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Abstract: Rammed earth buildings constitute a large part of the housing stock in rural areas. Although
these houses are recognized as a cultural heritage, detailed analyses of their architectural features,
geometric parameters crucial for structural stability, and soil properties used for their construction
have not yet been carried out in Croatia. The aim of this study is to collect basic data on the
architectural features and material properties of rammed earth walls through field research in Croatia.
These data are crucial for both numerical and experimental studies to improve the understanding
of the structural behavior of rammed earth houses. Data were obtained through field research and
a detailed survey of 22 houses. The houses were analyzed, samples of the rammed earth walls
were collected, and their properties were tested in the laboratory. This study contributes to a better
understanding of regional building practices and provides data that will enable us to identify the
causes of damage in future studies and to select rehabilitation measures to preserve the authentic
symbols of cultural heritage.

Keywords: earthen houses; rammed earth; earth building; geometric survey; soil properties

1. Introduction

It is estimated that at least one-third of the world’s population lives in earthen
houses [1-3]. As acknowledged in recent literature, traditional rammed earth houses
exist worldwide [1,4]. Moreover, a significant proportion of earthen buildings are located
in earthquake-prone areas [1,5-8], including Croatia [3,9].

Rammed earth is a traditional building technique that has been used for thousands of
years [2,6], especially in regions with limited wood resources, as was the case in eastern
Croatia [10,11]. In this technique, earth, usually a mixture of local soils, is compacted at the
optimum water content in layers within a formwork to form monolithic structural walls.
In French, this technique is known as pise; in Spanish, as tapial; in Portuguese, as taipa; in
Colombian, as tapia pisada; and in Croatian (cro.), as nabijaca or naboj. Rammed earth is
valued for its availability, low environmental impact, low cost, and significant thermal mass,
which makes buildings cooler in summer and warmer in winter. From a materials science
perspective, rammed earth is a composite material comprising compact layers of natural or
man-made soil, usually containing a mixture of clay, silt, sand, and gravel. In rammed earth,
clay acts as a binder and is usually present at a content of less than 30% [12,13]. However,
the mixture can be stabilized with a small amount of cement [14-17] or lime [18,19] to
improve its strength and durability. The density and strength of finished rammed earth
elements depend on the composition of the soil used and the degree of compaction.

In the Slavonia and Baranja (hereinafter referred to as SaB) region in the eastern part of
Croatia, rammed earth houses make up a large part of rural and ethnic villages and embody
century-old architectural traditions. However, many of these rammed earth houses are
in a dilapidated state, for which there are no adequate conservation measures. This is
mainly due to the fact that there are no adequate, comprehensive national guidelines and
standards to support the preservation of vernacular earthen buildings in Croatia.

Buildings 2024, 14, 2049. https://doi.org/10.3390 /buildings14072049

https://www.mdpi.com/journal /buildings


https://doi.org/10.3390/buildings14072049
https://doi.org/10.3390/buildings14072049
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0003-2549-4708
https://orcid.org/0000-0002-4479-1487
https://orcid.org/0000-0001-5207-7374
https://orcid.org/0000-0001-7779-410X
https://doi.org/10.3390/buildings14072049
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings14072049?type=check_update&version=2

Buildings 2024, 14, 2049

2 of 25

The preservation of cultural identity and architectural heritage is important. These
buildings not only reflect the country’s rich history but also serve as tangible links to the
country’s past [7,20]. Without adequate conservation measures, Croatia risks losing a
significant portion of its architectural heritage and authenticity. Therefore, there is a need
for comprehensive strategies and initiatives aimed at restoring and preserving earthen
buildings and ensuring that they remain enduring symbols of Croatia’s cultural heritage
for future generations.

The revival of traditional earth-building techniques is crucial for advancing the Sus-
tainable Development Goals (SDGs) [21]. These techniques are deeply rooted in history
and offer sustainable building solutions. Using locally sourced materials and minimal
processing, earthen construction reduces the carbon footprint and promotes environmen-
tally friendly practices [5,22-24]. Earthen buildings contribute to climate change mitigation
(SDG 13) by sequestering carbon dioxide and promoting energy efficiency. These tech-
niques preserve cultural heritage (SDG 11), strengthen community resilience (SDG 11), and
promote responsible consumption and production (SDG 12).

The aim of this study is to collect basic data on the architectural features and primary
materials of rammed earth walls through field research. Following the statistical analysis
of the architectural features and material properties of traditional rammed earth houses
in Croatia, this research will set benchmarks for conducting numerical and experimental
research to improve our understanding of the seismic behavior of these structures and
develop effective rehabilitation methods. This information will inform the development
of draft national guidelines and potentially set standards for the design and rehabilitation
of rammed earth houses in Croatia and neighboring regions where similar construction
technologies and materials are prevalent. This study provides an in-depth examination of
the origins and development of rural earthen architecture in eastern Croatia. It examines
the historical development of earth-building techniques and their crucial role in shaping
the architectural landscape of this region. Finally, this study will provide important infor-
mation to highlight traditional Croatian rammed earth architecture on a global map, thus
emphasizing Croatia’s distinctive role in shaping this global architectural heritage.

As also noted in previous studies [25], international guidelines, such as those of
ICOMOS [26], compare the structural rehabilitation of architectural heritage with the
treatment of human diseases and emphasize the need for anamnesis (data collection),
diagnosis (identification of the causes of damage), therapy (selection of remedial measures),
and controls (monitoring of the effectiveness of the measures). This process requires a
multidisciplinary approach. Following this, in our paper, we analyze traditional rammed
earth houses in eastern Croatia, combining architectural and geotechnical perspectives
that mention the historical context. This approach enabled us to produce for the first time
an anamnesis of Croatian rammed earth houses and apply the ICOMOS (International
Council on Monuments and Sites) framework to a particular type of architectural heritage
in a unique geographical and cultural setting.

This study presents two traditional rammed earth houses and highlights their architec-
tural nuances and cultural significance. Furthermore, the geometric features of these houses
were explained through a statistical analysis of 12 such buildings, providing insights into
their diversity and common characteristics. Additionally, a comprehensive investigation of
the earthen materials used in the construction of these traditional houses was undertaken
by applying advanced techniques from the recent literature [27,28]. This investigation sheds
light on the material composition, properties, and sustainability of building materials, thus
contributing to a better understanding of building practices in the SaB region.

Historically, geographically, and culturally, SaB has a century-old connection with
Hungary and Austria. They were part of the Personal Union with Hungary from 1102
and became part of the Habsburg Monarchy in 1527, to which they belonged until Turkish
occupation in the mid-16th century. Even after liberation from the Turks in 1699, they
remained part of the Habsburg Monarchy and belonged to the territory of Austria-Hungary
from 1867 to 1916 [29]. Rammed earth houses represent a cultural import for SaB, related
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to German, Hungarian, and even Czech settlers [30]. The same author notes that the local
population only adopted the rammed earth technique to a greater extent in Baranja, while
in Slavonia, it is mostly limited to foreign (mostly German) settlers.

