area, different soil composi-

tions were used for building rammed earth houses, as is evident by the range of the

envelope (Perić Fekete et al., 2024).

5.1.2 Optimum moisture content

The optimal moisture content was tested by performing the drop test, as recom-

mended by Houben and Guillard (1994); Keable and Keable (1996); Krahn (2019);

Minke (2006) and Maniatidis and Walker (2003). However, due to the empirical

nature of the test, the standard Proctor test was performed as well, according to BS

1377-4:1990.

The drop test results showed a big difference in the optimum moisture content

between the soil mixtures. The optimum moisture content of the Soil-S was esti-

mated to be 21.4%. For Soil-M, it was estimated to be 13.5%. However, standard

Proctor test results differ from the drop test results. The optimal moisture con-

tent (OMC) and maximum dry density (MDD) of the Soil-S were determined to be

16.7% and 1690 kg/m3, respectively. Soil-M showed OMC and MDD in the amount

of 8.5% and 2033 kg/m3.
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Table 5.1: Soil plasticity of used soil samples

Soil LL [%] PL [%] PI [%]

The regulations with

which it complies

only LL only PI both

Soil-S 37.4 21.1 16.3 N/A N/A Do, HG, HB, W, Dg

Soil-M 32.4 19.4 13.0 Dg HB Do, HG, W

Note: Do = (Doat et al., 1979), HG = (Houben and Guillard, 1994),

HB = (HB 195-2002), W = (Walker et al., 2005),

DG = (Delgado and Guerrero, 2007)

5.1.3 Plasticity

The plasticity of the soil mixtures was determined to verify the applicability for

building with rammed earth. Thus, results were compared with literature recom-

mendations and field observations. Samples were prepared by sieving and mixing

with distilled water, and soil plasticity was determined following the same proce-

dures that were used to test samples collected from the rammed earth houses. The

liquid limit (LL) was determined by a cone penetration test, while the plastic limit

(PL) was determined by rolling soil into a cylindrical thread. The plasticity index

(PI) was determined as a difference between the liquid and plastic limits.

The results were compared with recommendations from the literature. Soil-

S agreed with all of the five recommendations presented in subsection 2.4.3, while

Soil-M slightly differed. The values of soil plasticity determined on samples collected

from the existing rammed earth houses in eastern Croatia were also compared to soil

samples. Soil-S showed less than 2% greater values of liquid and plastic limit from

maximum values observed on field samples, while the plasticity index falls in the

extreme interval. On the contrary, Soil-M agreed with field sample intervals. Both

soils can be classified as low-plasticity, according to USCS classification (ASTM D

2487-17), similar to field values and were thus considered appropriate for building

rammed earth walls. If ESCS classification (HRN EN ISO 14688-2) is considered,

Soil-M remains classified as low-plasticity, while Soil-S becomes medium-plasticity.

111 CHAPTER 5. EXPERIMENTAL CAMPAIGNS



Perić Fekete, Ana, 2024

Seismic behaviour of traditional rammed earth walls from eastern Croatia area

5.1.4 Tensile and compressive strength

The strength properties were determined on three sets of rammed earth samples,

made from each soil mixture. Tensile strength was determined on prismatic samples

(40 × 40 × 160 mm) using a three-point bending test, according to BS EN 196-

1:2005. Compressive strength was determined on sample halves that remained after

testing tensile strength as well as on cubic (150 × 150 × 150 mm) and cylindrical

(φ 150, h = 300 mm) samples. All samples were prepared by manual compression

of the moist rammed earth material, mixed according to the drop test and standard

Proctor test results (subsection 5.1.2), in the same manner as rammed earth walls.

The curing time of 28 days was determined based on the standard for testing concrete

samples, such as EN 12390-2:2019 since the same principle was used in published

articles as well (Koutous and Hilali, 2021; Maniatidis and Walker, 2008; Toufigh

and Kianfar, 2019). For each mixture, six prismatic samples and three cubic and

cylindrical samples were tested.

Prismatic samples were tested to ease the comparison with the compressive

strength of the samples collected from existing rammed earth walls. Cubic and

cylindrical samples were chosen according to rammed earth standards and published

articles. By testing compressive strength on three different sample shapes and sizes,

their influence on the value of compressive strength could be assessed as well.

Tensile strength was determined on prismatic samples only, due to the high

brittleness of the samples and the difficulty of performing the test. The average

values of tensile strength were similar for both mixtures: 0.87 ± 0.08 and 0.89 ±

0.11 MPa for samples made of Soil-S and Soil-M, respectively. The coefficient of

variation (CV) was also determined and presented in Table 5.2 and Table 5.3. Even

though the mean values of the tensile strength are close for the two soil mixtures,

Soil-M exhibited a bigger range of tensile strength values (Figure 5.2).

As mentioned above, compressive strength was determined on prismatic, cubic,

and cylindrical samples and listed in Table 5.2 and Table 5.3. Moreover, to get

a better perspective on differences in compressive strength between sample shapes

and the two soils, values were plotted on a box-whisker plot (Figure 5.3). Soil-S

showed remarkably higher values of compressive strength determined on prismatic

samples (2.25 ± 0.21 MPa) than on cubic and cylindrical samples. On the other
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Figure 5.2: Tensile strength of rammed earth samples

hand, the values of compressive strength determined on cubic and cylindrical samples

were close: 1.25 ± 0.14 MPa and 1.10 ± 0.07 MPa, respectively. Soil-M, however,

exhibited mean values of compressive strength on all three sample shapes in a much

closer range. Despite that, the compressive strength of cubic samples was the lowest

(1.90 ± 0.10 MPa), while prismatic and cylinder samples had similar compressive

strength; 2.19 ± 0.20 MPa and 2.11 ± 0.08 MPa, respectively. Moreover, cubic and

cylindrical samples of both soil mixtures did not show a high range of values, as is

evident by the whiskers in the plot (Figure 5.3). That could be expected due to the

low number of tested samples, i.e. 3 samples per batch. Prismatic samples, on the

other hand, exhibited a higher range of values, but the test was performed on four

times more samples.

Based on the results of the tensile and compressive strengths, no evident in-

fluence of mixture composition on the mechanical properties could be determined.

Sample shape also did not exhibit a pronounced influence on the results, even though

prismatic samples showed higher values, but not in the same range for both mixtures.

To get a clearer picture of the sample shape’s influence on strength value, further

tests should be conducted. However, since the use of prismatic, cubic, and cylindri-

cal samples is mentioned in the reviewed literature and normative documents, one
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Table 5.2: Mechanical properties of Soil-S

Prism Cube Cylinder

ft [MPa] fc [MPa] fc [MPa] fc [MPa]
S
o
il
-S

0.78 1.93 1.13 1.00

0.89 2.51 1.43 1.17

0.96 2.09 1.13 1.12

0.78 2.45

0.83 2.15

0.97 2.25

1.89

2.56

2.13

2.29

2.42

2.33

Mean 0.87 2.25 1.23 1.10

σ 0.08 0.21 0.14 0.07

CV 0.09 0.09 0.11 0.07

could assume that no regularity could be observed. Nonetheless, it could be useful

to mention the sample shape and size when discussing the strength properties of the

rammed earth to ease comparison with other research.

The compressive strength determined on samples collected from the existing

rammed earth houses in eastern Croatia can be compared to the test results of Soil-S

and Soil-M prismatic samples. It can be observed that the values of compressive

strength on test samples corresponds well with values observed on samples collected

in the field and even surpasses the average value of 1.86 ± 0.70 MPa.
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Figure 5.3: Compressive strength of rammed earth samples
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Table 5.3: Mechanical properties of Soil-M

Prism Cube Cylinder

ft [MPa] fc [MPa] fc [MPa] fc [MPa]
S
o
il
-M

0.90 2.56 1.83 2.01

0.79 2.36 1.83 2.21

0.73 2.27 2.05 2.11

1.06 1.87

0.97 2.13

0.89 2.20

2.44

2.07

2.14

1.88

2.07

2.23

Mean 0.89 2.19 1.90 2.11

σ 0.11 0.20 0.10 0.08

CV 0.12 0.09 0.05 0.04

5.2 Rammed earth walls

The experimental testing of rammed earth walls was designed according to boundary

conditions and geometry encountered during field observation and literature review.

Thus, four rammed earth walls were constructed as flat square walls, 125 × 125

× 25 cm, representing a two-times bigger wall. Scaling was performed in order to

adhere to laboratory size limitations and reduce the cost of labour and material.

Wall dimensions were chosen based on field observation, as the most common values

of thickness and height. The literature review was also considered, and square walls

were tested to ease the comparison. Scaling laws were implied based on recom-

mendations for pseudo-dynamic testing by Carvalho (1998) and Harris and Sabnis

(1999) and scaling factor 1:2 was chosen since it does not require scaling the mate-

rial properties. Moreover, square flat walls were also chosen as the optimal shape
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for validating the numerical model since further analysis of rammed earth walls was

performed numerically (chapter 6).

Walls were constructed following traditional building techniques by experi-

enced local masons. To ease the transportation inside the laboratory and to ensure

that the wall is connected to the hard surface during testing, the wall was con-

structed on a reinforced concrete beam (250 × 45 × 25 cm). Moreover, prior to

assembling the formwork, a thin layer of lime mortar was applied to the beam cov-

ering the area of the wall’s cross-section. A previously moistened soil material was

poured inside the wooden formwork and compressed using manual rammers. The

moisture content of the earthen material was controlled during the building with a

drop test.

The two walls made from the Soil-S were built at 15 ± 1% moisture content,

while the other two walls, made from the Soil-M were built with a moisture content

of 12 ± 1%. It should be noted that all four walls were made the with material

within 3% of the OMC determined with the standard Proctor test, as proposed in

the reviewed literature (Minke, 2006; , NZS; Schroeder, 2012; Walker et al., 2005).

Each layer was compacted as per recommendation (Keable and Keable, 1996;

Krahn, 2019; Walker et al., 2005), until no volume change was noticeable with further

blows. After reaching the desired height, the formwork was kept for five to seven

days to minimise the creep and then air-dried in the laboratory before conducting

the experiment. Walls were built in May and dried at 25 ± 2 °C and RH 50 ± 5%

until testing was commenced in July.

Three walls were dried for 60 days, while the fourth wall was dried for 45

days, to test the influence of the drying period and the moisture content of the wall

on the seismic behaviour. The drying period was chosen in compliance with the

information regarding previously tested rammed earth walls presented in published

articles (Table 2.8 in section 2.7). The drying period in the articles varied, from one

month to more than five months. However, since a two-month drying period was

used several times in previously conducted research (El-Nabouch et al., 2016, 2017;

Miccoli et al., 2016, 2017), it was decided to follow the same approach.
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Figure 5.4: Building of rammed earth walls
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5.2.1 Test setup

Walls were tested within a cantilever boundary condition, which means that the

bottom of the wall was rigidly connected to the massive concrete floor using bolts

and nuts. Moreover, the in-plane movement of the foundation beams was fixed using

hydraulic presses as well. Another reinforced concrete beam (200 × 35 × 20 cm)

was placed on top of the wall to ensure the even distribution of vertical load on the

wall and glued using high bond strength adhesive. A similar experimental setup was

used in the previously conducted research on rammed earth walls (El-Nabouch et al.,

2016, 2017; Miccoli et al., 2016, 2017; Ramezanpour et al., 2021), based on what was

proposed for masonry walls by Tomaževič (2009). The experimental setup is shown

schematically in Figure 5.5, in the same way as it was represented in Perić Fekete

et al. (2024).

Figure 5.5: Schematic representation of the experimental setup (Perić Fekete et al.,

2024)
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In the following paragraphs, the elements of the test setup, as enumerated

in Figure 5.6, are referenced in brackets (). Test walls were placed next to the

reaction wall (1) to enable the application of load using hydraulic actuators (2).

Horizontal displacement on the left and right sides was induced by two Yale YCS-

33/150 actuators with a 150 mm stroke and a 500 kN capacity. Actuators were

placed in the centre of the reinforced concrete beam sides. Vertical stress was applied

on top of the upper reinforced concrete beam with two Yale YLS-50/60 actuators

with a stroke of 60 mm and capacity of 500 kN, with the upper reinforced concrete

beam taken into consideration as well. All hydraulic actuators have been manually

operated (6). The applied loads were measured using load cells. Horizontal load

was measured using two class 1 AEP TC4 load cells with a capacity of 500 kN and

linearity of 0.05%. Two class 2 Burster 8438–6200 load cells at the top, with a

capacity of 200 kN and a linearity of 1%, were used to measure vertical load. Load

cells were calibrated according to ISO 376:2012.

Deformation was measured using linear variable differential transformers (LVDTs)

(3), positioned as exhibited in Figure 5.5. LVDTs with range of ± 75 mm (RDPE

DCTH3000A), ± 50 mm (RDPE DCTH2000A) and ± 25 mm (RDPE DCTH1000A)

with a linearity of 0.1% were used to measure displacements at characteristic seg-

ments of the wall. Namely, LVDTs 1 and 2 measured vertical displacement of the

wall, while LVDTs 3 and 4 controlled horizontal displacement. Sliding of the upper

and lower beam along the wall was controlled as well, with LVDTs 5 and 6, respec-

tively, while sliding of the wall along the floor slab was measured with LVDT 7.

All values were recorded using the DEWESoft Sirius HD-LV data acquisition

system (4) with a sampling frequency of 1 Hz. What is more, a spatial digital image

correlation system, the GOM Aramis system (GOMmbH, 2007a,b), was used to

record the displacement and Von Mises strains. Two cameras with lenses of 12 mm

focal length set at an angle of 25°were placed at a specific distance from the wall

and from one another to get a complete picture (5). The software on the device

tracks the 0.01% systemic strain precision through an intersection deviation of less

than 0.1 pixels. To create a stochastic surface with high contrast, the faces of each

wall and beam were painted white and then randomly scattered with black dots, as

can be observed in the test specimen in Figure 5.6.

120 CHAPTER 5. EXPERIMENTAL CAMPAIGNS



Perić Fekete, Ana, 2024

Seismic behaviour of traditional rammed earth walls from eastern Croatia area

Figure 5.6: An overview of the experimental setup (Perić Fekete et al., 2024)

The first step of the test was applying a vertical stress of 0.18 MPa, simulating a

constant and live load in a traditional rammed earth house from eastern Croatia.

Based on field observations, a traditional two-sided roof was assumed, in which the

attic space is used for storing grains. The value of vertical stress is close to the

mean value of vertical stress used in the majority of experimental work in reviewed

articles (Table 2.8 in section 2.7) if extreme values of extremely high value or those

close to zero are excluded. Such high values of vertical stress can in reality rarely

be expected in traditional rammed earth houses, even though their positive effect

on the shear behaviour of the wall was demonstrated for earthen walls in the past

(Mirjalili et al., 2020; Ramezanpour et al., 2021). Moreover, a vertical stress of 0

MPa (or close to zero), despite being used in previously conducted research (Arslan

et al., 2017; Romanazzi et al., 2022a; Shrestha et al., 2020a,b), would correspond to

a free-standing rammed earth wall without a beam, roof or any live load. Therefore,

a vertical stress of 0.18 MPa was determined to be a good representation.