To understand the spatial characteristics of SaB houses, it is necessary to discuss the
appearance of a traditional SaB village. The villages were founded after liberation from
the Turks in the second half of the 18th century during the reign of Maria Theresa and
later Joseph II, according to the Theresianisches Urbarium of 1756 [11]. A regular linear
village, also called a cro. usoreno selo, is the most common form of a village in the SaB area
and is characterized by elongated plots, usually perpendicular to the road corridors, with
elongated houses usually bordering the property line and the gables facing the street. The
width of the plots was approximately 25 m, and the length was approximately 100 m, which
was sometimes considerably larger. Later, in the second half of the 19th century, plots
were divided between brothers [11], usually into two or three parts [31]. The arrangement
of buildings on the plot was prescribed in a document entitled Instructions for Settlement,
which was published in Vienna in 1772 [10].

A review of the local literature revealed that the topic addressed in this paper has not
yet been researched or presented in a similar manner. There are few local studies that deal
with the subject of traditional SaB houses, and research on the construction of rammed
earth houses is even less represented. In existing studies, traditional Croatian earthen
houses are mostly represented by photographs of the existing conditions (without in-depth
analysis) and documented only by simple house plans and simple descriptions [11,32,33].
The book by Spanigek [30] deals with different types of SaB houses and discusses their
construction but only mentions the building tools, provides some information about the
type of formwork, and mentions the use of local materials. There is no detailed information
about the construction, selection of soil, method of preparing the mixture, preparation of
the formwork, or method of installing the soil. Lon¢ar-Vickovi¢ and Stober [10] provide
guidelines for the renovation of rammed earth houses and present examples of high-quality
restorations. Knowledge about the materials and construction of houses made of rammed
earth was passed on from generation to generation, and the authors gathered information
describing the traditional construction of rammed earth houses in the Republic of Serbia
and offered solutions for their renovation. Although the aforementioned handbook refers
to the earthen houses of the neighboring country (Vojvodina, Republic of Serbia), it was
also used in research, as the construction method and similar types of earthen houses can
also be found in parts of the Pannonian Plain of neighboring countries [31].

The existing literature dealing with traditional eastern Croatian earthen houses lacks
statistical data on the geometry of the houses, a crucial piece of information for numerical
or physical models used in parametric or experimental studies [35-37]. There is also a lack
of information on the physical properties of the soil used in the construction of traditional
rammed earth houses. This information is essential for the effective rehabilitation and
renovation of these structures [20,38,39]. By understanding the geometric characteristics
of houses and the properties of the soil, researchers and practitioners can make informed
decisions regarding conservation and restoration measures to ensure the longevity and
sustainability of traditional rammed earth houses.

Today, traditional Croatian earthen houses, considered by some authors [30], are
the best achievements of Croatian vernacular architecture and are being abandoned and
bypassed for modern housing construction because they are associated with poverty.
One of the objectives of this paper is to collect information about these houses in order
to preserve knowledge about them and to present them to professionals and the wider
scientific public for the first time while positioning SaB houses on the world map of rammed
earth houses. Both architectural and structural perspectives were applied with regard to the
characteristics of the soil from which these houses were built. To the best of our knowledge,
no study has provided a detailed overview of the types and characteristics of the materials
used in SaB houses, particularly the properties, quality, and type of soil used in houses
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with rammed earth walls. For this reason, this research represents an original scientific
contribution to the topic of rammed earth houses in the Republic of Croatia, as well as
to this topic in general, as it fills the research gap in recent research and places Croatian
rammed earth houses on the world map of architectural heritage.

The remainder of this paper is organized as follows. The introduction contains a brief
description of the historical and geographical context of rammed earth houses in SaB is
followed by a description of the methods used to identify the locations of rammed earth
houses and their analysis, which led to the presentation of the most important architectural,
structural, and material features of these houses. The next section presents the results of
the research and is divided into three subsections. The first subsection shows SaB houses
made of rammed earth from an architectural perspective, the second subsection deals
with the construction details and materials, and the third subsection contains the main
characteristics of the soil used for the walls of these houses. After presenting the results,
the paper ends with a brief discussion and the main conclusions.

2. Materials and Methods

The first phase of the research consisted of a review of domestic and foreign literature
(books, manuals, and scientific papers) on the subject of earth building with a focus on
rammed earth houses, followed by field and laboratory research. The research process is
illustrated in Figure 1. The study area was selected based on information about the locations
of earthen houses from the domestic literature. Since earth houses can be found in several
counties in Croatia, the study area was initially limited to municipalities around the city of
Osijek. The areas of Slavonia and Baranja are included in the study in an approximately
equal area (the municipalities in Slavonia cover 724 km?, whereas those in Baranja cover
777 km?). Initially, 32 settlements were included in the study: 16 in Slavonia and 16 in
Baranja, with the river Drava serving as the boundary line (Figure 2). Preliminary fieldwork
in the cities of Osijek and Beli Manastir revealed that the number of earth houses was very
small compared to the total number of houses; therefore, these two cities were excluded
from the sample. The study shows the results of field research in 30 villages in which all
streets were inspected (Figure 1, Step 2). The locations of all types of earthen houses (adobe,
rammed earth, or their combinations) were mapped.

STEP 1
analysis
of existing
literature

-

STEP 2
field research
detection of RE

STEP 3 STEP 4 STEP 5 STEP 6 STEP 7
mapping RE filtered sample laboratory testing analysis of architectural
buildings of soil structural details analysis
and elements
30 villages 102 RE houses 22 RE houses 21 samples 12 houses 2 houses

buildings in

Figure 1. Phases of conducting research work.
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Fieldwork was carried out in March, April, November, and December 2021 and
November and December 2023. The locations of the earth houses were determined by
visual inspection of the houses (with the permission of the owner, the yard, and/or the
building itself was entered, and for houses where tenants were not encountered, visual
inspection was carried out from the public area). For buildings that were inhabited and
for which information about the material of the walls could not be obtained by visual
inspection, information was obtained from the owner (Figure 1, Step 3).