After applying vertical stress, horizontal displacement was applied following

two sets of a loading protocol (Figure 5.7) to determine how different excitation

regimes influence the seismic behaviour of rammed earth walls. Therefore, one of
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the walls was tested with a different loading protocol than the other three walls. In

previously conducted experiments published in the literature, three loading protocols

were recognised. The most frequently used protocol comprises loading steps of 2.5, 5,

and 7.5 mm, repeating three times in positive and negative directions. It was utilised

by Miccoli et al. (2016, 2017) and Ramezanpour et al. (2021) for rammed earth walls,

masonry (Hračov et al., 2016) and adobe walls (Mirjalili et al., 2020) as well. The

two other loading protocols were used on walls tested inside a different test setup

when a rammed earth wall was tested inside a steel (Arslan et al., 2017) or a wooden

(Baleca et al., 2023) frame. It was decided to use the loading protocol that was used

for testing rammed earth walls within the same setup chosen for this experiment,

containing loading steps of 2.5, 5, and 7.5 mm (Figure 5.7a). From the base loading

protocol, a variation was developed, with a more gradual loading at the beginning

of the experiment. The modified loading protocol started with a peak amplitude of

0.625 mm repeated three times in positive and negative directions, followed by an

amplitude of 1.25 mm, ending with the complete base protocol (Figure 5.7b).

The endpoint of the experiment was critically determined when a decrease in

the horizontal load accompanied by increasing horizontal displacement was observed

(Miccoli et al., 2016). All tested walls endured horizontal displacement of ± 7.5 mm

without collapse. However, severe cracks in every wall indicated the necessity to

terminate the experiment due to the protection of the equipment attached to the

wall.

5.2.2 Experimental results

Even though the four rammed earth walls were all constructed in the same manner

using traditional building techniques, the differences among them enabled compari-

son, as presented in the following paragraphs. In Table 5.4, test parameters varied

with each wall are presented, along with wall IDs in format E:125-X, where X rep-

resents variations, i.e. L stands for loading protocol, M for soil mixture, and D for

drying period. What is more, ID format E:125 was chosen to emphasise that walls

of 125 cm in length were tested experimentally, not numerically.

For each wall, horizontal displacement measured with LVDTs was plotted

against horizontal force to create hysteresis. Moreover, IDR was determined accord-
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(a) Base loading protocol

(b) Modified loading protocol

Figure 5.7: Loading protocols used in the experiment
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Table 5.4: Description of test parameters

Wall Soil mixture Drying period Cyclic loading protocol

E:125 Soil-S 60 days Modified

E:125-L Soil-S 60 days Base

E:125-M Soil-M 60 days Modified

E:125-D Soil-M 45 days Modified

ing to maximum displacement and the corresponding ultimate load-bearing capacity.

Due to insufficient experience and knowledge in analysing the seismic behaviour of

rammed earth walls from eastern Croatia, results were validated according to previ-

ously published data, using a value that is independent of the scale, the IDR (Petry

and Beyer, 2014). Moreover, results were evaluated according to procedures com-

mon for unreinforced masonry walls, as was previously done by other researchers

(El-Nabouch et al., 2016, 2017; Ramezanpour et al., 2021; Romanazzi et al., 2022a).

Moreover, the damage state was assessed according to drift limits for masonry

structures (Calvi, 1999), previously used for rammed earth walls by El-Nabouch

et al. (2016) and Bui et al. (2016). It was determined that the IDR values of

the tested walls were similar to those of other rammed earth walls tested in the

same experimental setup, ranging from 0.28 to 0.7% (El-Nabouch et al., 2016, 2017;

Miccoli et al., 2016, 2017; Shrestha et al., 2020a). Different setup and boundary

conditions (Arslan et al., 2017; Baleca et al., 2023; Barsotti et al., 2023) as well as

the geometry and scale of the wall (Reyes et al., 2018; Romanazzi et al., 2022a)

influenced the IDR values ranging from 1.16 to 5.8%. Therefore, the experimental

results of the four walls considered here do not correspond to the results of testing

those walls. A complete set of IDR values corresponding to each article was reported

previously, in Table 2.8 in section 2.7.

Experimental results gathered from experimental data after testing each wall

are presented in Table 5.5. For each wall, maximum horizontal force and displace-

ment, as well as the IDR, were determined separately for push and pull directions.

It should be noted that the IDR is determined according to the displacement at the

maximum force, and was therefore denoted accordingly in the table (IDRdmax) The

behaviour was predominantly symmetrical in both directions for all tested walls.
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The only exception was the wall E:125, in which maximum force in the push and

pull directions was not achieved at the same level of horizontal displacement. More-

over, ductility, initial stiffness, and structural behaviour factors were determined

according to the bilinear curve calculated for the positive (push) direction.

The bilinear curve was determined based on the backbone curve according to

ASTM E2126-19, as previously used by Ramezanpour et al. (2021). The criteria for

determining the bilinear curve was the equality of the areas under both curves until

the ultimate displacement was reached. Also, the bilinear curve and the backbone

curve coincided until reaching 40% of the maximum load.

Characteristic displacement values were determined: the idealised elastic limit

displacement de at 40% of the peak load, the yield displacement dy where the bilinear

curve changes direction, and the ultimate displacement du once the loading process

has concluded. The ratio between the ultimate and yield displacements was used

to calculate the ductility. Initial stiffness was determined for all observed walls.

However, the value determined for the wall tested with a different loading protocol

(E:125-L) should be treated with caution since the initial elastic behaviour was not

completely grasped.

The structural behaviour factor, also presented in Table 5.5, was determined as

the maximum seismic force in an elastic structure and the ultimate seismic design

force ratio (Chourasia et al., 2021; Tomaževič, 2006), as previously explained in

chapter 4. Both characteristic values were determined according to the bilinear

curve and can be observed in Figure 5.9 through Figure 5.11.

The ARAMIS system was used to record the Von-Mises strain (Figure 5.8).

According to the strain representation, the failure mode was determined and anal-

ysed following the analogy for the unreinforced masonry walls (Tomaževič, 2009).

For each wall, the Von Mises strain at the transition from elastic to plastic behaviour

was compared with the strain at the end of the experiment. E:125-L exhibited the

highest strain at the yield point, while other walls exhibited similar behaviour to a

lesser extent, i.e. lower strain values at the same loading point. At the final stage,

all four test walls showed X-shaped fractures on the front face of the wall. The most

severe cracks were observed at E:125-D, which was tested after a shorter drying

period.
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(a) 1-Yielding (b) 1-Final loading cycle

(c) 2-Yielding (d) 2-Final loading cycle

(e) 3-Yielding (f) 3-Final loading cycle

(g) 4-Yielding (h) 4-Final loading cycle

Figure 5.8: Von Mises strain at the point of yielding and after the final loading

cycle; 1 E:125, 2 E:125-L, 3 E:125-M, 4 E:125-D
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Table 5.5: Summary of experimental test results

Fmax [kN] dmax [mm] IDRdmax [%] µ [-] Ke [kN/m] q [-]

push pull push pull push pull

E:125 18.32 19.22 4.82 7.35 0.39 0.59 6.91 14974.67 2.15

E:125-L 19.73 19.92 4.74 4.99 0.38 0.40 6.65 16163.38 2.11

E:125-M 18.18 19.27 7.31 7.23 0.59 0.58 7.30 15334.93 2.03

E:125-D 18.36 17.38 4.94 4.94 0.40 0.40 6.26 13261.04 2.31

If the shape of the fractures on the face of the wall at the end of the experiment

and their location are taken into consideration, the failure mode can be determined.

According to Wilding and Beyer (2017), after the initial linear elastic behaviour is

surpassed, cracks appear in unreinforced masonry walls. Based on the nature and

location of the cracks, the non-linear behaviour can either be flexure-dominated or

shear-dominated. They report that the flexure cracks appear in the bearing joint;

thus, flexural-dominated behaviour is characterised by rocking of the wall and toe

crushing. On the other hand, shear deformations are usually concentrated in a

single diagonal fracture. Moreover, Tomaževič (2009) further differentiates shear

collapse into sliding and diagonal shear collapse. The former occurs when the wall

horizontally slides at the bottom due to too low vertical stress and poor material

quality. It should be noted that both research papers cited in this paragraph consider

the non-linear behaviour of unreinforced masonry walls and not rammed earth walls.

However, as stated above, the lack of appropriate directions for rammed earth forced

other studies as well as this study to evaluate rammed earth using recommendations

for unreinforced masonry.

According to the failure mode criteria previously mentioned, a diagonal shear

caused the collapse of all four of the tested rammed earth walls. Moreover, by

following the definition of shear collapse by Tomaževič (2009), one could assume

that the vertical stress and the material properties of the tested walls were adequate

since no horizontal sliding at the bottom of the walls was observed.

Values presented in Table 5.5 are digested in the following subsections (sub-

section 5.2.3 through subsection 5.2.5), with respect to the influence of excitation

regimes, material composition, and drying period length on seismic behaviour.
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5.2.3 Influence of excitation regime

Two rammed earth walls tested with a different regime of applying horizontal loading

were labelled E:125 and E:125-L. Base and modified loading protocols exhibited in

Figure 5.7 were used in E:125-l and E:125, respectively. Due to differences in the

initial part of the loading protocols, elastic behaviour was not pronounced in the

E:125-L wall results (Figure 5.9b). On the other hand, when the initial horizontal

load was applied more gradually, the elastic behaviour of the rammed earth wall

could be grasped more easily (Figure 5.9a).

However, different loading regimes did not influence the maximum horizontal

force the walls endured. The horizontal displacement corresponding to the maximum

horizontal force was similar in both walls (Table 5.5). Owing to the distinctions in

displacement at maximum force, differences in IDR are present as well. It should

be noted that both walls reached the LS3 damage state, and E:125 even surpassed

the LS4 damage state in the pull direction without collapsing.

The ductility of both walls was essentially the same, determined according

to the bilinear idealised curve in Figure 5.9c and Figure 5.9d. Initial stiffness was

higher for an E:125-L wall since the initial part of the loading protocol was changed.

However, as mentioned earlier, the value should be cautiously concerned. Moreover,

dissipated energy in both walls was essentially the same, 666 kNmm and 712 kNmm

in E:125 and E:125-L, respectively. Structural behaviour factor values were also

pretty close for both walls observed in this subsection, with values of 2.15 and 2.11

for walls E:125 and E:125-L, respectively.

5.2.4 Influence of material composition

Two rammed earth walls made of different material mixtures were indexed E:125

and E:125-M. The material composition did not influence the hysteresis or backbone

curve (Figure 5.10). However, despite the similitude of the two hysteresis, E:125-

M exhibited 26% more dissipated energy. In particular, walls E:125 and E:125-M

dissipated 666 and 901 kNmm of energy, respectively.

Furthermore, the similitude of backbone curves is mirrored in the load-bearing

capacity as well. Both walls achieved 18-19 kN of horizontal force. However, E:125-

M reached the maximum horizontal load at a much higher displacement, around
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(a) Hysteresis (E:125) (b) Hysteresis (E:125-L)

(c) Backbone curve and bilinear

idealization (E:125)

(d) Backbone curve and bilinear

idealization (E:125-L)

Figure 5.9: Comparison of seismic behaviour in walls tested with different loading

protocols
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(a) Hysteresis of wall E:125 (b) Hysteresis of wall E:125-M

(c) Backbone curve and bilinear

idealization (E:125)

(d) Backbone curve and bilinear

idealization (E:125-M)

Figure 5.10: Comparison of seismic behaviour in walls made of different material

mixture

7.3 mm. Hence, the IDR was bigger in E:125-M as well (Table 5.5). E:125-M wall

surpassed the LS4 damage state by Calvi (1999), by reaching 0.59% and 0.58% of

the IDR in the push and pull directions, respectively, while E:125 surpassed the LS4

only in the pull direction. Despite reaching the damage state characterised by the

collapse of the masonry structure, both walls remained whole, but with major cracks

reaching from one side of the wall to the other.

E:125-M showed slightly greater ductility and initial stiffness, while the struc-

tural behaviour factor was almost 6% lower. Precisely, for wall E:125, the structural

behaviour factor was determined in a value of 2.15, while for E:125-M, it was 2.03.
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5.2.5 Influence of drying period length

Two rammed earth walls that dried for a different period were indexed E:125-M and

E:125-D. Even though E:125-D was dried for 15 days less, hysteresis and backbone

curves were essentially the same (Figure 5.11). Despite that, E:125-M dissipated

23% more energy than E:125-D; 901 kNmm and 693 kNmm, respectively.

The load-bearing capacity of E:125-D was slightly smaller, and E:125-M reached

maximum horizontal force at much higher horizontal displacement. Therefore, the

IDR was greater in E:125-M, which, as mentioned in the previous subsection, sur-

passed the LS4, while E:125-D surpassed the LS3, completely symmetrical in the

push and pull direction (Table 5.5). As was previously stated for other rammed

earth walls presented in this study, walls did not collapse even after reaching the

load-bearing capacity and surpassing the drift limit states proposed by Calvi (1999).

Furthermore, E:125-M showed 14% greater ductility and 13.5% greater initial

stiffness. Moreover, the structural behaviour factor of E:125-M was 12% lower than

that of E:125-D.

5.3 Conclusion

The rammed earth walls that are characteristic of eastern Croatia were tested on

material and structural levels. Two soil mixtures were chosen according to the local

granular envelope. Both mixtures fit well inside the local envelope but differ from the

recommendations given in the literature. However, the mixtures differ in granular

composition. First of all, Soil-S looks less uniform than Soil-M. What is more, Soil-

S consisted mainly of sand particles (57.3%), while Soil-M had a majority of silt

particles (46.9%).

The optimal moisture content was determined by performing the empirical

drop test and the standard Proctor test. The values of optimal moisture content

differed highly between the two test methods. Namely, the standard Proctor test

showed 22% lower OMC of Soil-S and even 37% lower OMC of Soil-M. Moreover,

soil plasticity, i.e. liquid and plastic limits and the plasticity index were determined

to get a better understanding of the plastic behaviour of the two soils and compare it
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(a) Hysteresis of wall E:125-M (b) Hysteresis of wall E:125-D

(c) Backbone curve and bilinear

idealization (E:125-M)

(d) Backbone curve and bilinear

idealization (E:125-D)

Figure 5.11: Comparison of seismic behaviour in walls tested at different moisture

content
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to the soil samples collected from existing rammed earth houses in eastern Croatia.

Soil-S exhibited liquid and plastic limit values 2% greater than the maximum values

in field samples. However, the plasticity index of the Soil-S and Soil-M agreed with

field samples and was thus decided that both mixtures were appropriate for rammed

earth.

Tensile and compressive strengths were determined on rammed earth samples

made of the two soil mixtures. Tensile strength was determined on prismatic samples

using a three-point bending test. Compressive strength was determined on halved

samples following the tensile strength test and on cubic and cylindrical samples as

well. All samples were prepared in the same manner, manually compressed and

air-dried for 28 days. The tensile strength of both mixtures was similar. However,

compressive strength differed between the mixtures and sample shapes. Soil-M ex-

hibited a more uniform compressive strength between the sample shapes, than Soil-S.

Furthermore, the values of compressive strength determined on the halves of pris-

matic samples were close for both mixtures. However, Soil-S cubic and cylindrical

samples showed remarkably smaller values than those of Soil-M.

The seismic behaviour of flat rammed earth walls was experimentally evaluated

on four scaled-rammed earth walls. By testing the walls using different excitation

regimes, building them from two different soil mixtures, and drying them for different

time periods, their effect on the seismic resistance was analysed.

It was determined that the excitation regime does not influence greatly the

seismic response of the wall, except for the omission of linear behaviour if loading

was performed less gradually in a wall E:125-L. Due to the stochastic nature of the

seismic load, one can presume that two separate seismic events would differentiate

even more than the two loading protocols used in this study. However, to enable the

comparison, only the initial portion of the loading regime was altered, portraying

two events that broke out with different starting intensities.

The second altering parameter, soil mixture, showed a greater influence on the

wall’s seismic response. Namely, failure mode and load-bearing capacity were the

same for the two walls made of different materials (E:125 and E:125-M). However,

in other tested properties, the wall (E:125-M) made of material with more a uniform

particle size distribution (Soil-M), performed better. In particular, the wall endured
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higher IDR, even surpassing the final limit state for masonry (LS4) while remaining

upright, albeit with major fractures. Moreover, E:125-M showed greater ductility

and higher initial stiffness while dissipating 26% more energy. Finally, the structural

behaviour factor of the E:125-M was 6% lower than that of the wall E:125, made of

Soil-S, which contained more than 50% of sand.

The drying period prior to testing the rammed earth wall is still a matter of

question. To this day, there has been no consensus among the researchers in the field

regarding the drying conditions of smaller samples and walls. All four walls were

dried in the same laboratory conditions during the late spring and early summer,

from May to July. However, one of the walls (E:125-D) was dried for 15 days less and

compared with the wall made of the same source material that was dried for a full

two months (E:125-M). It was determined that the reduction of the drying period

affected all properties considered in the study, apart from the failure mode. Namely,

the wall that was dried for 45 days performed lower than the wall dried for 60 days,

as one could expect. The additional two weeks of drying the wall enabled the E:125-

M wall to dissipate 23% more energy, have greater ductility and initial stiffness

while having a 12% lower structural behaviour factor. Moreover, even though the

E:125-M exhibited greater IDR, surpassing the LS4, the more humid wall (E:125-D)

surpassed the LS3, the same as walls made of a different soil mixture, dried for a

full two months.

The experimental study was limited to flat, rammed earth walls at a 1:2 scale

due to laboratory limitations and cost. However, it is necessary to comprehend the

behaviour of full-scale walls as part of the construction. Therefore, in the following

chapter, different wall systems were analysed numerically after making a validated

model based on the experimental results. Knowledge gathered in this experimental

analysis is a valuable source and base point from which the numerical analysis should

be built.
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Chapter 6

Numerical analysis

Due to the limitations of the experimental work, further numerical analysis was

necessary in order to get a better understanding of the rammed earth walls. ANSYS

software (v. 2022 R1) was used for performing the numerical analysis. As the

first step, experimental data obtained from the wall E:125, presented in chapter 5,

was used to validate a numerical model. After establishing the numerical model’s

analysis settings and material properties, parametric analysis on full-scale models

was conducted. It was extended to rammed earth walls that are part of construction

because the experimental analysis only included flat, free-standing rammed earth

walls, the kind of which are rarely found in real construction. Two systems were

analysed, C-wall and T-wall, as parts of the traditional three-room rammed earth

house from eastern Croatia (Figure 6.1). In total, 54 numerical models were analysed

by varying the length of the walls and the intensity of the vertical load.

6.1 Constitutive model for rammed earth

The literature review revealed the need for more consensus regarding the applied

software and the computer modelling process itself. In this analysis, ANSYS soft-

ware (v. 2022 R1) was chosen due to the level of familiarity with the software and

the licence availability at the Alma mater. This study adopted a previously used

constitutive model by Loccarini et al. (2020). Namely, the Drucker-Prager Con-

crete constitutive model was used due to the similitude of rammed earth with con-
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Figure 6.1: C-wall and T-wall systems as a part of a rammed earth house

crete. The plasticity type model contains strain-softening behaviour, which makes

it appropriate for low-tensile materials such as concrete and rammed earth. The

Drucker-Prager material model assumes a yield domain in the space of principal

stress as represented by a circular composite cone around the hydrostatic pressure

line, which is also the axis (Kossa, 2012; Loccarini et al., 2020). Moreover, ANSYS

offers several hardening-softening-dilatation (HDS) behaviour models: exponential,

steel reinforcement, fracture energy and linear. For exponential behaviour, hard-

ening in compression and softening in both compression and tension is defined by

the yield functions Ωc (Equation 6.1) and Ωt (Equation 6.2) which depend on the

hardening variable κ, as it can be observed in Figure 6.2.

Ωc =



















Ωci − (1− Ωci)
√

2 κ
κcm

−
κ2

κ2
cm

for κ < κcm

1− (1− Ωcu)
(

κ−κcm

κcu−κcm

)2

for κcm < κ < κcu

Ωcr + (Ωcu − Ωcr)exp
(

2 Ωcu−1

κcu−κcm
·

κ−κcm

Ωcu+Ωcr

)

for κ > κcu

(6.1)

where:

κcm = plastic strain at uniaxial compressive strength

κcu = plastic strain at transition from power law to exponential softening

Ωci = relative stress at start of non-linear hardening

Ωcu = residual relative stress at κcu

Ωcr = residual compressive relative stress
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Figure 6.2: Drucker-Prager model: uniaxial stress-strain relationship (left: compres-

sion, right: tension) (ANSYS)

Ωt = exp

(

−
κ

αt

)

αt =
gft

Rt

gft = max

(

Gft

Li

,
R2

t

E

)

(6.2)

where:

Rt = tensile strength

Gft = mode I area-specific fracture energy

Li = effective element length

E = Young’s modulus

6.2 Validation

As a first step towards the parametric analysis, a numerical model was developed in

the same manner as the tested rammed earth wall. Thus, the numerical model was

validated based on the experimental data. It was decided to use the results obtained

after testing the wall E:125, made of Soil-S. Its counterpart, E:125-M, made of Soil-

M, performed better in terms of ductility, stiffness and energy dissipation ability.

Therefore, a more critical case was chosen for further examination since both soil

mixtures correspond to the local envelope and are thus expected to be found in

eastern Croatia.

To better comprehend the behaviour of a rammed earth wall, a micro-modelling

approach was applied by modelling a rammed earth wall constructed of consecutive
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layers, even though that procedure was not the norm in the observed literature. A

numerical model was developed with the exact dimensions of the tested wall, i.e. 125

× 125 × 25 cm, consisting of layers 5 cm thick. Material properties were the same

in each layer. However, a cohesive zone model with slip tangent to the interface was

applied between the layers to enable stiffness reduction with the load progression.

Moreover, the normal stiffness of the contact surface between the layers was char-

acterised by a factor equal to 0.1. The analysis was distributed into two load steps

that were further divided into substeps. Vertical stress was applied during the first

load step, while the second was reserved for applying displacement at a constant

amount of vertical stress. The second load step also utilised stabilisation with a

constant energy dissipation ratio of 1−10.

Material properties that could not be reliably determined experimentally were

chosen according to the literature review. Namely, a density of 2000 kg/m3 was cho-

sen as most of the literature values are concentrated around that amount (Abhilash

and Morel, 2019; Baleca et al., 2023; Barsotti et al., 2023; Champiré et al., 2016;

Chitimbo et al., 2022; Gomes et al., 2014; Ramezanpour et al., 2021; Romanazzi

et al., 2022b; Silva et al., 2014a, 2016a), and the greatest compressive strength val-

ues correspond to that value of density (Figure 2.12 in section 2.7). Young’s modulus

of 300 MPa was also chosen as a value corresponding to the literature (Gil-Martín

et al., 2022; Koutous and Hilali, 2021), but it also agrees with the wall stiffness

exhibited during the experimental testing. Poisson’s ratio of 0.2 was reported by

Bui et al. (2014a) as experimentally determined on dry rammed earth samples. Uni-

axial compressive and tensile strength were experimentally determined on prismatic

samples as 2.25 MPa and 0.87 MPa, respectively (Table 5.2 in chapter 5). In the

validation process, values of compressive strength determined on cubic and cylindri-

cal samples were also considered; however, load-bearing capacity did not correspond

to the experimental results. The Drucker-Prager constitutive model’s exponential

behaviour that implies exponential compression softening was adopted according

to the experimental results (Table 6.1). In contrast, tensile softening parameters

(Mode 1 Area Specific Fracture energy = 0.004 N/mm; Residual Tensile Relative

Stress = 0.1) were assumed based on the literature review (Loccarini et al., 2020).

Moreover, two more parameters were required to define the Drucker-Prager model
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in ANSYS: tensile and tension-compression dilatancy and compression dilatancy,

which were both assigned a value of 1, the same as in Loccarini et al. (2020).

Table 6.1: Drucker-Prager parameters used for describing exponential softening in

compression

Parameter Value

Plastic strain at uniaxial compressive strength κcm 0.012

Plastic strain at transition from power law to exponential softening κcu 0.062

Relative stress at start of non-linear hardening Ωci 0.8

Residual relative stress at κcu Ωcu 0.45

Residual compressive relative stress Ωcr 0.25

Even though the wall dimensions in the numerical model were the same as in

the experimental testing, a few differences in the modelling approach were made.

Reinforced concrete beams were not modelled to make the numerical model less

complicated. Instead, the lower beam was replaced by imposing fixed support at

the bottom surface of the wall, while the appropriate amount of vertical stress

replaced the upper beam. Horizontal displacement was applied at the top surface

of the wall. However, to reduce the computational time and cost while making

the parametric analysis more efficient, it was decided to continue the analysis with a

pushover method instead of cyclic loading. It was decided that pushover analysis was

appropriate based on two reasons. Namely, the behaviour of experimentally tested

walls and numerical models analysed in the validation process was essentially the

same in both push and pull directions. Also, the primary outcome of the numerical

analysis was determining the structural behaviour factor and the level of resistance

to seismic excitations, both of which can be determined solely based on pushover

or bilinear curves. The horizontal displacement applied at the top of the validation

numerical models monotonically increased until reaching the final displacement of

7.5 mm. Moreover, as previously mentioned, it was applied after the vertical stress

was applied.

A sensitivity analysis regarding the finite element (FE) size was performed.

Numerical models were divided into square finite elements of a linear order (SOLID185)
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Figure 6.3: Validation analysis performed by varying finite element size

(ANSYS). The size of the finite elements varied depending on the function of the

layer height (50 mm). Therefore, the parametric analysis performed on full-scale

models could be performed by modelling walls following the same procedure, i.e.

dividing the wall into finite elements as a function of the layer height. Moreover, by

dividing the model into finite elements whose size is in function of the layer height,

it was ensured that each layer would begin and end with finite elements of equal

size. Six variants were computed, with finite elements size equal to the height of the

layer (50 mm), 1/2 of the layer (25 mm), 1/3 of the layer (16.67 mm), 1/4 of the

layer (12.5 mm), 1/5 of the layer (10 mm) and 1/6 of the layer (8.33 mm).

All six analyses were performed using the same material and analysis settings.

The finite element size greatly influenced the numerical model’s structural capacity

(Figure 6.3). It was observed that the load-bearing capacity and stiffness in the

models divided into finite elements of 1/5 of the layer and 1/6 of the layer is close

enough. Thus, it was decided that further reduction of the finite elements is not

necessary. The validation numerical model divided into finite elements of 1/5 of layer

height has proved accurate enough (Figure 6.4). Therefore, the finite element size in

parametric analysis was chosen to be 1/5 of layer height. Further reduction of finite

element size in parametric analysis models would only increase the computational

time and memory without providing significantly more accurate results.

Cyclic numerical analysis was also performed, even though it was decided to

perform the parametric analysis using the pushover method. That way, it was
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Figure 6.4: Validation numerical model overlapped with experimental results

possible to check whether the changes in capacity with finite element size changes

would appear in hysteresis as well. The validation model was loaded in the same

manner as the experimentally tested wall by applying cyclic horizontal displacement

at the top surface of the wall. Modified load protocol, starting with a displacement of

± 0.625 mm, was applied since the same protocol was utilised at the experimentally

tested wall, which was the basis of the validation process (E:125).

According to the results, the change in the finite element size did not influence

the load-bearing capacity in a grand manner (Figure 6.5). Even though differences

are present, all five hysteresis look similar. Therefore, the cyclic numerical analysis

did not influence the decision regarding the finite element size explained in previous

paragraphs.

The modelling approach determined on validation numerical models was fol-

lowed for building parametric analysis numerical models. However, the experimental

testing was performed on a small-scaled rammed earth wall (1:2 scale). Therefore,

it was necessary to first perform a numerical analysis on the wall represented by the

experimental sample. Chauchy-Froude’s similitude laws for scaling were considered

since the same principle was previously used for rammed earth walls (Romanazzi

et al., 2022a). Following the scale factors presented in Carvalho (1998), only ge-

ometry was scaled by the scale factor λ = 2, while material properties remained

the same (Table 6.2). Namely, a 50 cm thick wall with 250 cm height and width

was modelled. The layer thickness was also doubled, from 5 cm in the small-scale
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(a) FE = 1/1 layer height (b) FE = 1/2 layer height

(c) FE = 1/3 layer height (d) FE = 1/4 layer height

(e) FE = 1/5 layer height (f) FE = 1/6 layer height

Figure 6.5: Different finite element (FE) sizes overlapped with experimental results

numerical model to 10 cm in the full-scale model.