Permission was obtained for the analysis of the 22 houses (Figure 1, Step 4). To facilitate
the presentation of the results, the houses were assigned codes under which they were listed
in this paper. Table 1 contains a list of the examined houses, as well as basic information
about their location and the code of the samples taken. All houses were photographed,
their characteristic building elements were sketched, and information was entered into
prepared forms (address, number, and area of the cadastral parcel, owner, and, if known,
information on the year of construction). Permission to obtain wall samples was obtained
for 21 houses (Figure 1, Step 5), and 12 houses were analyzed in detail, photographed, and
provided with architectural plans (Figure 1, Step 6). The architectural plans were included
in a catalog that contained the site plan, fagades, floor plan, and cross-section when the
house was allowed to be entered. In addition to the architectural and urban planning data
collected, the catalog also included a brief description of the architectural features of the
houses as well as structural and technical data: the structural system, the largest span (in
cases where the interior of the building was not accessible and could not be measured,
the span was estimated based on the measured thickness of the wall at the window), the
dimensions of the walls and columns, the type of roofing, the type of ceiling structure, and
the types of materials used for the aforementioned building elements. Based on the field
measurements and data collected, architectural plans were drawn up, and the geometric
characteristics of these houses were explained by a statistical analysis that sheds light on
their diversity and common characteristics.

This paper describes the geometric characteristics of traditional eastern Croatian
rammed earth houses, as well as the most important geometric parameters that are deci-
sive for the seismic design and behavior of structural walls and buildings: aspect ratio,
slenderness, and opening to fagade area ratio. To the best of our knowledge, this study is
the first to provide statistically based values for the aspect ratio, slenderness, and opening
to fagade area ratio of traditional rammed earth houses. As there has been limited research
into the behavior of rammed earth walls with openings [43-48], these data will facilitate
further research and potentially guide parametric analyses.

The houses that were analyzed in detail are located in four municipalities: Knezevi
Vinogradi, Ceminac, Bilje, and Erdut (Figure 1). Based on the surveyed houses and houses
in the sample, two examples of the most common spatial organization of houses were
selected and analyzed: a gabled house and a house with an “L” floor plan. (Figure 1,
Step 7).

The soil samples were taken from houses for which permission had been obtained at
the location and in quantities authorized by the owners. Prior to sampling, the plaster, if
present, was removed, and the subsurface layer of the wall was stripped to a thickness of
approximately 2-3 cm. This method was chosen according to that described by Gomes,
Gongalves, and Faria [27].

Disturbed samples were collected from the majority of the houses, as only simple
sampling devices were allowed. However, smaller block samples were obtained from some
houses; therefore, it was possible to perform a bulk density test. The collected samples were
used to investigate the basic physical properties of the soil depending on their quantity. The
following tests were performed: particle size distribution [49], liquid and plastic limit [50],
moisture content [51], bulk density [52], and organic content [53].
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Table 1. List of geo-locations and codes of the sample houses analyzed in detail.

Permission to

Location Geogrflphlcal No. Code SorB . . :
Coordinates Detailed Analysis Sampling
1 ALJ-1 S + +
Al]maé 45°31/ N, 2 AL]-2 S + +
18°57' E 3 ALJ-3 S + +
4 ALJ4 S + +
5 BB-1 S + +
on/ 6 BB-2 S + —
Bijelo Brdo 450 31/ N,
18°52' E 7 BB-3 S - +
8 BB-4 S — +
o /
Ceminac ;Lgoi(l), EN ’ 9 CM-1 B + +
10 KR-1 B — +
Karanac 45045/ N/ 11 KR-2 B + +
18°41' E 12 KR-3 B — +
13 KR-4 B — +
Knezevi 45045/ N, 14 KV-1 B + +
Vinogradi 18°44' E 15 KV-2 B + +
45°39' N,
Lug 18°46/ E 16 LG-1 B + +
Suza 450461 N/ 17 SZ-1 B — +
18°46' E 18 SZ-2 B — +
o /
Tenja %203' EN ! 19 TNJ-1 S - +
20 ZM-1 B — +
o !
Zmajevac 45°47 N, 21 ZM-2 B + +
18°48' E
22 ZM-3 B — +

Note: S—Slavonia, B—Baranja.

3. Results

A visual inspection of the buildings in 30 settlements revealed 408 earthen buildings:
131 in the Slavonia region and 277 in Baranja. In the observed sample, the largest portion
of earthen houses was made of adobe, and some of the buildings were built from a combi-
nation of adobe and bricks, adobe, and rammed earth, whereas 106 buildings were mainly
rammed earth. Materials with a higher load-bearing capacity (adobe and fired bricks) were
used in houses made of rammed earth as reinforcing elements or in structural elements
in contact with the ground (higher humidity), as well as in gables, columns, or chimneys.
A total of 62 rammed earth houses were found in the Baranja region, most of them in the
municipality of KneZevi Vinogradi (46 in total), whereas 44 were found in the Slavonia
region, most of them in the municipality of Erdut (26).

In the next three subsections, SaB rammed earth houses are presented on the basis of
(i) spatial organization, (ii) structural elements and materials, and (iii) properties of the soil
in the rammed earth walls.
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3.1. Spatial and Organizational Characteristics of Rammed Earth Houses

SaB houses are single-story houses built on the edge of a plot, covered with a traditional
wooden roof, and with an interior raised from the surrounding terrain in several steps.
The width of these houses is significantly less than their length, and they are characterized
by a veranda that usually extends the entire length of the house. The veranda is the most
important communication element, and most rooms are directly accessible from it. It takes
the form of a shallow overhang, often flanked by columns on the courtyard side. The
houses usually do not have a basement, but in the few cases where a basement was present
(larger houses of wealthier farmers), it served as a storage space. Based on the houses
studied, two spatial organizations of SaB rammed earth houses are presented below: a
house with a gable facing the street and a house with an L-plan.

The survey identified 106 rammed earth houses in the study area. The majority (91)
are houses with an elongated floor plan and a gable wall facing the street. Only 15 houses
had a ridge parallel to the street; that is, they were built in the form of an “L” floor
plan. The first type of house, which extends into the depth of the courtyard and whose
street facade is dominated by two windows, is also referred to by some authors as the
Pannonian type [54,55]. The German term giebelhaus is also used because of its characteristic
appearance [30]. The gable as a design feature of SaB houses has its roots in old wooden
houses, where the central pillar supports the beam in the roof ridge of the house and
conditions a symmetrical arrangement of windows and small openings for the ventilation
of the attic at the top of the gable [11]. This construction method was maintained even after
the ban on wooden buildings, initially in houses whose walls were built from rammed
earth, then from adobe, and finally from bricks. Houses of this type can differ in their
veranda designs (cro. trijem, trim, ganjak). The veranda almost always faces south and east,
and in rare cases southwest, which shows good adaptation to the given climatic conditions
and sun protection.

Another type of house, in terms of floor plan, is called a turnkey house (cro. u kljuc),
elbow house (cro. na lakat), or crooked house (cro. na krivac) [11]. In this type of house, the
roof ridge runs parallel to the street, and the rooms facing the street are lined with other
rooms inside the property, creating a characteristic L-shaped floor plan. Zivkovié [11] states
that such houses were usually built by immigrant German craftsmen, for whom the layout
of the house was more favorable due to trade and commerce, and since the craftsmen’s
families were wealthier, this house layout also had a status symbol.