The vertical stress applied to the top surface of the wall was not scaled. How-

ever, the horizontal displacement was scaled by the scale factor λ = 2. Thus, vertical

stress of 0.18 MPa and horizontal displacement of 15 mm were applied at the top of

the full-scale numerical model, in the direction as presented in Figure 6.7 and Fig-

ure 6.8. It should be mentioned that a horizontal displacement of 15 mm is equal to

0.6% of the IDR, which is higher than the final limit state proposed by Calvi (1999).
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Table 6.2: Scale factors - Chauchy-Froude’s similitude laws

Parameter Cauchy-Froude scale factor

Length λ

Modulus of elasticity 1

Specific mass λ−1

Area λ2

Volume λ3

Mass λ2

Displacement λ

Force λ2

Moment λ3

Stress 1

Strain 1

The results of both small-scaled and full-scaled numerical models were over-

lapped in Figure 6.6. A similar behaviour could be observed, with the expected

difference in load-bearing capacity. If scale factors in Table 6.2 are considered, the

force in the full-scale model should be λ2 larger than in the small-scale model. In

this case, the force in the full-scale model should be about four times larger. If

the maximal forces of both models are divided, it is apparent that the maximum

force in the full-scale model is 3.94 times larger than that of the small-scale model

(Figure 6.6). It was concluded that the deviation of 1.5% from the expected scale

factor is permissible and that the parametric analysis can be performed following

the established procedure. It should be noted that greater stiffness could also be

observed in the full-scale model. However, differences in stiffness were also observed

between different sample shapes and sizes, which were thus expected in this case as

well.

This study is the first attempt to numerically analyse the rammed earth walls

from eastern Croatia on this level. Therefore, the procedure for developing numerical

models was based on previously published research and experimental tests that could

be reliably conducted due to the limited guidelines and appropriate equipment. Since

the gathered information was validated by experimental results, the same approach
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Figure 6.6: Comparison of small-scaled and full-scaled wall numerical test results

was followed for further research steps. The following sections explain the systems

covered by parametric analysis in detail before the results are reported.

6.3 Parametric analysis

Following the principles determined on the validated numerical model tested using

the pushover method, parametric analysis was expanded to different systems and

vertical loads. Experimentally tested walls represented flat square rammed earth

walls, even though walls in the actual construction rarely occur alone, without other

walls connected to them. However, since traditional rammed earth hoses are simple,

regular constructions, one can presumably separate them into independent elements,

i.e. walls (EN 1998-1), thus justifying the experimental work. The nature of the

numerical analysis enables one to investigate different systems more efficiently than

by performing experimental testing. Therefore, experimental work served as the

basis for performing the numerical analysis on more samples. Namely, if the tradi-

tional rammed earth house plan from eastern Croatia is analysed, two systems stand

out (Figure 6.1). The experimental approach accuracy, i.e. whether walls can be

observed as separate units, will also be examined by performing numerical analysis

on the two systems.

C-type is a wall connected to two transverse walls on the edge. The length of

the transverse walls (flanges) that needs to be considered is a matter of question.

What is more, the necessity of making flanges an inherent part of the wall also needs
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Table 6.3: Length variants characteristic for each tested system

Characteristic length Length variant [cm]

LC 250 350 450 see Figure 6.7

LT 100 150 200 see Figure 6.8

Note: LC = length of the C-type wall,

LT = length of the T-type wall

to be verified. Therefore, a C-type wall was tested as a flat wall without flanges and

with two lengths of flanges, determined in function of the wall length (LC), as seen in

Figure 6.7. Three wall lengths were considered (Table 6.3) based on the information

collected from the traditional rammed earth houses during field observation.

T-type is a part of the wall extended from the opening to the house’s outer

wall. Namely, if the plan of the traditional rammed earth house is considered, three

rooms stacked one after another, connected by doors, can be distinguished. Both

inside walls are separated into two sections by the door. Therefore, it was decided to

analyse the T-type of the wall instead of an I-type that would represent an inside wall

with two flanges at the end, a kind which was previously tested by Romanazzi et al.

(2022a). The variations of the numerical models were similar to the C-type. Namely,

three wall lengths were considered (Table 6.3) and were the basis of determining the

flange length (Figure 6.8). A flat wall without flanges with length LT and two flange

lengths were considered. Wall lengths were also determined according to the field

observation and traditional rammed earth houses encountered.
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The influence of vertical load intensity was also analysed numerically. Namely,

even though experimental results showed that the vertical load of 0.18 MPa was

adequate (Tomaževič, 2009), two other intensities were considered to analyse their

influence on the seismic response. Vertical stress equal to 0.18 MPa, 0.22 MPa and

0.25 MPa was applied at the top surface of the numerical models. The load was

determined according to the house measurements during the field observation by

considering the weight of the roof construction and live load by assuming the attic

was used as storage space or granary. The three values correspond to a minimum,

average and maximum load, depending on the span length and the gable height. In

the experimental work, a minimum value of 0.18 MPa was applied. The numerical

analysis consisted of applying all three levels of vertical load to all 18 geometry

variations, totalling 54 analysed numerical models.

6.3.1 C-walls

Wall systems corresponding to the shorter outer wall with flanges of various lengths

were modelled in ANSYS Workbench in the same manner as determined by the

validation process. All analysed walls were 50 cm thick and 250 cm high, while

the length was variable. Namely, walls of 250 cm, 350 cm and 450 cm in length

were modelled by stacking 10 cm thick layers. The horizontal load was applied in-

plane in all cases considered (Figure 6.7), while the vertical load was varied, as was

previously explained.

In this subsection, only graphs containing results for one wall system (250_C_0)

were plotted, to ease the description of different colours and styles of plotting cor-

responding to different numerical models. Complete numerical results, as well as

bilinear idealisations, are plotted in Figure 8.1 through Figure 8.16 in Appendix A

(starting at pg.182).

As can be seen in Figure 6.9, different graph styles are plotted for each wall

system: a solid line for a straight wall, a dotted line for a wall with shorter flanges,

and a dashed line for a wall with more extended flanges. The different intensities

of vertical load are colour-coded. The highest intensity (0.25 MPa) is plotted with

a red line, 0.22 MPa’ is plotted with a green line, while the lowest intensity (0.18

MPa) is plotted with a blue line. All the graphs representing C-type wall results are
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plotted using the same x and y axes to ease the comparison.

Moreover, critical values of displacement and force were extracted for each

system observed (Table 6.4). Critical force (Fcr), yield force (Fy) and ultimate force

(Fu) were determined from bilinear idealisation, along with corresponding displace-

ments. Bilinear idealisation was performed in the same manner as explained in

chapter 5 for experimentally tested walls (Figure 6.10). On the other hand, max-

imum force (Fmax) was determined from the actual pushover curve, plotted from

numerical results. It corresponds to the maximum force each numerical model had

endured.

It was observed that the increase in wall length and the addition of flange walls

increased the load-bearing capacity. Thus, a 450 cm long wall with flanges equal to

50% of the wall length exhibited the greatest load-bearing capacity (Figure 8.17).

However, the intensity of vertical stress did not influence the behaviour.

If different systems of the same length are compared, namely a wall with

no flanges and the two flange lengths, a difference in load-bearing capacity and

endured displacement is apparent. Flat walls without flanges (250_C_0, 350_C_0

and 450_C_0) all endured displacement close to 15 mm, while numerical models of

walls with flanges all exhibited convergence issues due to the material failure much

earlier. Namely, the ultimate displacement of those walls ranged from around 9 mm

and 11 mm for walls 250 cm and 450 cm in length, respectively. It should be noted,

however, that 250 cm long walls endured slightly greater displacement if shorter

flanges were considered, while the opposite can be observed for 450 cm long walls.

On average, 350 cm long walls showed the same behaviour regardless of the flange

length.

The maximum force each numerical model had endured (Fmax) was highly

influenced by the wall length and the presence of flanges. Namely, 250 cm long

straight walls without flanges endured around 40% lower force than those with

flanges, while 350 cm long walls and 450 cm long walls exhibited around 32% and

26% lower force, respectively. Thus, the difference between the systems decreased

as the wall length decreased. However, the length of the flanges did not cause such

a great difference in load-bearing capacity, only around 2-3%.

If different wall lengths are compared, walls with 450 cm in length managed

149 CHAPTER 6. NUMERICAL ANALYSIS



Perić Fekete, Ana, 2024

Seismic behaviour of traditional rammed earth walls from eastern Croatia area

Figure 6.9: Numerical analysis results: 250_C_0
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Figure 6.10: Bilinear idealisation: 250_C_0
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to endure the greatest forces. To be more specific, 450 cm long straight walls had

around 50% bigger load-bearing capacity than 250 cm long straight walls and around

25% bigger capacity than 350 cm long straight walls. The differences between the

lengths subsided for walls with flanges, and it was the same for both flange lengths.

Namely, 450 cm long walls with both flange lengths endured around 40% and 20%

bigger force than 250 cm and 350 cm long flanged walls, respectively.

6.3.2 T-walls

Wall systems corresponding to the inner wall connecting the outside wall and the

door were modelled in ANSYS Workbench per conclusions within the validation

process. As with C-wall systems, all analysed walls were 50 cm thick and 250 cm

high, while the length was variable. Namely, walls of 100 cm, 150 cm and 200

cm in length were modelled by stacking 10 cm thick layers. Three variants were

tested for each length group to determine whether the outside wall (flange) has to

be considered and in which range. Namely, a wall of length LT without any flanges

and systems with a flange wall in the function of the LT (i.e. 50% and 100%) were

tested. It should be noted that the same length of the flange wall is extended to

each side of the wall (Figure 6.8). As with C-walls, the horizontal load was applied

in-plane in all cases (Figure 6.8), while the vertical load was varied (0.18 MPa, 0.22

MPa and 0.25 MPa).

Results were plotted in the same manner as C-wall results, with line style

corresponding to a geometry system and the colour of the line corresponding to

the vertical load. Both pushover curves and bilinear idealisations are plotted in

Figure 8.18 through Figure 8.35 in Appendix A. Different graph styles are plotted

for each wall system: a solid line for a straight wall, a dotted line for a wall with

a flange wall equal to 50% of the wall length (LT ), and a dashed line for a wall

with a flange wall equal to LT . The different intensities of vertical load are colour-

coded. The highest intensity (0.25 MPa) is plotted with a red line, 0.22 MPa with

a green line, and the lowest intensity (0.18 MPa) is plotted with a blue line. From

numerically obtained data, bilinear idealisation was performed in the same manner

as for C-wall results. It was exhibited that, similar to C-walls, the length of the

wall and flanges influences the load-bearing capacity of the walls in question, while
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Table 6.4: C-walls: characteristic displacement and forces

Wall ID
dcr

[mm]

dy

[mm]

du

[mm]

Fmax

[kN]

Fcr

[kN]

Fy = Fu

[kN]

250_C_0/0.25 2.20 4.48 14.80 74.84 30.36 66.43

250_C_0/0.22 2.20 4.85 14.83 74.86 30.05 66.31

250_C_0/0.18 2.20 4.91 14.86 74.83 29.62 66.10

250_C_0.25/0.25 1.30 2.92 9.76 125.00 50.33 113.08

250_C_0.25/0.22 1.30 2.98 10.30 125.00 49.43 113.20

250_C_0.25/0.18 1.40 3.12 9.84 125.00 51.21 114.00

250_C_0.5/0.25 1.30 2.94 9.26 128.00 51.65 116.81

250_C_0.5/0.22 1.30 2.98 9.30 128.00 50.73 116.25

250_C_0.5/0.18 1.40 3.15 9.34 128.00 52.43 117.90

350_C_0/0.25 1.50 3.13 14.72 114.00 45.73 95.41

350_C_0/0.22 1.50 3.17 14.76 114.00 45.02 95.23

350_C_0/0.18 1.60 3.29 14.80 114.00 46.52 95.69

350_C_0.25/0.25 1.10 2.47 9.72 167.00 66.89 150.06

350_C_0.25/0.22 1.10 2.46 10.76 168.00 65.65 146.71

350_C_0.25/0.18 1.20 2.63 10.31 168.00 68.27 149.61

350_C_0.5/0.25 1.10 2.48 10.20 172.00 68.02 153.64

350_C_0.5/0.22 1.10 2.49 10.74 172.00 66.85 151.56

350_C_0.5/0.18 1.20 2.63 10.29 172.00 69.73 152.77

450_C_0/0.25 1.20 2.44 14.67 155.00 61.56 124.94

450_C_0/0.22 1.20 2.49 14.71 155.00 60.50 125.50

450_C_0/0.18 1.30 2.59 14.75 155.00 62.89 125.29

450_C_0.25/0.25 1.00 2.17 10.69 210.00 83.60 181.79

450_C_0.25/0.22 1.00 2.26 10.22 211.00 81.89 185.05

450_C_0.25/0.18 1.10 2.34 10.78 211.00 85.79 182.58

450_C_0.5/0.25 1.00 2.18 11.18 216.00 85.24 186.12

450_C_0.5/0.22 1.00 2.24 11.22 216.00 83.65 187.21

450_C_0.5/0.18 1.10 2.34 11.27 217.00 87.89 186.87
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vertical stress had negligible impact.

All T-wall results plotted in Appendix A had the same x and y axis to facilitate

the comparison between different geometry systems. It was observed that walls with

LT equal to 200 cm (cases with the longest walls) exhibited the greatest load-bearing

capacity, specifically a wall with the largest flanges (200_T_0.5). Also, as for C-

walls, critical force and displacement values were extracted from bilinear idealisation

and presented in Table 6.5, along with the maximum force each of the numerical

models withstood.

Like C-type walls, straight walls with no flanges endured close to 15 mm hori-

zontal displacement. On the other hand, when a transverse (flange) wall was added,

numerical models had convergence issues and failed due to material failure at hori-

zontal displacement ranging from 9.8 to 13.4 mm. Also, shorter walls 100 cm long

endured larger displacement values than longer walls of 200 cm in length. Further-

more, the exact behaviour of walls with transverse walls exhibited in C-walls was

noticed. Namely, in short walls (100 cm long), when the transverse wall (flange)

was longer, the ultimate horizontal displacement was lower, but the other two walls

did not show a distinguished difference between the flange lengths.

Again, the maximum force highly depended on the length and flange wall.

When 100 cm long walls were considered, walls had 63 to 66% lower load-bearing

capacity without a transverse wall. 150 cm long walls endured 42 to 46% lower

maximum force without a transverse wall, while 200 cm long walls endured 35 to

39% lower force. If the two transverse wall lengths were observed, the load-bearing

capacity differed from 5 to 8%.

Wall length also influenced the load-bearing capacity, i.e. the longest wall

considered (200 cm) showed the greatest load-bearing capacity. If straight walls

without a transverse wall were observed, shorter walls of 100 cm and 150 cm in

length had 70 and 32% lower load-bearing, respectively. When a transverse wall

was added, the difference between the longest and the shorter walls was slightly

reduced. Specifically, a 100 cm long wall endured 47 to 49% lower force, while a 150

cm long wall withstood around 23% lower force.