3.1.1. An Elongated House with the Street-Facing Gable

An example of a house with an elongated floor plan is a house in the village of Bijelo
Brdo, built in the last decade of the 19th century. In this research, the house was kept under
code BB-2. The house plot is located at a crossroads and has an area of 1251 m?, a width of
18.5 m, and a length of 65 m. The longer side of the plot was oriented north-south (with a
10° deviation clockwise to the east), with an entrance from the south. The house is located
in the southwest corner of the property, and the windows face south and east (Figure 3).
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The external dimensions of the house are approx. 6.5 x 29 m. The street facade is
characterized by a gable with two windows and a door for access to the veranda. The
courtyard fagade has a veranda that runs the entire length of the house and is flanked by
11 columns. The house is divided lengthwise into two parts: the front, the main living
area, and the rear, with utility rooms. The front, which is the main living area of the house,
consists of three rooms. The veranda leads to a centrally located kitchen, which has a room
on either side: a common room at the front and a slightly smaller room at the back. The first
room of the house, with two windows (76 x 98 cm) facing the street, was also the largest
and most important room in the house. This room served as the living room, bedroom,
and dining room for the entire family. Its dimensions are 4.10 x 5.40 m, while its height is
2.60 m. The room has a window facing the courtyard and a rammed earth stove on the wall
facing the kitchen. The central room of the house was divided into two functional parts.
The first part is a kind of entryway, accessed from the veranda and courtyard, which also
provides access to the front and back rooms, while the second part is the kitchen. These two
parts are separated by a large ceiling beam, behind which is a large fireplace with an open
chimney in the kitchen area, where meat is dried in winter and where there is now a barrel
vault. The dimensions of the kitchen were 4.1 x 3.1 m. The kitchen has no windows, but
the door to the veranda has a glazed section. In the corner of the entrance area, toward the
back room, there is an opening in the ceiling through which a ladder leads to the attic. The
third room, at the back, is 4.1 x 4.0 m and is lit from the veranda via two smaller windows
(71 x 91 cm). This room was used as the guest room. The veranda is the most important
communication space for the houses. It is 1.55 m wide and over 29 m long. The veranda
begins with a door on the street facade and ends with an opening to the back-courtyard. It
protects users from the external influences of rain and snow in winter and from the sun in
summer. It is raised in two steps from the street side, while the difference in height in the
courtyard is only one step owing to the slope of the terrain. Behind the main living area, the
following rooms are lined up along the veranda: a barrel room (cro. kacara) where wine and
sauerkraut barrels were kept (4.1 x 4.4 m), a room for young married couples, cro. kijeri
(4.1 x 3.7 m) with a small window to the veranda and barn (4.1 x 5.6 m). All rooms enter
directly from the veranda, and the doors to the barrel room and barn are double-leafed and
open to the veranda. The house ended with an outhouse. The front part of the house was
separated from the rear part by a 12 cm thick brick firewall, as the hay for the cattle was
stored in the rear part of the attic.

The house has rammed earth walls (with 45 cm thick rammed earth walls reinforced
with vine branches in the corners), a wooden ceiling (approx. 6.5 m long beams), and
a traditional wooden roof (rafters with wind trusses) covered with flat clay tiles (cro.
biber crijep).

3.1.2. A House with a Gabled Roof Running Parallel to the Street and an “L”-Shaped
Floor Plan

This is a one-story house in the village of Aljmas, built in the 1920s (in this research,
the house is kept under code ALJ-3). It was built by a wealthy German family that owned a
village wheat mill. The house was located on an elevated plot in the immediate vicinity
of the Danube. The irregular building plot has an area of 1540 m? and is 24 m wide and
68 m long. The property is oriented north-south on its longer side (with a deviation of 25°
counterclockwise to the west) and is accessed from the southeast. The house is located
in the southwest corner of the plot, with rooms facing southeast and northeast. It has
an L-shaped floor plan with dimensions of 11.5 m toward the street and 23.10 m at the
southwestern edge of the plot. The street side of the house is characterized by a gabled roof
with a ridge parallel to the street and four tripartite windows (93 x 145 cm).
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The house was set back 2.0 m from the street. This part was intended to plant flowers,
and the courtyard itself was divided into three parts. The first part of the courtyard was
intended for residential purposes, the second part was intended for livestock and animals,
and the third part was intended for vegetable gardens. The floor plan of the house is
divided into two parts: the front part, the main living area, which contains two large rooms
with windows facing the street, and the inner part, where the kitchen and utility rooms are
located. These two parts are connected by a covered veranda (1.3 m deep). The house also
had a basement room located under the kitchen.

The street part of the house consisted of two rooms of equal size. The rooms have an
approximate size of 5.0 x 5.0 m and a height of 2.9 m. The eastern room entered directly
from the veranda and was connected by a door to the western room, which had a door to
the kitchen. These rooms were lit from the street side, and each room had two windows.
They serve as living rooms, bedrooms, meeting rooms, and dining rooms for the entire
family. The rooms are connected by a kitchen with a floor plan size of 3.9 x 4.2 m. The
kitchen was accessed from the veranda through two doors. One door leaf, which is made
entirely of wood, opens onto the veranda, while the inner leaf, which consists of a wooden
and glass section, opens into the kitchen. The kitchen also has a small window on the
southwest wall facing the neighbor.

Behind the kitchen is a barrel room, whose only opening is a large, double-leaf wooden
door that leads to the veranda. Barrels for wine and sauerkraut are stored here. Upon
entering the room, there is an opening on the floor to the left of the door through which the
basement can be accessed. The basement is located under the kitchen and can be reached
using a ladder. It has a small ventilation shaft next to the floor of the veranda. The attic was
also accessed through the barrel room. The front and street-side parts of the attic were used
to store the harvest, while the hay was stored in the rear part. The living area of the house
ends with the summer kitchen. It is a room that only has a ceiling on half of the floor plan
because the meat is dried over the fireplace. Traces of the chimney could still be observed
on the west wall. The aforementioned rooms are connected by a veranda, which offers the
owner protection from rain. The veranda is two steps higher than the surrounding terrain.
Under the same roof of the house, next to the summer kitchen, is a barn. At the end of the
house, there was an outhouse made of bricks. The layout of the houses changed slightly
over time. Part of the veranda was closed off, and a bathroom was built on top so that
access to the eastern room was only possible via the second room (only the original floor
plan of the house is shown in Figure 4).

The walls of the house were made of rammed earth with a thickness of 50 cm on the
inside and 55 cm on the outside. The base of the house was made of bricks at a height of
approximately 70 cm, and the cladding of the basement walls was also made of bricks. The
veranda was covered with bricks in a so-called old format (30 x 15 x 7.5). The house is
currently in poor structural condition (it has had no windows or doors for 30 years), and
parts of the ceiling are exposed. The ceiling consists of wooden beams with a cross-section
of 16 x 20 cm attached to the long sides, between which vitlovi (cro.) or lehmuwickel (ger.) [56]
are attached. Vitlovi comprises wooden slats wrapped in a mixture of long straw, clay,
and mud. The roof consists of two “connected” gable roofs, whose wooden structure is
designed as a pair of rafters on a ceiling beam with wind braces. The roof cover was made
of flat clay tiles.
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in Aljmas. Author’s photos and drawings.
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3.2. Construction Details and Materials

The traditional SaB house of rammed earth is made from local materials. In most
cases, earth for the walls came from the courtyard on which the house was built. Roofs
and wooden structures were made from locally available wood, and houses were built
on the basis of knowledge passed down from generation to generation. The structural
elements, materials, and dimensions are presented in four subsections. The house was
divided into zones according to height, each of which is described in its own subsection:
(i) plinth, (ii) walls, (iii) ceiling, and (iv) roof structure.

3.2.1. Plinth

The research was carried out in houses where the foundations were not available for
inspection; therefore, only data on the visible parts of the house foundation and its floor are
shown. As the same material was used for the foundation and the walls, there was often no
clear boundary between the foundation and the plinth; therefore, rain falling on the wall
and bouncing off the ground posed a major threat to the durability of the rammed earth
walls. The problem of moisture penetrating the lower part of the rammed earth walls was
solved by:

e  covering the wall with a layer of brick cladding (Figure 5-(1)),
e  building the plinth (Figure 5-(2), house ALJ-3),
e  Dbuilding the lower part of the wall from the bricks (described in more detail in the

Section 3.2.2).

6

Figure 5. Various options for solving the houses plinths: (1)—RE with bricks cladding; (2)—brick
plinth; (3)—dark brown colored brick plinth; (4)—RE floor; (5): brick stairs; (6)—wooden floors.
Author’s photos.

The brick cladding was made by removing a layer of earth from the rammed earth
wall facade, and a brick cladding was inserted into the resulting groove, forming a plane of
the wall together with the upper rammed earth part of the wall. The example in Figure 5-(1)
shows a wall with cladding of new-size bricks stacked 10 rows high without a binder.
This type of cladding was observed at the back of the houses. Some houses have brick
plinths (cro. sokl) on street fagades. The plinth was painted in a darker color, usually brown
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(Figure 5-(3), house BB-2), and protruded beyond the wall surface by half the width of
the brick. In the examined houses, the plinth consists of five to seven rows of bricks and
is usually approximately 60 cm high. The plinth was plastered with a mixture of earth,
cement, and lime and coated with lime or cement mortar.

To protect the house from harmful external influences, the interior was raised two to
three steps above the surrounding terrain. The base of the house was made of rammed
earth by tamping with a mixture of loam or clay with sand and lime at a ratio of 10:10:1
in layers 15-20 cm thick. The floor of the veranda is usually made of rammed earth and
is covered with bricks around the edge to protect it from moisture. In some cases, the
floor of the veranda is made of bricks (Figure 5-(5), house ALJ-3) or ceramic tiles. The
steps leading up to the veranda (Figure 5-(3), house BB-2) are usually made of bricks.
Often, the final layer of the floor was rammed earth, but only one rammed earth floor
was found undamaged (Figure 5-(4), house BB-2). Wooden planks and floors covered
with bricks are used more frequently. The wooden floor was made by laying wooden
beams with approximate dimensions of 12 x 12 cm in a layer of sand. In the Aljmas
house (Figure 5-(6), house ALJ-3), wooden beams were placed 70 cm apart, and 10 cm
wide wooden boards were nailed to them and joined together with a tongue and groove
joint. Even after this house was unprotected for more than 30 years (without windows
and doors and with a damaged ceiling), the boards and beam substructure were still dry
and undamaged.

3.2.2. Walls and Columns

As there are many rivers and streams in the SaB, houses with rammed earth walls
were built in elevated places to prevent the walls from being soaked and damaged from
possible flooding. Rammed earth walls were made by tamping down a mixture of earth,
chopped straw, chaff, wood shavings, or sawdust, which served to better bind earth and
water in the double-sided wooden formwork. The wooden formwork was usually about
half a meter high and rose as the construction work progressed toward the higher parts of
the wall. Chopped straw or sawdust forms a binding agent that increases the elasticity of
the material and prevents shrinkage cracks. The soil for the construction was obtained by
digging the basement, wells, and pits for watering the livestock or simply by digging a hole
near the construction site. Water was then poured into the holes to moisten the soil. This
mixture was left for 12-24 h and could be used the next day. If necessary, clay or sand was
added to the soil to achieve the desired consistency and workability. The moist soil was
compacted in layers approximately 10 cm thick between the wooden formwork. The next
layer was compacted after the previous layer was dried. The formwork was then lifted, a
new layer of earth was applied, and the process was repeated. The completion of the entire
rammed earth house took two to three weeks, and the so-called maturation or complete
drying of the walls took up to two years, depending on the composition and thickness of
the wall and the construction time [10].

The measurements conducted on 95 walls resulted in a minimum thickness of 0.38 m,
maximum thickness of 0.55 m, and average thickness of 0.47 m (Table 2). The exterior walls
of the houses in the sample had a thickness of 40-55 cm, with walls with a thickness of
50 cm predominating. In most houses, the interior walls had the same thickness as the
exterior walls, while in a few houses, a lower thickness of the interior walls was observed,
but rarely less than 40 cm. The heights of the compacted soil layers in the walls ranged from
4 (6) to 15 cm, with the most common layer height being approximately 10 cm (Figure 6-(1),
house ALJ-4).
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Table 2. Geometrical characteristics of the investigated rammed earth walls (number of data points is

reported inside parentheses).

Walls (95) Wall w/o Openings (44) Wall w/Window (21) Pier (103)
Ao/A¢

h (m) t (m) h/1 1/t h/t h/1 1/t h/t (%) hy/1, Ip/t h/t
Min 2.00 0.38 0.41 5.60 4.60 0.38 5.33 4.60 4 0.12 0.68 1.00
First quartile 2.50 0.44 0.59 8.10 5.23 0.58 7.09 5.23 13 0.54 2.13 2.44
Median 2.60 0.50 0.63 8.90 5.78 0.63 8.89 5.70 16 0.85 3.60 2.89
Third quartile 2.90 0.50 0.72 9.43 5.80 0.76 9.78 6.40 19 1.48 5.35 3.90
Max 2.90 0.55 0.96 12.73 7.56 142 20.11 7.56 24 4.33 16.20 5.23
Average 2.65 047 0.65 9.03 5.67 0.70 8.99 5.74 15 1.10 4.27 3.12

Note: h is the clear height of the rammed earth wall (i.e., the clear height of the room); h;, is the clear height of
the rammed earth pier (i.e., the height of the wall corresponding to the height of the window or door next to it,
whichever is shorter); 1 is the length of the wall between other walls; 1, is the length of the pier (i.e., the length of
the wall between openings); t is the thickness of the wall; A, is the opening area of the wall; A¢ is the facade area
of the wall.