All results are plotted in graphs and can be observed in Appendix A (Fig-

ure 8.18 through Figure 8.35). It should be noted that the shortest walls observed,
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100 cm in length, did not exhibit pronounced plastic behaviour, especially a wall

without a transverse wall (100_T_0), whose behaviour remained linear until the

end of the analysis.

6.4 Seismic behaviour

Capacity curves presented in the last section show the load-bearing capacity of each

system. However, further analysis had to be performed to fathom how those systems

would behave when encountering a seismic event. Therefore, bilinear idealisation of

the capacity curve had to be performed in the same manner as it was performed

for experimentally obtained results. Namely, a bilinear idealisation of the capacity

curves was performed according to ASTM E2126-19, previously used by Ramezan-

pour et al. (2021) in the field of rammed earth structures. According to them, the

bilinear curve should overlap with the original curve until reaching 40% of the load-

bearing capacity. Also, the area under both curves should remain the same until

reaching the ultimate displacement. One can quickly determine the characteristic

displacements and belonging forces from the bilinear curve. In the same manner

as capacity curves, bilinear idealisation is graphically presented in Appendix A. It

should be noted that since no pronounced difference in structural capacity between

the three vertical stress intensities was observed, as previously stated, the bilinear

curves of all three vertical stresses are incredibly close. Thus, the vertical stress

differences had little impact on the values of the determined parameters presented

in the following paragraphs.

6.4.1 Characteristic seismic parameters

The structural behaviour factor was determined from the characteristic force values

visible in the bilinear curves, following the same procedure used on experimentally

obtained data. Despite the shape of the system and vertical load, the structural

behaviour factor (Table 6.6 and Table 6.7) in all observed numerical models was

around 2 (values ranging from 1.99 to 2.43). Those values agree with previously

reported structural behaviour factors determined on experimentally obtained data

despite the difference in scale. Moreover, parametric analysis results of 54 numerical
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Table 6.5: T-walls: characteristic displacement and forces

Wall ID
dcr

[mm]

dy

[mm]

du

[mm]

Fmax

[kN]

Fcr

[kN]

Fy = Fu

[kN]

100_T_0/0.25 5.80 13.66 14.91 17.12 6.79 15.98

100_T_0/0.22 5.90 13.61 14.92 17.09 6.88 15.86

100_T_0/0.18 5.90 13.52 14.94 17.06 6.85 15.69

100_T_0.5/0.25 3.40 7.87 12.83 46.26 18.50 42.79

100_T_0.5/0.22 3.40 7.94 13.35 46.25 18.40 42.97

100_T_0.5/0.18 3.40 7.96 13.38 46.24 18.28 42.80

100_T_1/0.25 3.30 7.60 12.83 50.35 20.32 46.78

100_T_1/0.22 3.30 7.55 12.34 50.32 20.21 46.23

100_T_1/0.18 3.30 7.56 12.37 50.27 20.08 45.98

150_T_0/0.25 4.30 9.94 14.87 38.75 15.53 35.90

150_T_0/0.22 4.30 9.94 14.89 38.66 15.47 35.75

150_T_0/0.18 4.30 10.15 14.91 38.48 15.38 36.30

150_T_0.5/0.25 2.20 5.10 11.28 65.46 26.16 60.60

150_T_0.5/0.22 2.20 5.21 10.81 65.48 25.93 61.41

150_T_0.5/0.18 2.30 5.28 10.84 65.50 26.69 61.25

150_T_1/0.25 2.20 5.04 10.28 69.99 28.18 64.58

150_T_1/0.22 2.20 5.18 11.30 70.00 27.96 65.86

150_T_1/0.18 2.20 5.19 10.33 69.97 27.66 65.28

200_T_0/0.25 2.90 6.69 14.83 56.19 22.57 52.08

200_T_0/0.22 2.90 6.72 14.85 56.13 22.41 51.94

200_T_0/0.18 2.90 6.75 14.87 55.98 22.20 51.70

200_T_0.5/0.25 1.70 3.90 10.24 86.04 34.64 79.43

200_T_0.5/0.22 1.70 3.91 10.80 86.10 34.23 78.66

200_T_0.5/0.18 1.70 4.05 10.31 86.16 33.64 80.05

200_T_1/0.25 1.70 3.99 10.25 91.20 36.00 84.40

200_T_1/0.22 1.70 4.02 9.77 91.20 35.64 84.23

200_T_1/0.18 1.80 4.16 9.80 91.20 36.98 85.45
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models showed that the structural behaviour factor of rammed earth walls bigger

than 1.5 can be used, which is a minimum value for unreinforced masonry according

to EN 1998-1 and previously used by Bui et al. (2016) and El-Nabouch et al. (2017).

Nonetheless, the parametric analysis results agree with a previously reported value

of the structural behaviour factor of an I-shaped rammed earth wall (Romanazzi

et al., 2022a).

However, it should be noted that despite the variety of shapes and sizes of the

wall systems and the range of vertical stress acting on the wall, the parametric anal-

ysis was performed with material properties validated by experimental data from

traditionally built walls. Thus, the study is limited to the eastern Croatian area and

traditional building techniques, presumably affecting the properties’ strength. Fur-

ther analysis of rammed earth houses should be performed to validate whether the

structural behaviour factor determined on wall systems can be used for a complete

structure such as a house.

Elastic stiffness and ductility are also reported in Table 6.6 and Table 6.7.

Both characteristics were determined according to the characteristic forces and dis-

placement in bilinear idealisation curves (Table 6.4 and Table 6.5). Elastic stiffness

was determined according to the slope of the first branch in a bilinear curve, i.e. as

a ratio of the force and displacement at the yielding point. Ductility was determined

as a ratio of the ultimate and yield displacements.

If C-walls are observed, flange walls significantly increase the elastic stiffness.

Specifically, for 250 cm long walls, elastic stiffness increased by ca. 35% when flange

walls were added, while the increase was even higher for 350 cm and 450 cm long

walls, ca. 50% and 60%, respectively. However, the length of the flange walls did not

influence the elastic stiffness. Also, the elastic stiffness of T-walls was significantly

lower than that of C-walls, but a flange wall also had a grand influence. Again, the

difference in elastic stiffness between the wall with a flange and the free-standing

wall subsided as the wall length decreased. Namely, a 100 cm long wall showed ca.

18% higher elastic stiffness if a flange wall was added, while a 150 cm long wall and

200 cm long wall exhibited ca. 30% and ca. 35% higher elastic stiffness, respectively.

Again, the flange wall length did not significantly influence the elastic stiffness.

However, if ductility is observed, no such pronounced difference between walls
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Table 6.6: C-walls: characteristic parameters determined from numerical results

Wall ID
q

[-]

Ke

[kN/m]

µ

[-]

IDRdu

[%]

250_C_0/0.25 2.19 13802 3.08 0.592

250_C_0/0.22 2.21 13658 3.05 0.593

250_C_0/0.18 2.23 13464 3.03 0.595

250_C_0.25/0.25 2.25 38716 3.34 0.391

250_C_0.25/0.22 2.29 38022 3.46 0.412

250_C_0.25/0.18 2.23 36579 3.16 0.394

250_C_0.5/0.25 2.26 39730 3.15 0.370

250_C_0.5/0.22 2.29 39021 3.12 0.372

250_C_0.5/0.18 2.25 37452 2.97 0.374

350_C_0/0.25 2.08 30484 4.70 0.589

350_C_0/0.22 2.12 30014 4.65 0.590

350_C_0/0.18 2.06 29078 4.50 0.592

350_C_0.25/0.25 2.43 60812 3.94 0.389

350_C_0.25/0.22 2.23 59680 4.38 0.430

350_C_0.25/0.18 2.19 56891 3.92 0.412

350_C_0.5/0.25 2.26 61838 4.11 0.408

350_C_0.5/0.22 2.27 60772 4.31 0.430

350_C_0.5/0.18 2.19 58111 3.91 0.412

450_C_0/0.25 2.03 51299 6.02 0.587

450_C_0/0.22 2.07 50413 5.91 0.588

450_C_0/0.18 1.99 48380 5.70 0.590

450_C_0.25/0.25 2.17 83600 4.91 0.427

450_C_0.25/0.22 2.26 81890 4.52 0.409

450_C_0.25/0.18 2.13 77992 4.61 0.431

450_C_0.5/0.25 2.18 85236 5.12 0.447

450_C_0.5/0.22 2.24 83649 5.01 0.449

450_C_0.5/0.18 2.13 79901 4.82 0.451
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Table 6.7: T-walls: characteristic parameters determined from numerical results

Wall ID
q

[-]

Ke

[kN/m]

µ

[-]

IDRdu

[%]

100_T_0/0.25 2.35 1170 1.09 0.597

100_T_0/0.22 2.31 1166 1.10 0.597

100_T_0/0.18 2.29 1161 1.10 0.598

100_T_0.5/0.25 2.31 5440 1.63 0.513

100_T_0.5/0.22 2.34 5413 1.68 0.534

100_T_0.5/0.18 2.34 5376 1.68 0.535

100_T_1/0.25 2.30 6156 1.69 0.513

100_T_1/0.22 2.29 6126 1.64 0.494

100_T_1/0.18 2.29 6085 1.64 0.495

150_T_0/0.25 2.31 3613 1.50 0.595

150_T_0/0.22 2.31 3598 1.50 0.595

150_T_0/0.18 2.36 3578 1.47 0.596

150_T_0.5/0.25 2.32 11891 2.21 0.451

150_T_0.5/0.22 2.37 11785 2.07 0.432

150_T_0.5/0.18 2.29 11603 2.05 0.434

150_T_1/0.25 2.29 12810 2.04 0.411

150_T_1/0.22 2.36 12709 2.18 0.452

150_T_1/0.18 2.36 12573 1.99 0.413

200_T_0/0.25 2.31 7783 2.22 0.593

200_T_0/0.22 2.32 7729 2.21 0.594

200_T_0/0.18 2.33 7655 2.20 0.595

200_T_0.5/0.25 2.29 20374 2.63 0.410

200_T_0.5/0.22 2.30 20136 2.76 0.432

200_T_0.5/0.18 2.38 19790 2.55 0.412

200_T_1/0.25 2.34 21176 2.57 0.410

200_T_1/0.22 2.36 20967 2.43 0.391

200_T_1/0.18 2.31 20544 2.36 0.392
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with or without flanges can be highlighted. Different wall lengths, however, did

influence the ductility and range of ductility values observed. C-walls with a length

of 250 cm showed ductility ca. 3 to 3.5; 350 cm long walls had ca. 4 to 4.7, while

450 cm long walls had ductility of ca. 4.5 to 6. T-walls exhibited smaller ductility

values, but wall length also had an effect. Namely, ductility in T-walls ranged: from

ca. 1.1 to 1.7 (100 cm long walls); from ca. 1.5 to 2.2 (150 cm long walls); from ca.

2.2 to 2.75 (200 cm long walls).

Inter-storey drift (IDR) was also determined as a ratio of the ultimate dis-

placement that can be observed in Table 6.4 and Table 6.5 and a wall height of 250

cm. Each cell’s colour in Table 6.6 and Table 6.7 represents the IDR’s intensity

and corresponding damage state according to Calvi (1999). Namely, red indicates

surpassing the last limit state with IDR > 0.5%, while yellow cells correspond to

the LS3 (significant damage) and IDR between 0.3 and 0.5%. It was observed that

all C-walls without flanges surpassed 0.5% of the IDR, which is the last limit state

(LS4) connected to the collapse of the building, according to Calvi (1999). Fur-

thermore, walls with flanges, regardless of their length, all showed the IDR values

corresponding to the LS3 (significant damage), which was previously considered to

be the final limit for the rammed earth structures (Bui et al., 2016; El-Nabouch

et al., 2017). Also, the IDR values slightly increased as the wall length increased

from 250 cm to 450 cm. T-walls exhibited similar behaviour, except walls 100 cm

long, in which case only two flanged walls had IDR lower than 0.5%.

6.4.2 Seismic capacity

Before overlapping the seismic capacity curves with the response spectrum, they

were plotted alone to verify whether all examined wall systems can withstand hor-

izontal acceleration of at least 0.20g. Also, since the superposition of curves and

response spectrum is performed following the bilinear idealisation, idealised curves

are plotted for all capacity curves as well. In this case, bilinear idealisation was

performed according to EN 1998-1 by sustaining the maximum value of spectral

acceleration, as was previously done for observing the seismic response of rammed

earth walls in El Nabouch (2017). In contrast with force-displacement curves, seis-

mic capacity curves had different capacities for all three vertical stress intensities,
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i.e. an increase in vertical stress decreased the spectral acceleration achieved. The

difference occurred due to taking vertical stress into account as an additional equiv-

alent mass while determining seismic capacity curves. Moreover, plotting was done

similar to with force-displacement curves, colour-coded for vertical stress and line

styles corresponding to different wall systems. Also, a sketch of each wall system

is plotted in the corner of the graph, to make results easier to comprehend and

compare (Figure 6.11). In Figure 6.11, a graphical representation of the seismic

capacity of only one wall system is presented, to clarify different line colours and

styles connected to different numerical models. A complete set of seismic capacity

curves can be found in Appendix B (Figure 8.36 through Figure 8.41). All curves

were plotted with the same axes to ease the comparison.

All C-walls have presented the same behaviour, regardless of the wall length.

Namely, walls without flanges all endured spectral acceleration greater than 0.20g,

while the behaviour of walls with flanges depended on the amount of vertical stress.

Namely, for shorter flanges, walls loaded with 0.22 and 0.18 MPa achieved spec-

tral acceleration above 0.20g, while that is true only for walls with more extended

flanges loaded with 0.18 MPa of vertical stress. T-walls exhibited slightly different

behaviour. Firstly, wall length had a more significant influence on the spectral ac-

celeration. None of the 100 cm long walls achieved a spectral acceleration of 0.20g,

and neither did the walls with flanges despite their length. However, some 150-cm

and 200-cm long walls without flanges did. Specifically, all straight 200 cm long

walls surpassed the 0.20g and two 150 cm long walls (with vertical stress of 0.18 and

0.22 MPa).

6.4.3 Superposition with response spectrum

To put the structural capacity determined by the pushover method into the context

of seismic behaviour, force and displacement were transformed into seismic acceler-

ation and seismic displacement. However, without the superposition of the seismic

capacity curves with the response spectrum, one can hardly know how a structure

would behave at a location of interest. Even then, one cannot assume it is undoubt-

edly true due to the stochastic nature of seismic events, but it gives an adequate

estimate.
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Figure 6.11: Seismic capacity: 250_C

The bilinear idealisation of each seismic curve, performed according to EN

1998-1, was overlapped with the elastic response spectrum curves. Bilinear curves

are plotted assuming that maximum spectral acceleration is retained until a response

spectrum’s end maximal spectral displacement is reached. That idealisation enables

one to get information for all limit states, even though numerical models, in reality,

achieved lower spectral displacement (e.g. the model failed due to convergence

problems). The same approach was applied earlier by Bui et al. (2016), El Nabouch

(2017) and El-Nabouch et al. (2017).
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Figure 6.12: Superposition with response spectrum curves

Graphs are all grouped and exhibited in Appendix C and Appendix D to make

the text of this subsection more fluid and easier to read, while in this subsection

only two graphs were plotted (Figure 6.12). Bilinear curves were colour-coded and

plotted in different line styles in the same manner as other graphs corresponding

to one wall system exhibited by parametric analysis. The intersection point of

each bilinear curve with an elastic response spectrum is marked and colour-coded to

correspond to a specific limit state. Response spectrum curves were defined following

the approach explained in more detail in chapter 4. Response spectrum curves were

plotted by varying line colours between different return periods and Eurocode 8

generations.