In several houses, the lower zone of the wall consists of seven to eight rows of bricks.
This formed a barrier that prevented moisture from rising. In the example of the Zmajevec
house, it was found that the rammed earth wall was built on a layer of planks on a brick
base (Figure 6-(2), house ZM-3).

4 ' 6

Figure 6. Construction details of rammed earth walls: (1)—RE layers (app. 10 cm); (2)—RE wall built
on a layer of planks on a brick base; (3)—RE layers reinforcements; (4)—corner reinforced with layers
of reeds or wickerwork; (5): brick corners and columns set into the wall; (6)—columns with a round
cross-section. Author’s photos.

Various options were found for reinforcing the rammed earth walls:

e  Therammed earth layers were reinforced with layers of reeds or wickerwork composed
of vines, hazels, and willows (Figure 6-(3)). house BB-1).

e  Vertical bundles of reeds or layers of bricks were placed at the corners (Figure 6-(4),
house CM-1).

e  The brick corners and columns were set in the walls (Figure 6-(5), house ALJ-4).
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The height of the walls from the floor to the ceiling was between 2.0 m and 2.9 m,
with higher wall heights typically found in houses built by wealthier families, although the
height of the rooms was usually 2.65 m (Table 2). The walls were finished with two rows of
bricks so that beams (usually oak) were laid on top of this layer. These served as cornices
on which the roof construction rested. The window and door lintels in rammed earth walls
are made of hardwood. The openings were provided with wooden templates during the
construction phase or were subsequently cut into walls. The openings could be cut in the
first six months after the wall was built [10].

House windows are usually double casements, 70-90 cm wide and 100-140 cm high.
Houses with windows on two levels were also observed, with outer casements opening
on the street and inner casements opening into the room. The doors are hinged and have
thick jambs that are often more than 10 cm wide. The entrance door to the house is often
glazed and opens into the house. However, the door can also consist of two planes, with an
exterior leaf made entirely of wood that opens onto the veranda.

In eastern Croatia, the construction of traditional rammed earth houses has always
been guided by experience and is usually passed on orally by experienced masons living in
the community. To date, there are no established standards in Croatia specifically tailored
to the design and construction of rammed earth buildings. However, given Croatia’s
vulnerability to seismic activity, compliance with Eurocode standards for earthquake-
resistant buildings is mandatory. As there is no Eurocode standard for the design of
earthen structures, researchers sometimes base their analyses of rammed earth buildings
on standards for the design of masonry structures [2,6,44]. It is known that the seismic
behavior of masonry walls depends significantly on the values of the quotients listed in
Table 2. [45,57,58]. Table 2 summarizes, for the first time, the geometrical characteristics of
rammed earth walls investigated from vernacular houses in eastern Croatia. In Table 2, the
pier is defined as proposed by [45]. Piers, that is, the parts of the wall between openings,
are very susceptible to damage. Experimental tests have shown that damage to walls with
openings is generally concentrated in the piers [45,58]. In the case of the wall openings, the
observations focused exclusively on the windows, as the door openings in the earth houses
studied often split the wall panels completely into two. Typically, there is a lintel above
the door with a small layer of earth, often of dubious compaction, or alternatively, adobe
or fired bricks filling the space from the lintel to the ceiling. The windows are rectangular,
with dimensions that usually vary from 50 to 160 cm.

It is well known that the aspect ratio of walls plays a crucial role in determining the
shear strength of masonry and concrete walls, with the strength increasing as the aspect
ratio decreases. It is assumed that earthen walls exhibit a similar behavior [45]. According
to Ani¢, Penava, Abrahamczyk, and Sarhosis [57], a slenderness ratio (h/t) of more than
15 requires special consideration in the design of masonry structures. No slenderness
ratio of more than eight was observed in the investigated rammed earth houses (Table 2).
Nevertheless, further field research and data collection are required. Tests should also
be carried out to assess the sensitivity of the walls to external actions, considering the
slenderness ratios determined. However, as the slenderness constraint mentioned applies
to masonry walls, further investigation is required to determine whether this constraint
is also appropriate for rammed earth walls. Furthermore, if the ratio between the area of
the openings and the wall area (A, /Awo) is less than 10, the effects of the openings on the
seismic behavior of the masonry wall are considered negligible [57]. However, in 75% of all
rammed earth walls in the traditional houses observed (Table 2), the effect of the openings
can play an important role in the seismic behavior, which needs to be investigated further.
The slenderness and aspect ratio could reduce or increase the bearing and deformation
capacity of the wall [57], opening a niche for further research.

The ratio of the floor area occupied by rammed earth walls to the total area of the
house is between 24% and 32%, with an average value of around 30% (Table 3). This
ratio was determined on the basis of data from only nine houses, which indicates that
further research is required to confirm these findings. Nevertheless, it can be concluded
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that between a quarter and a third of the total area of a traditional family home contributes
to the load-bearing capacity of the ceiling, storage space, and roof structure.

Table 3. The ratio of the floor area occupied by rammed earth walls to the total area of the house.

No. Code Ay (m2) Agross (m?) Aw/Agross
1 ALJ-1 25.6 82.0 0.31
2 ALJ-2 21.2 70.9 0.30
3 ALJ-3 46.7 160.7 0.29
4 BB-1 20.9 64.6 0.32
5 BB-2 39.4 147.4 0.27
6 KV-1 30.4 124.7 0.24
7 KV-2 16.6 63.9 0.26
8 LG-1 7.2 239 0.30
9 ZM-2 13.2 41.0 0.32
Min 7.2 23.9 0.24
First quartile 16.6 63.9 0.27
Median 21.2 70.9 0.30
Third quartile 30.4 124.7 0.31
Max 46.7 160.7 0.32
Average 24.6 86.6 0.29

Note: Ay, : area of walls; Agyoss: gross area of the house.

The columns in SaB houses are only used to support ceiling beams and roofs in
houses with deeper verandas. In most houses, the columns are made of bricks and have
a square cross-section, but there are also examples of columns with a round cross-section
(Figure 6-(6), house BB-1) and columns made of wood.

The outer surfaces of the walls are usually coated with a mixture of fine soil and chaff,
which are applied to the walls in several layers, with a total thickness of up to 5 cm. The
addition of sawdust or chopped straw to the clay prevented the appearance of cracks owing
to drying. The final treatment of the wall consisted of lime coating with added ash. Milk
was added to the final lime layer to improve adhesion. The wall is usually whitewashed
in the spring of each year. It was not until the 20th century that the technique of painting,
in which floral motifs (cro. mustre) were applied to a monochrome-painted wall with a
rubber roller.