Target displacement determined according to each intersection point was used

to determine the inter-story drift (IDRRS) each wall system would experience based

on a different elastic response spectrum (Table 6.8 and Table 6.9). In contrast to

inter-story drift (IDRdu) presented in the previous subsection in Table 6.6 and Ta-

ble 6.7, the IDRRS puts every wall system into seismic context by adding information

regarding the location and ground type, on which a rammed earth wall is built.
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Table 6.8: Inter-story drift according to 1st generation of Eurocode 8

IDRRS [%]

Ground type A Ground type B Ground type C

Wall ID NC SD DL NC SD DL NC SD DL

250_C_0/0.25 2.331 0.776 0.471 5.244 1.745 1.060 6.935 2.308 1.402

250_C_0/0.22 2.096 0.698 0.424 4.717 1.569 0.954 6.238 2.076 1.261

250_C_0/0.18 1.785 0.594 0.208 4.017 1.337 0.812 5.312 1.767 1.074

250_C_0.25/0.25 2.651 0.882 0.536 5.965 1.985 1.206 7.429 2.625 1.595

250_C_0.25/0.22 2.385 0.794 0.482 5.367 1.786 1.085 7.098 2.362 1.435

250_C_0.25/0.18 2.031 0.676 0.411 4.569 1.520 0.924 6.043 2.011 1.222

250_C_0.5/0.25 3.271 1.088 0.661 6.460 2.448 1.488 7.429 3.238 1.968

250_C_0.5/0.22 2.942 0.979 0.595 6.460 2.203 1.339 7.429 2.913 1.770

250_C_0.5/0.18 2.505 0.833 0.506 5.636 1.875 1.140 7.429 2.480 1.507

350_C_0/0.25 2.142 0.713 0.433 4.820 1.604 0.974 6.374 2.121 1.289

350_C_0/0.22 1.927 0.641 0.390 4.336 1.443 0.877 5.735 1.908 1.159

350_C_0/0.18 1.641 0.546 0.136 3.692 1.228 0.746 4.882 1.624 0.15

350_C_0.25/0.25 2.611 0.869 0.528 5.875 1.955 1.188 7.429 2.585 1.571

350_C_0.25/0.22 2.335 0.777 0.472 5.254 1.748 1.062 6.949 2.312 1.405

350_C_0.25/0.18 1.988 0.661 0.402 4.473 1.488 0.904 5.916 1.968 1.196

350_C_0.5/0.25 3.245 1.080 0.656 6.460 2.429 1.476 7.429 3.213 1.952

350_C_0.5/0.22 2.920 0.971 0.590 6.460 2.186 1.328 7.429 2.891 1.756

350_C_0.5/0.18 2.486 0.827 0.503 5.592 1.861 1.131 7.396 2.461 1.495

450_C_0/0.25 2.026 0.674 0.410 4.558 1.516 0.921 6.027 2.005 1.219

450_C_0/0.22 1.822 0.606 0.117 4.100 1.364 0.829 5.423 1.804 1.096

450_C_0/0.18 1.551 0.516 0.103 3.491 1.161 0.124 4.617 1.536 0.119

450_C_0.25/0.25 2.575 0.857 0.521 5.794 1.928 1.171 7.429 2.549 1.549

450_C_0.25/0.22 2.306 0.767 0.466 5.188 1.726 1.049 6.860 2.283 1.387

450_C_0.25/0.18 1.963 0.653 0.397 4.416 1.469 0.893 5.841 1.943 1.181

450_C_0.5/0.25 3.230 1.075 0.653 6.460 2.418 1.469 7.429 3.198 1.943

450_C_0.5/0.22 2.906 0.967 0.588 6.460 2.176 1.322 7.429 2.877 1.748

450_C_0.5/0.18 2.463 0.819 0.498 5.541 1.844 1.120 7.328 2.438 1.482

100_T_0/0.25 4.076 1.356 0.824 6.460 3.052 1.854 7.429 4.036 2.452
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Table 6.8 continued from previous page

IDRRS [%]

Ground type A Ground type B Ground type C

Wall ID NC SD DL NC SD DL NC SD DL

100_T_0/0.22 3.673 1.222 0.743 6.460 2.749 1.671 7.429 3.636 2.210

100_T_0/0.18 3.132 1.042 0.633 6.460 2.345 1.425 7.429 3.101 1.885

100_T_0.5/0.25 3.770 1.254 0.762 6.460 2.822 1.715 7.429 3.733 2.268

100_T_0.5/0.22 3.393 1.129 0.686 6.460 2.540 1.543 7.429 3.359 2.041

100_T_0.5/0.18 2.890 0.961 0.584 6.460 2.163 1.314 7.429 2.861 1.738

100_T_1/0.25 4.306 1.614 0.981 6.460 3.631 2.206 7.429 4.285 2.918

100_T_1/0.22 4.306 1.453 0.883 6.460 3.269 1.986 7.429 4.285 2.627

100_T_1/0.18 3.721 1.238 0.752 6.460 2.785 1.693 7.429 3.684 2.238

150_T_0/0.25 2.701 0.899 0.546 6.077 2.022 1.229 7.429 2.674 1.625

150_T_0/0.22 2.436 0.810 0.492 5.481 1.824 1.108 7.248 2.412 1.465

150_T_0/0.18 2.083 0.639 0.426 4.687 1.559 0.948 6.198 2.062 1.253

150_T_0.5/0.25 3.730 1.241 0.754 6.460 2.793 1.697 7.429 3.693 2.244

150_T_0.5/0.22 3.355 1.116 0.678 6.460 2.512 1.526 7.429 3.655 2.018

150_T_0.5/0.18 2.855 0.950 0.577 6.425 2.138 1.299 7.429 2.827 1.718

150_T_1/0.25 4.306 1.658 1.008 6.460 3.726 2.267 7.429 4.285 2.998

150_T_1/0.22 4.306 1.492 0.907 6.460 3.358 2.040 7.429 4.285 2.698

150_T_1/0.18 3.819 1.271 0.772 6.460 2.859 1.737 7.429 3.781 2.297

200_T_0/0.25 2.484 0.826 0.502 5.588 1.859 1.130 7.390 2.459 1.494

200_T_0/0.22 2.237 0.744 0.452 5.033 1.674 1.018 6.656 2.214 1.346

200_T_0/0.18 1.909 0.635 0.291 4.296 1.429 0.869 5.682 1.890 1.149

200_T_0.5/0.25 3.649 1.214 0.738 6.460 2.732 1.660 7.429 3.613 2.195

200_T_0.5/0.22 3.281 1.092 0.663 6.460 2.456 1.493 7.429 3.248 1.974

200_T_0.5/0.18 2.791 0.929 0.564 6.280 2.089 1.270 7.429 2.763 1.679

200_T_1/0.25 4.306 1.655 1.005 6.460 3.723 2.262 7.429 4.285 2.992

200_T_1/0.22 4.306 1.489 0.904 6.460 3.349 2.035 7.429 4.285 2.692

200_T_1/0.18 3.809 1.267 0.770 6.460 2.851 1.733 7.429 3.771 2.291

Legend: IDR <0.1% no damage

0.1% <IDR <0.3% minor damage

0.3% <IDR <0.5% significant damage
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Table 6.8 continued from previous page

IDRRS [%]

Ground type A Ground type B Ground type C

Wall ID NC SD DL NC SD DL NC SD DL

IDR >0.5% structural collapse

Table 6.9: Inter-story drift according to 2nd generation of Eurocode 8

IDRRS [%]

Ground type A Ground type B Ground type C

Wall ID NC SD DL NC SD DL NC SD DL

250_C_0/0.25 0.846 0.373 0.144 2.165 0.953 0.245 4.277 1.884 0.486

250_C_0/0.22 0.761 0.335 0.137 1.948 0.856 0.222 3.845 1.696 0.436

250_C_0/0.18 0.647 0.286 0.127 1.657 0.733 0.205 3.276 1.443 0.371

250_C_0.25/0.25 0.962 0.422 0.117 2.464 1.083 0.281 4.841 2.143 0.551

250_C_0.25/0.22 0.865 0.381 0.113 2.228 0.981 0.252 4.381 1.927 0.496

250_C_0.25/0.18 0.739 0.326 0.106 1.886 0.833 0.215 3.730 1.642 0.424

250_C_0.5/0.25 1.188 0.522 0.134 3.024 1.335 0.345 6.020 2.624 0.685

250_C_0.5/0.22 1.065 0.472 0.125 2.723 1.205 0.310 5.420 2.374 0.610

250_C_0.5/0.18 0.909 0.401 0.117 2.328 1.025 0.265 4.579 2.027 0.522

350_C_0/0.25 0.775 0.344 0.116 2.000 0.880 0.226 3.926 1.732 0.447

350_C_0/0.22 0.699 0.308 0.111 1.790 0.790 0.203 3.537 1.559 0.403

350_C_0/0.18 0.594 0.262 0.103 1.527 0.673 0.146 3.018 1.326 0.341

350_C_0.25/0.25 0.944 0.416 0.109 2.425 1.069 0.276 4.818 2.104 0.542

350_C_0.25/0.22 0.848 0.374 0.105 2.168 0.955 0.246 4.291 1.888 0.487

350_C_0.25/0.18 0.723 0.319 0.098 1.844 0.817 0.210 3.638 1.604 0.414

350_C_0.5/0.25 1.182 0.520 0.133 3.003 1.330 0.343 5.944 2.604 0.680

350_C_0.5/0.22 1.058 0.465 0.120 2.710 1.192 0.308 5.391 2.369 0.605

350_C_0.5/0.18 0.904 0.398 0.110 2.316 1.020 0.262 4.565 2.012 0.518

450_C_0/0.25 0.737 0.325 0.100 1.882 0.831 0.214 3.723 1.635 0.423

450_C_0/0.22 0.661 0.292 0.096 1.695 0.747 0.192 3.343 1.468 0.380

450_C_0/0.18 0.564 0.248 0.090 1.443 0.636 0.110 2.851 1.253 0.124
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Table 6.9 continued from previous page

IDRRS [%]

Ground type A Ground type B Ground type C

Wall ID NC SD DL NC SD DL NC SD DL

450_C_0.25/0.25 0.936 0.412 0.105 2.391 1.057 0.272 4.740 2.086 0.536

450_C_0.25/0.22 0.836 0.370 0.100 2.144 0.943 0.243 4.243 1.863 0.480

450_C_0.25/0.18 0.713 0.314 0.094 1.827 0.802 0.207 3.598 1.586 0.409

450_C_0.5/0.25 1.170 0.519 0.132 2.989 1.327 0.341 5.934 2.603 0.677

450_C_0.5/0.22 1.053 0.462 0.119 2.707 1.187 0.307 5.315 2.355 0.603

450_C_0.5/0.18 0.898 0.395 0.106 2.284 1.005 0.258 4.532 1.981 0.515

100_T_0/0.25 1.471 0.652 0.314 3.798 1.658 0.502 6.646 3.277 0.848

100_T_0/0.22 1.323 0.587 0.296 3.411 1.510 0.475 6.643 2.970 0.762

100_T_0/0.18 1.132 0.543 0.274 2.897 1.279 0.442 5.738 2.536 0.653

100_T_0.5/0.25 1.371 0.599 0.229 3.496 1.537 0.397 6.646 3.055 0.783

100_T_0.5/0.22 1.235 0.543 0.218 3.162 1.396 0.356 6.265 2.760 0.709

100_T_0.5/0.18 1.048 0.460 0.201 2.695 1.181 0.324 5.292 2.334 0.601

100_T_1/0.25 1.759 0.771 0.255 4.513 1.972 0.514 6.646 3.887 1.007

100_T_1/0.22 1.585 0.700 0.243 4.087 1.800 0.464 6.646 3.525 0.902

100_T_1/0.18 1.347 0.593 0.224 3.434 1.535 0.391 6.646 2.994 0.777

150_T_0/0.25 0.979 0.432 0.218 2.504 1.106 0.350 4.935 2.183 0.561

150_T_0/0.22 0.881 0.409 0.207 2.264 0.997 0.333 4.462 1.963 0.509

150_T_0/0.18 0.757 0.378 0.192 1.931 0.851 0.308 3.828 1.688 0.432

150_T_0.5/0.25 1.352 0.594 0.183 3.479 1.536 0.392 6.646 2.998 0.779

150_T_0.5/0.22 1.216 0.536 0.176 3.134 1.370 0.353 6.129 2.693 0.702

150_T_0.5/0.18 1.035 0.454 0.162 2.648 1.169 0.299 5.244 2.313 0.596

150_T_1/0.25 1.802 0.790 0.212 4.679 2.043 0.526 6.646 3.883 1.049

150_T_1/0.22 1.614 0.712 0.200 4.175 1.828 0.471 6.646 3.614 0.932

150_T_1/0.18 1.394 0.613 0.187 3.557 1.554 0.402 6.646 3.075 0.798

200_T_0/0.25 0.904 0.398 0.171 2.315 1.018 0.275 4.565 2.008 0.518

200_T_0/0.22 0.809 0.357 0.163 2.081 0.916 0.261 4.103 1.800 0.465

200_T_0/0.18 0.694 0.305 0.151 1.772 0.784 0.242 3.505 1.545 0.399

200_T_0.5/0.25 1.317 0.584 0.159 3.400 1.498 0.382 6.639 2.958 0.759

200_T_0.5/0.22 1.190 0.523 0.152 3.033 1.343 0.346 6.027 2.633 0.688
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Table 6.9 continued from previous page

IDRRS [%]

Ground type A Ground type B Ground type C

Wall ID NC SD DL NC SD DL NC SD DL

200_T_0.5/0.18 1.011 0.445 0.141 2.596 1.145 0.293 5.147 2.255 0.578

200_T_1/0.25 1.801 0.789 0.201 4.634 2.041 0.524 6.646 3.883 1.027

200_T_1/0.22 1.612 0.711 0.182 4.175 1.825 0.470 6.646 3.613 0.929

200_T_1/0.18 1.389 0.611 0.166 3.553 1.550 0.401 6.646 3.071 0.795

Legend: IDR <0.1% no damage

0.1% <IDR <0.3% minor damage

0.3% <IDR <0.5% significant damage

IDR >0.5% structural collapse

Colours in Table 6.8 and Table 6.9 represent different levels of damage, based

on limit states of unreinforced masonry (Calvi, 1999), as it is described in the legend

under the table. One table contains information regarding all C-type and T-type wall

systems, while information regarding the Eurocode 8 generation is divided between

the two tables. Thanks to the colour coding of the table information, one can, just

by a glance at the tables, observe how less rigorous the 2nd generation of Eurocode

8 appears to be in the context of the rammed earth walls examined by this study.