3.2.3. Ceilings

The ceiling structure of traditional rammed earth SaB houses is made of timber, and
research has shown that, in most cases, it is constructed in one of the following ways:

e asan exposed timber beam with joists (Figure 7-(1), house BB-2) and more commonly
e  as a ceiling with vitlovi and a flat base (Figure 7-(2), house BB-1).

Beams from a single boot with a width of 16-20 cm and height of 18-28 cm are most
commonly used for ceiling construction. Softwood (fir or pine) was used for these beams,
which were placed at approximately equal distances, from 60 cm to a maximum of 100 cm.

The ceiling with exposed beams has a base, whereas on the upper side, it has a wooden
covering, that is, the floor of the attic. A ceiling with vitlovi is more complicated to build.
Vitlovi were placed between the beams on the battens nailed to the sides (Figure 7-(3),
house ALJ-3) or in the grooves cut into the beams (Figure 7-(4), house KV-2). Vitlovi are
60-100 cm long wooden poles (depending on the distance between the ceiling beams) that
are wrapped in straw rolled in a fine mixture of fine soil and water. The cross sections of
the sticks were approximately 4 x 4 and 3 x 5 cm in size (Figure 7-(5), house ALJ-3). After
drying, these elements function as sound and heat insulators. In the case of ceilings with
vitlovi, the underlay was made in two different ways. In the first case, the underside of
the vitlovi was coated with clay and then whitewashed with lime. In the second case, a
lower wooden formwork was placed on the underside of the beams onto which the reed
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was nailed, which served as a support for the soil plaster (Figure 7-(6), house ALJ-2). Both
types of ceilings were covered with a layer of compacted earth.

Figure 7. Structural solutions for wooden ceilings in rammed earth houses: (1)—exposed timber
beam with joists; (2)—ceiling with vitlovi; (3)—uvitlovi placed between the beams on the battens nailed
to the sides; (4)—vitlovi placed in grooves cut into the beams; (5)—detail of vitlovi; (6)—wooden
formwork placed on the underside of the beams. Author’s photos.

3.2.4. Roof Structure

The SaB houses have gable roofs. Their ridges are usually perpendicular to the street,
whereas, in a smaller number of observed houses, they run parallel to the street. These are
simple structures in which a pair of rafters form a triangle with a ceiling joist (Figure 8-(1),
house AL]J-3). For larger spans, the triangle was stiffened with a collar tie (Figure 8-(2),
house ALJ-1). The rafters were usually 10-12 cm wide and 14-16 cm high. The distance
between the rafters corresponds to the distance between the ceiling joists, which is between
60 cm and 100 cm. The instability in the longitudinal direction was solved with timber
wind braces (Figure 8-(3), house ALJ-1) nailed at an angle of 45° from the bottom of the
first rafter to the top of the fourth rafter; the second board was nailed from the bottom of
the fourth rafter to the top of the eighth rafter, and so on. The eaves consisted of rafters
whose ends protruded 2040 cm beyond the face of the outer walls to protect the wall from
rain. The northern eaves of the roof often had larger overhangs. The ends of the eaves were
cut at an angle and frayed to create a smoother transition into the eaves.



Buildings 2024, 14, 2049

18 of 25

Figure 8. Traditional gabled wooden roofs: (1)—pair of rafters form a triangle with a ceiling joist;
(2)—pair of rafters stiffened with a collar tie; (3)—reinforcement with timber wind braces; (4)—adobe
gable; (5)—brick gable; (6)—wooden gable. Author’s photos.

The gables of the rammed earth houses were built last when the rammed earth walls
were well dried. They were made of adobe (Figure 8-(4), house ALJ-3) or fired bricks
(Figure 8-(5), house ALJ-4), but gable walls made of wood (e.g., planks) were also found
(Figure 8-(6), house ALJ-2). There are typically two small openings in the gable to ventilate
the attic space. The gable walls are usually 12 cm thick, and to reinforce these walls,
columns are made of adobe or fired bricks that protrude from the wall for half the length of
the fired brick (Figure 8-(2), house ALJ-1).

The roof pitch of the analyzed houses (12) ranged from 34° to 46°, with a mean value
of 41°. They were typically covered with single-layer clay tiles. A typical fired clay tile
measures 180 x 380 mm and is approximately 15 mm thick. The tiles were laid on battens
measuring 48 x 24 (28) mm and were nailed to the roof structure. Parts of the chimneys
that penetrated the wooden structure of the ceiling and roof have been made of fired bricks
since the end of the 18th century when Joseph Il banned chimneys made of boards plastered
with clay and covered with wattle and daub [30].

3.3. Physical Properties of the Soil

The physical properties of the soils are listed in Table 4. To supplement Table 4,
Figure 9 shows the grain size distribution curves. Table 4 shows the results for the soil
fraction content (gravel, sand, silt, and clay), maximum particle size (Dmax), liquid (wy),
plastic limit (wp), plasticity index (PI), average moisture content of the exterior (wp,out,avg),
interior walls (w in,avg), bulk (o), dry density (o4), and organic matter content (OM). As it
was not possible to collect a large number of samples and to obtain block samples from
some houses, not all tests could be carried out.
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Table 4. Physical properties of earth tested.

No. Code G(%) S(%) M%)  C(%) (21 Wi (R we (%) PL(R) Moo el (g/cpmS) (g/‘c);S) (()/N)I
1 ALJ-1 0.5 37.9 49.6 12.0 8 324 188 13.6 24 - - - 27
2 ALJ-2 22 54.2 38.4 52 8 32.0 20.0 12.0 2.8 3.6 - - 4.0
3 ALJ-3 - - - - - - - - 5.1 - - - -
4 ALJ-4 - - - - - - - - 25 - - - -
5 BB-1 47 35.4 50.1 9.8 16 36.4 19.7 16.7 65 6.7 1.81 1.70 6.0
6 BB-3 1.2 44 75.1 193 8 39.4 23 17.1 39 - - - 5.1
7 BB-4 03 29 69.1 27.7 8 36.8 18.8 18.1 22 - 1.70 1.66 25
8 CM-1 42 68.8 19.5 7.5 8 - - - 2.6 - - - -
9 KR-1 - - - - - - - - 24 - - - -
10 KR-2 - - - - - - - - 31 - - - -
11 KR-3 10.2 489 29.0 11.9 16 - - - 35 28 1.79 1.70 38
12 KR-4 5.2 54.9 31.8 8.1 16 36.5 21.1 155 4.1 - 172 1.67 23
13 KV-1 - - - - - . - - 25 - - . -
14 KV-2 119 51.1 29.0 8.0 16 - - - 51 7.9 1.72 1.66 58
15 LG-1 0.8 243 60.8 141 8 37.7 21.6 16.1 3.0 - 2.02 1.97 2.0
16 SZ-1 - - - - - - - - 3.9 - - - -
17 SZ-2 - - - - - - - - 23 - - - -
18 TNJ-1 0.1 18 68.7 29.4 4 419 20.7 21.2 34 - 1.67 1.62 5.1
19 ZM-1 - - - - - - - - 2.0 - - - -
20 ZM-2 03 54.1 365 9.1 4 - - - 26 - - - 31
21 ZM-3 2.7 36.8 50.5 10.0 16 323 20.0 12.3 34 - 1.89 1.84 26
Minimum 0.1 18 19.5 5.2 4 32.0 188 12.0 2.0 2.8 1.67 1.62 2.0
Maximum 119 68.8 75.1 29.4 16 41.9 22.3 21.2 6.5 7.9 2.02 1.97 6.0
Average 34 36.6 46.8 13.2 10.5 362 203 15.8 33 53 1.79 1.73 38
Median 22 37.9 49.6 10.0 8 365 20.00 16.1 3.0 5.2 1.76 1.69 35