Namely, when 1st generation of Eurocode 8 was used to define the elastic response

spectrum, structural collapse was not the case in just a few instances, primarily

for ground type A and the shortest return period (limit state Damage Limitation,

return period of 225 years).

However, when parametric analysis results overlapped with the elastic response

spectrum determined according to the 2nd generation of Eurocode 8, the seismic

response changed. As expected, rammed earth walls exhibited the lowest damage

rates if ground type A was considered, especially if the shortest return period was

considered when mostly minor damage occurred. In the other two ground types,

favourable outcomes could be expected only for the shortest return period of 60

years. Moreover, the limit state corresponding to the return period of 475 years

(Structural Damage) in ground type A exhibited mostly significant damage, while
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it corresponded with the structural collapse in the other two ground types. Also,

structural collapse dominated when the longest return period was considered for all

ground types.

The difference between the two wall systems could also be observed. Namely,

C-wall systems performed marginally better than T-wall systems. That could indi-

cate that parts of construction where T-wall systems occur (a portion of the wall

from the door to the connecting wall) are susceptible to higher levels of damage

during the seismic event.

As previously stated, the increase in vertical stress intensity reduced seismic

capacity, as did the increase in the length of flange walls. Despite that, no such

regularity could be observed when the limit states are considered in Table 6.8 and

Table 6.9. The reason for that is that the differences between the systems induced

by those parameters are not significant enough to influence the changes in limit

states.

6.5 Conclusion

Numerical analysis of rammed earth walls representing walls from eastern Croatia

was performed using ANSYS Workbench software. In order to build a reliable

numerical model, material properties and analysis settings were validated according

to the experimental results. In that process, finite element size was also chosen to

be 1/5 of the rammed earth wall layer. Material properties were either determined

experimentally or chosen based on literature review. Drucker-Prager’s constitutive

model was responsible for the non-linear behaviour of the numerical model, while

the Cohesive Zone Model induced additional debonding of the layers.

Following the validation, parametric analysis was performed on two wall sys-

tems, C-wall and T-wall. Namely, the C-wall consisted of two flange walls at the

end and represented the shorter outer wall of the rammed earth house. On the

other hand, only one flanged wall is added to the end of the T-wall, which can be

considered a portion of the inside wall from the door to the longer outer wall of the

house. It should be noted that both wall systems are considered part of a traditional

rammed earth house from eastern Croatia, with a three-room layout. By performing
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parametric analysis, several parameters were tested:

• Influence of wall length on seismic behaviour of the rammed earth wall

• Necessity of including flange walls while considering rammed earth walls

• Influence of flange wall length on seismic behaviour of rammed earth wall

• Influence of vertical stress intensity on seismic behaviour of rammed earth

walls

All parameters were tested on both wall systems. Overall, 18 different geometric

dispositions of walls were constructed, and three vertical stress intensities were ap-

plied to each numerical model. Vertical stress was determined according to the

dimensions of rammed earth houses encountered during the field observation by

considering maximum, minimum and average values. In total, 54 numerical models

were calculated and analysed in this study.

It was observed that when wall length was increased and flange walls were

added, load-bearing capacity also increased. When no flange walls were added,

the maximum displacement walls endured increased; however, bearing capacity de-

creased significantly (26% to 40% in C-walls and 35% to 66% in T-walls, depending

on the length). Thus, the flange walls proved necessary when considering the seis-

mic behaviour of rammed earth walls. However, it was determined that shorter

flange walls are sufficient between the two considered lengths since the difference is

negligible, while the numerical model size and computational time are much higher.

Vertical stress, however, did not prove to be highly influential in the bearing capac-

ity of the rammed earth walls. One can attribute that to the low intensity; however,

in the case of eastern Croatia rammed earth houses and rammed earth houses in

general, that level of vertical stress is expected.

Several parameters have been determined from pushover analysis and bilinear

idealisation of the curve. Namely, structural behaviour factors, elastic stiffness, duc-

tility, and inter-story drift were analysed for all 54 numerical models. As previously

mentioned, changes in vertical stress had a negligible influence on all parameters

determined by the structural capacity and bilinear curve.

Firstly, the structural behaviour factor from 1.99 to 2.43 was determined. In

C-walls, systems without flange walls had slightly lower values than those with
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flanges. However, in T-walls, no such observation could be made. Flange walls

greatly influence the elastic stiffness of C-walls. Specifically, a 35% increase in

elastic stiffness was observed for the shortest walls (250 cm), while the difference

rose to more than 50% for the other two wall lengths. In T-walls, the influence

was minor (18% to 35%) but still not negligible. It should also be mentioned that

the length of the flange walls did not significantly influence the reported results.

Ductility was influenced by wall length, ranging from ca. 3 to even 6 when C-wall

length increased from 250 cm to 450 cm. T-walls exhibited much smaller ductility

values than C-walls, but the length also had much impact.

In this part of the analysis, inter-story drift was determined according to the

ultimate displacement and denoted as IDRdu . The ultimate displacement was the

maximum displacement each numerical model had endured. As previously men-

tioned, walls without flanges endured more significant displacement, i.e. a complete

displacement of 15 mm that was applied to the top of the numerical model, sur-

passing the fourth limit state (IDR>0.5%) that indicates the collapse. Most flanged

walls, both C-walls and T-walls, achieved the IDRdu between 0.3% and 0.5%, con-

nected to significant structural damage. Those numerical models had material failure

before enduring the complete 15 mm of horizontal displacement.

Further seismic analysis was possible when structural capacity curves were

transferred to spectral acceleration and displacement. Thus, seismic capacity curves

were constructed, and bilinear idealisation was performed for superposition with

the elastic response spectrum to determine target displacement. Furthermore, two

approaches were used to create the response spectrum: the 1st and 2nd generation

of Eurocode 8 that was developed but is still not in force. Three ground types

were considered: A (ideal case) and those expected in eastern Croatia (B and C).

Also, the elastic response spectrum was calculated for three return periods that are

connected with three limit states: Damage Limitation (DL), Significant Damage

(SD) and Near Collapse (NC).

Contrary to structural capacity curves determined directly from pushover re-

sults, vertical stress greatly impacted the spectral acceleration since, in this context,

it was considered a mass from the additional load. Furthermore, seismic capacity

curves were first observed without the response spectrum to determine whether they
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could withstand the horizontal acceleration of 0.2g (design value characteristic for

eastern Croatia). It was observed that in C-walls, without flanges, all walls surpass

0.2g, while for walls with flanges, that depends on the vertical stress intensity, no

matter the flange length, which marginally influences the response. However, most

T-walls failed to reach the limit of 0.2g, even though the wall with flanges again

performed worse.

Target displacement gathered from the superposition of the curves with the

response spectrum was used to determine the inter-story drift of the walls connected

to the location and return period (IDRRS). Significant differences between the 1st

and 2nd generation of the Eurocode 8 induced discrepancies in the IDRRS results.

Namely, if 1st generation of Eurocode 8 was considered, almost none of the analysed

rammed earth walls would achieve adequate seismic response since the majority’s

IDRRS is highly above 0.5%. A few exceptions are C-walls assumed to be built of

ground type A and if the shortest return period is considered (225 years).

When 2nd generation of Eurocode 8 was considered, a marginally different

picture appeared. Namely, if the longest return period was considered, the structural

collapse was determined for all wall systems, the same as for 1st generation of the

standard. However, for other return periods, even none and minor damage can

be observed, especially for the shortest return period (60 years), corresponding to

the Damage Limitation limit state. Also, as expected, when ground type C was

considered, almost all wall systems faced structural collapse.

If all numerical results are summed, one can draw a few conclusions. Namely,

since walls with flanges proved to be a more critical case regarding seismic behaviour,

rammed earth walls should not be considered as free-standing to avoid overestimat-

ing their load-bearing capacity. Furthermore, T-walls, reaching from the door frame

to the perpendicular wall, should also be considered with flanges. Also, since T-walls

appear more critical than C-walls, one should pay extra attention to those places

when a complete rammed earth house is considered, especially if the distance be-

tween the door and the perpendicular wall is 100 cm or less. The flange wall length

for C-walls can be limited to 25% of the wall length, and for T-walls, 50% of the

wall length. Since no significant difference in seismic capacity was observed with

the increase in length. The vertical stress interval used in this parametric analysis
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did not cause significant differences. Thus, all levels would be appropriate, and no

reduction is necessary.

Finally, even though the majority of wall systems comprehended by this study

can withstand ground accelerations of 0.2g, superposition with response spectra

curves proved that the seismic capacity of rammed earth walls from eastern Croatia

should be carefully considered. Namely, according to the current generation of the

Eurocode 8, such walls would in almost all cases considered (different return periods

and ground types) achieve structural collapse. However, if the 2nd generation of the

standard is considered, rammed earth walls can be considered adequate, but that

conclusion is mostly limited to the shortest return period of 60 years.

It should be noted that parametric analysis in this study was performed based

on experimental results of traditionally built rammed earth walls, characteristic of

eastern Croatia. The traditional construction method could influence the strength

properties, and material composition could also impact to a degree. Therefore,

further analysis should be performed to apply these conclusions to a broader number

of cases.
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Concluding remarks

In the past decades, earthen construction (mostly rammed earth and adobe) has

passed through a revival on a worldwide scale, and the majority of research has

been conducted since the beginning of the 21st century. Moreover, numerous stan-

dards and normative documents were written to help engineers and enthusiasts build

durable and sustainable earthen structures. However, thanks to the ancient origin

of the earthen building technique, the majority of such buildings throughout the

world are, in fact, traditionally and empirically built, dating hundreds of years ago.

Therefore, to preserve the ancient building fund that is undoubtedly a part of a

cultural heritage, one must understand the behaviour of those structures before at-

tempting to create a new, modern earthen construction.

In Croatia, earthen structures are located primarily in eastern parts, i.e. Slavo-

nia and Baranja. They are characterised by a traditional building practice and

purely empirical techniques spread by word of mouth. Their current state, ma-

terial composition, characteristic dimensions, and load-bearing capacities are little

known. Moreover, even though the horizontal acceleration expected in eastern Croa-

tia is lower than in other parts of the country, earthen structures’ seismic capacity

has proven problematic. Thus, rammed earth structures from eastern Croatia must

also be observed in a seismic context.

Field observation throughout eastern Croatia was conducted, and more than

90 rammed earth houses were noted, with a portion of them thoroughly documented.

Houses were photographed and measured with the owner’s permission, and material

samples for further laboratory testing were collected. This study presents a small
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database comprising five rammed earth houses, and the floor plans, characteristic

dimensions, layout, and material properties, which are dependent on the amount of

collected material, are discussed.

Due to the primitive waterproofing under the rammed earth walls, capillary

moisture extended to a height of ca. 1 m in the wall, even though most samples had

a moisture content of 2.5 to 3%. Moreover, the granular composition of the material

in eastern Croatia rammed earth houses deviated from a portion of large particles

(sand and gravel) from the literature recommendation. However, the proportion

of fine particles agreed with the recommendations. Plasticity was determined on

samples from three houses: two samples were classified as low-plasticity, while the

third was classified as medium-plasticity. All samples corresponded to literature

recommendations for appropriate rammed earth material. Compressive strength

was determined on samples from two houses, which mainly concentrated around 1.5

MPa, even though extremes in both directions were observed as well. Finally, soil

water retention behaviour was determined on material collected from one house,

whose behaviour agreed with the literature observation.

Further analysis was performed based on observations made on existing rammed

earth houses in eastern Croatia. Namely, four rammed earth walls were built us-

ing traditional building principles, with material composition resembling collected

samples. Dimensions were also determined according to existing houses and scaled

due to laboratory limitations to 125 × 125 × 25 cm. Walls were loaded with con-

stant vertical load, and cyclic horizontal displacement was imposed at the top of

the wall. The excitation regime was observed not to influence the seismic response

significantly. On the contrary, based on experimental results, soil mixture and its

uniformity, as well as the duration of the drying period, profoundly affect load-

bearing capacity.

One experimentally tested wall, made of lower-performing material, was fur-

ther used to validate numerical models (E:125) made in ANSYS Workbench software.

Material model properties were either experimentally tested or, when the former was

impossible, assumed based on the literature review. Following the sensitivity analy-

sis, finite element size was determined in relation to layer height, precisely 1/5 of the

layer. Following the validation, parametric analysis was performed on 54 numerical
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models of different geometry and vertical loads. Namely, each of the 18 different

geometry systems assumed to be a part of a traditional eastern Croatian rammed

earth house was tested with three different vertical stress intensities. Numerical

results from pushover analysis were observed in structural and seismic contexts.

It was observed that vertical stress intensities of 0.18 to 0.25 MPa did not

significantly affect load-bearing capacity, while the wall system did. If each rammed

earth wall is considered a separate unit (i.e. without flange walls), lower load-

carrying capacity can be achieved, but a larger amount of displacement can be

endured, causing a larger IDR. However, a more critical case appears when the wall

is considered part of a construction, with flange walls connected to it. Even though

higher load-bearing capacity was achieved, lower displacement was endured, thus

making the third limit state (structural damage) their final limit state. However,

the increased length of the flange walls did not significantly impact the results. Thus,

it can be assumed that shorter flange walls are adequate (25% and 50% of the wall

length for C-wall and T-wall, respectively). Structural behaviour factor in the range

of 1.99 to 2.43 was determined. However, no significant influence of wall length and

the presence of flanges on the value was determined.

When seismic acceleration and displacement were overlapped with the elastic

response spectrum determined by following two approaches (1st and 2nd generation

of Eurocode 8). In this case, increased vertical stress caused the lower seismic

acceleration of the wall and flange walls, which again proved critical, reducing the

seismic acceleration. Thus, not all observed wall systems could reach the 0.2g of

spectral acceleration. However, it should be further examined whether the same

conclusion can be applied if a complete house is considered.

Furthermore, by overlapping the bilinear idealised seismic capacity curves with

the elastic response spectrum, high discrepancies were observed between the two

generations of a standard. A new generation of Eurocode 8 is said to bring significant

changes regarding, among others, procedures for determining response spectrum

curves. In the context of rammed earth walls observed by this study, this caused

significantly different conclusions between the two spectra.

Precisely, according to 1st generation of Eurocode 8, the majority of rammed

earth walls in this study did not perform adequately to be built even on ground
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type A. Based on the determined target displacement, almost all cases considered

had the IDR characterised by collapse. A few exceptions were reserved for C-walls

built on the ground type A, with the shortest return period.

The 2nd generation of Eurocode 8 brought marginally different conclusions.

For the shortest return period, C-walls achieved minor in both ground types A and

B, while in-ground type C, instances of significant damage also appeared. T-walls

performed slightly poorer, and majority of wall systems achieved significant damage.

For the longer return periods, majority of wall systems showed structural collapse,

especially in ground types B and C. Moreover, even though vertical stress intensity

had some influence on the behaviour, the utilised interval did not make significant

changes to the seismic performance.

Thus, according to the 2nd generation of Eurocode 8, which should be en-

forced in this and the following years, traditional rammed earth walls modelled

after existing rammed earth houses in eastern Croatia should have adequate seis-

mic performance for limit state Damage Limitation (return period 60 years), while

for the longest return period (Near Collapse, return period 1600 years) structural

collapse can be expected. Also, if ground type C is considered, the majority of

wall systems would not perform adequately, while ground type B gives a bit more

optimistic conclusion. Moreover, it should be noted that this study is limited to

rammed earth walls. Further analysis of the rammed earth houses modelled after

existing eastern Croatian rammed earth houses should be performed.

7.1 Scientific contribution

This study was made in the scope of the first research project that deals with the

seismic behaviour of rammed earth houses from eastern Croatia (RE-forMS). It com-

prises the complete research path from observing the existing rammed earth houses

in the area followed by laboratory testing and, finally, building numerical models

of walls based on the actual constructions for seismic performance analysis. Aims

named in the Introduction were focused on building the database of existing rammed

earth houses and determining the seismic behaviour of rammed earth structures:

1. To create a database on locations, geometry, load, boundary conditions, and
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material composition for physical and numerical models of traditional eastern

Croatian rammed earth houses.

2. To evaluate the behaviour of the walls in existing rammed earth houses in

eastern Croatia based on the results of destructive testing of physical models

loaded with simulated gravity and earthquake loads.

3. To determine the seismic behaviour of rammed earth walls by performing

parametric analysis on validated nonlinear numerical models.

The database includes a detailed overview of five rammed earth houses from

eastern Croatia, which discusses layout, dimensions, and floor plan. Moreover, de-

pending on the number of collected samples from each house, extensive laboratory

testing was performed, and the findings were compared to the literature review and

recommendations.

Seismic behaviour was evaluated through experimental and numerical analy-

sis. It was observed that vertical stress intensity has an insignificant influence on

load-bearing capacity. Also, rammed earth walls should not be considered as flat

walls and separate units that form a whole construction. Instead, at least flange

perpendicular walls should be added since the reduction of seismic capacity was ob-

served. Moreover, if the fact that existing rammed earth houses in eastern Croatia

were mostly built more than a hundred years ago is considered, it can be assumed

they endured at least minor seismic activities. With that in mind, presumably, the

2nd generation of Eurocode 8 gives a better estimate of the rammed earth walls,

characterising their seismic performance as adequate for short-term return periods

(60 years). However, it was observed that according to the currently enforced ver-

sion of Eurocode 8, traditionally built rammed earth walls in eastern Croatia would

not survive any level of seismic activity without collapsing and similar conclusions

were drawn for longer return periods according to 2nd generation of Eurocode 8 as

well.

Furthermore, in the Introduction, two hypotheses were set as well:

• H1: Rammed earth walls, the likes of which can be found in the eastern Croa-

tian area, can withstand horizontal ground shaking with a minimum ground
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acceleration of 0.2g, which is the design acceleration for the eastern Croatian

area.

The first hypothesis H1 was tested on parametric analysis results, concerning full-

scale rammed earth walls. It was observed that longer walls had greater success in

achieving the 0.2g mark; however, the spectral acceleration reduced with increased

vertical stress intensity and flanges added. Thus, for a critical case, which should be

applied in the analysis, of a wall considered as a part of a house, it cannot be safe to

say that it will achieve the set limit. What is more a portion of the wall extending

from the end of a door to a connected perpendicular wall (T-wall system in this

study, see Figure 6.1 in page 136) in almost all cases considered failed to reach the

0.2g. Therefore, when a rammed earth house is analysed as a whole, those portions

should be carefully observed, and the wall length from the door to the other wall

should not be less than 100 cm.

• H2: The structural behaviour factor for rammed earth walls can be greater

than 1.5, corresponding to the smallest allowed structural behaviour factor

according to the current European standards for designing seismic resistance

in masonry and concrete structures.

The second hypothesis H2 was tested on numerical and experimental results. Namely,

in both cases, the structural behaviour factor greater than 2.0 was determined, thus

proving that a value greater than 1.5 can be utilised. Values determined in this

study correspond to the literature review but were now determined on broader wall

types and lengths.

7.2 Recommendations for future work

Since this is the first doctoral dissertation dealing with rammed earth structures

from eastern Croatia and a product of the first research project dealing with the

same topic, a lot of research ought to be performed in future to get a complete

picture of their behaviour, seismic and otherwise. A lot of research has been per-

formed worldwide; however, traditional Croatian rammed earth houses differ from

the standards in terms of material composition and floor plan. Also, when reviewing

the literature, some gaps were observed.
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Firstly, since this study was mainly focused on the seismic performance of tra-

ditional rammed earth walls from eastern Croatia, the material characteristics only

of used mixtures were evaluated. However, the influence of material composition

and sample shape and size was only marginally observed. Further analysis of the

influence on mechanical and physical properties could be performed, even though

some conclusions can be drawn based on available literature.

Moreover, this study was limited to rammed earth walls. Precisely, walls with

and without flange walls. However, openings in walls have proven to impact masonry

walls severely, and one can assume it is the same in rammed earth walls. To this day,

only one study has been performed on the influence of wall openings on performance.

Their presence, position and size should be further examined.

Since rammed earth walls are rarely found as free-standing, especially if they

are load-bearing, a complete rammed earth structure should be analysed. This

study proved that one should not divide the house into a separate free-standing wall

but include at least perpendicular (flange) walls. However, all conclusions in this

study were based on walls (with and without flange walls), and it should be checked

whether the same conclusions apply to a complete construction or at least a room

that forms a house.

The current state of many rammed earth houses in the area is devastating.

However, it was observed that owners do not know how to rehabilitate them. Re-

search regarding the procedures for repairing and strengthening such structures

should be performed to aid that. Thus, more of the existing houses, which are

certainly a part of Croatian cultural heritage, could be preserved and put to further

use.

Finally, to enable engineering practices and sustainable building enthusiasts

to build rammed earth houses, some sort of normative document must be created

with standardised procedures and minimum requirements for the material. Also,

rammed earth is just one of the plethora of earthen building techniques, and similar

research should be performed if other techniques (i.e. adobe, cob, etc.) wish to be

applied.
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Appendix A: Parametric analysis

results

In the following figures (Figure 8.1 through Figure 8.35), structural capacity curves

determined on 54 numerical models are presented. Curves are colour-coded, de-

pending on the vertical stress intensity, while line style corresponds to the different

wall systems. The curve is plotted separately for each numerical model since there

is little to no difference between different vertical stresses on the same numerical

model. Structural capacity curves of one wall system are followed by bilinear curves

determined for each numerical system.
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Figure 8.1: Numerical analysis results: 250_C_0
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Figure 8.2: Bilinear idealisation: 250_C_0
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Figure 8.3: Numerical analysis results: 250_C_0.5
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Figure 8.4: Bilinear idealisation: 250_C_0.5
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Figure 8.5: Numerical analysis results: 250_C_0.25
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Figure 8.6: Bilinear idealisation: 250_C_0.25
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Figure 8.7: Numerical analysis results: 350_C_0
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Figure 8.8: Bilinear idealisation: 350_C_0
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Figure 8.9: Numerical analysis results: 350_C_0.5

191 CHAPTER 8. APPENDICES



Perić Fekete, Ana, 2024

Seismic behaviour of traditional rammed earth walls from eastern Croatia area

Figure 8.10: Bilinear idealisation: 350_C_0.5
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Figure 8.11: Numerical analysis results: 350_C_0.25
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Figure 8.12: Bilinear idealisation: 350_C_0.25
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Figure 8.13: Numerical analysis results: 450_C_0
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Figure 8.14: Bilinear idealisation: 450_C_0
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Figure 8.15: Numerical analysis results: 450_C_0.25
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Figure 8.16: Bilinear idealisation: 450_C_0.25
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Figure 8.17: Numerical analysis results: 450_C_0.5
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Figure 8.17: Bilinear idealisation: 450_C_0.5
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Figure 8.18: Numerical analysis results: 100_T_0
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Figure 8.19: Bilinear idealisation: 100_T_0
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Figure 8.20: Numerical analysis results: 100_T_0.5
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Figure 8.21: Bilinear idealisation: 100_T_0.5
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Figure 8.22: Numerical analysis results: 100_T_1
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Figure 8.23: Bilinear idealisation: 100_T_1
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Figure 8.24: Numerical analysis results: 150_T_0
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Figure 8.25: Bilinear idealisation: 150_T_0
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Figure 8.26: Numerical analysis results: 150_T_0.5
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Figure 8.27: Bilinear idealisation: 150_T_0.5
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Figure 8.28: Numerical analysis results: 150_T_1
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Figure 8.29: Bilinear idealisation: 150_T_1
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Figure 8.30: Numerical analysis results: 200_T_0
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Figure 8.31: Bilinear idealisation: 200_T_0
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Figure 8.32: Numerical analysis results: 200_T_0.5

215 CHAPTER 8. APPENDICES



Perić Fekete, Ana, 2024

Seismic behaviour of traditional rammed earth walls from eastern Croatia area

Figure 8.33: Bilinear idealisation: 200_T_0.5
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Figure 8.34: Numerical analysis results: 200_T_1
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Figure 8.35: Bilinear idealisation: 200_T_1
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Appendix B: Seismic capacity

In the following figures (Figure 8.36 through Figure 8.41), seismic capacity curves

are shown, with seismic acceleration plotted in g and structural displacement plotted

in meters. Different vertical stress is again colour-coded, while the wall system is

distinguished by line style. One graph contains three capacity curves, one for each

vertical stress imposed (0.18 MPa, 0.22 MPa and 0.25 MPa). On each graph, a thin

grey line is plotted at 0.20g to ease the comparison of each curve with the amount

of design spectral acceleration in eastern Croatia, a minimum of which walls should

endure per this study.
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Figure 8.36: Seismic capacity: 250_C
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Figure 8.37: Seismic capacity: 350_C
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Figure 8.38: Seismic capacity: 350_C
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Figure 8.39: Seismic capacity: 100_T
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Figure 8.40: Seismic capacity: 150_T
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Figure 8.41: Seismic capacity: 200_T

225 CHAPTER 8. APPENDICES



Appendix C: Superposition with

response spectrum - current

Eurocode 8 (OLD EC8 )

In the following figures, (Figure 8.42 through Figure 8.59, bilinear idealisation of

seismic capacity curves is overlapped with the elastic response spectrum determined

according to current Eurocode 8 (EN 1998-1), for three ground types (A, B and

C). Bilinear curves are again colour-coded according to the vertical stress intensity,

while line styles represent different wall systems. The intersection point of each

bilinear curve with the corresponding response spectrum curve is marked with a

circular point, coloured the same as a response spectrum curve.
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Figure 8.42: Superposition with response spectrum: 250_C_0
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Figure 8.43: Superposition with response spectrum: 250_C_0.25
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Figure 8.44: Superposition with response spectrum: 250_C_0.5
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Figure 8.45: Superposition with response spectrum: 350_C_0
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Figure 8.46: Superposition with response spectrum: 350_C_0.25
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Figure 8.47: Superposition with response spectrum: 350_C_0.5
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Figure 8.48: Superposition with response spectrum: 450_C_0
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Figure 8.49: Superposition with response spectrum: 450_C_0.25
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Figure 8.50: Superposition with response spectrum: 450_C_0.5
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Figure 8.51: Superposition with response spectrum: 100_T_0
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Figure 8.52: Superposition with response spectrum: 100_T_0.5
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Figure 8.53: Superposition with response spectrum: 100_T_1
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Figure 8.54: Superposition with response spectrum: 150_T_0
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Figure 8.55: Superposition with response spectrum: 150_T_0.5
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Figure 8.56: Superposition with response spectrum: 150_T_1
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Figure 8.57: Superposition with response spectrum: 200_T_0
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Figure 8.58: Superposition with response spectrum: 200_T_0.5
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Figure 8.59: Superposition with response spectrum: 200_T_1
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Appendix D: Superposition with

response spectrum - new generation

of Eurocode 8 (NEW EC8 )

In the following figures, (Figure 8.60 through Figure 8.77, bilinear idealisation of

seismic capacity curves is overlapped with the elastic response spectrum determined

according to a new generation of Eurocode 8 (Čaušević and Bulić, 2020), for three

ground types (A, B and C). Bilinear curves are again colour-coded according to

the vertical stress intensity, while line styles represent different wall systems. The

intersection point of each bilinear curve with the corresponding response spectrum

curve is marked with a circular point, coloured the same as a response spectrum

curve.
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Figure 8.60: Superposition with new response spectrum: 250_C_0
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Figure 8.61: Superposition with new response spectrum: 250_C_0.25
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Figure 8.62: Superposition with new response spectrum: 250_C_0.5
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Figure 8.63: Superposition with new response spectrum: 350_C_0
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Figure 8.64: Superposition with new response spectrum: 350_C_0.25
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Figure 8.65: Superposition with new response spectrum: 350_C_0.5
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Figure 8.66: Superposition with new response spectrum: 450_C_0
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Figure 8.67: Superposition with new response spectrum: 450_C_0.25
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Figure 8.68: Superposition with new response spectrum: 450_C_0.5

254 CHAPTER 8. APPENDICES



Perić Fekete, Ana, 2024

Seismic behaviour of traditional rammed earth walls from eastern Croatia area

Figure 8.69: Superposition with new response spectrum: 100_T_0
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Figure 8.70: Superposition with new response spectrum: 100_T_0.5
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Figure 8.71: Superposition with new response spectrum: 100_T_1
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Figure 8.72: Superposition with new response spectrum: 150_T_0
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Figure 8.73: Superposition with new response spectrum: 150_T_0.5
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Figure 8.74: Superposition with new response spectrum: 150_T_1
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Figure 8.75: Superposition with new response spectrum: 200_T_0
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Figure 8.76: Superposition with new response spectrum: 200_T_0.5
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Figure 8.77: Superposition with new response spectrum: 200_T_1
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