Note: G: gravel; S: sand; M: silt; C: clay; Dmax: maximum particle size; W0,outavg: average moisture content of
exterior walls; W inavg: average moisture content of indoor walls; wy: liquid limit; wp: plastic limit; PI: plasticity
index; p: density; pq: dry density; OM: organic matter content.

The average moisture content was measured for 21 houses. To the best of the authors’
knowledge, this study is the first to shed light on the average moisture content in traditional
rammed earth walls based on field research. When taking samples, an attempt was made
to take the samples approximately in the middle third of the wall height (i.e., in the range
of 1-1.5 m above the floor). In some houses, this was not possible, so samples ALJ-1, BB-1,
BB-3, BB-4, LG-1, TNJ-1, and ZM-1 were taken at a height of 0.5-0.7 m above the floor,
while samples ALJ-2, LG-1, and ZM-2 were taken at a height of 1.8-2.0 m. Samples from
the interior of the houses were only taken in four houses, as permission had not been
obtained for the other houses. The height from which the interior samples were taken was
0.5-0.6 m, with the exception of house KR-3, where the sample was taken from a height of
1.5 m. Sampling took place in early spring or late fall, and there was a certain amount of
precipitation and moisture in the air on the days prior to sampling. The lowest recorded
moisture content was 2.0% (ZM-1), while the highest value was 6.5% (BB-1) for the exterior
walls of the observed houses. The average moisture content of the exterior wall was 3.3%.
The moisture content of the interior samples was slightly higher in houses ALJ-2, BB-1, and
KV-2 than that in the exterior walls. In houses, ALJ-2 and KV-2, the height of the sampling
was lower (0.6 m and 0.5 m, respectively) than the height of the samples taken from the
exterior walls. In houses BB-1 and KR-3, the samples were taken from the same height,
with a lower deviation in the moisture content observed in house BB-1, whereas in house
KR-3, a lower moisture content value was observed compared to the exterior wall.
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Figure 9. Grain size distribution of earth tested.

Particle size distribution was examined in 13 houses (Table 4). In the houses examined,
the range of the maximum particle size was between 4 and 16 mm; that is, the median size
of the largest particle was 8 mm. The median gravel, sand, silt, and clay contents were
2.2%, 37.9%, 49.6%, and 10.0%, respectively. The average gravel contents were 3.4%, 36.6%,
46.8%, and 13.2%, respectively. Peri¢ et al. [59] collected data for soils used for rammed
earth houses from around the world and calculated average values for gravel content of
18.89%, sand 42.92%, silt 23.73%, and clay 12.83%. Comparing the values published by
Peri¢, Kraus, Kaluder and Kraus [59] with the average values in Table 4, it can be seen
that in the SaB area, the gravel content is significantly lower, and the silt content is almost
twice as high. The median values showed an even greater deviation for gravel and silt
content. When comparing the particle size distribution of the houses in Table 4 with the
recommendations or requirements for rammed earth houses given in the literature [60-62],
it was found that only CM-1, KR-3, and KV-2 houses have a satisfactory particle size
distribution according to the criteria of Walker, Keable, Martin and Maniatidis [60] and KR-
3 and KV-2 houses according to the criteria of Keable and Keable [61] and [62]. Compared to
the older recommendations of Norton [63], only the KR-3 house had a satisfactory particle
size distribution, whereas none of the houses had a satisfactory grading curve according
to the criteria of Doat, et al. [64]. However, it should be noted that houses observed in
the SaB area still existed, even after many years of use. From this, it can be concluded
that with additional investigations, it is possible to develop new criteria for the particle
size distribution of soil in rammed earth houses in the SaB area. The liquid and plastic
limits were tested in nine houses (Table 4). For the observed houses, the liquid limits
ranged from 31.97% to 41.92%, with a median of 36.52%. According to the Unified Soil
Classification System [65], the soils tested had low plasticity. The threshold values for
plasticity were between 18.77% and 22.32%, with a median value of 20.0%. The plasticity
index was calculated to be in the range of 12.0-21.2% with a median of 16.1%. It should
be noted that a deviation in the values obtained for the tested properties in relation to the
soil from which the building material was taken is possible, as the tested samples were
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exposed to different influences than in the soil itself (e.g., they had a low moisture content
over a long period of time). When compared with the liquid limit and plasticity index
criteria given in Doat, Hays, Houben, Matuk and Vitoux [64], Walker, Keable, Martin and
Maniatidis [60], and Houben and Guillaud [66], the soils of all the houses observed (Table 4)
have a satisfactory liquid limit and plasticity index. From the comparison and the results
obtained, it can be concluded that the observed criteria for the liquid limit and plasticity
index are also relevant for houses in the SaB area.

The bulk density was tested in eight houses (Table 4), and values between 1.67 g/cm?
and 2.02 g/cm® with a median of 1.76 g/cm? were determined. The dry density values
were determined between 1.62 g/cm? and 1.97 g/cm® with a median of 1.69 g/cm?. Lower
values were found in some houses due to holes left by insects and organic matter content.
In addition, some disturbance of the sample may have occurred during sampling; therefore,
the results should be interpreted with caution. In the literature review by Peri¢, Kraus,
Kaluder and Kraus [59], dry density values between 1.53 g/cm3 and 2.16 g/cm? with an
average value of 1.97 g/cm? are recorded. The dry density values determined in this study
were within the range documented in the literature review, indicating agreement with
previously published data.

The organic matter content was analyzed for 12 houses (Table 4), and values between
2 and 6% were found, with a median of 3.5%. In Portugal, the organic matter content of
rammed earth houses was reported to be between 0.9% and 5.4% [27], and most houses
in the SaB area are in this range. The recommendations for organic matter content are
mostly descriptive, and only a few authors have provided threshold values. Walker,
Keable, Martin and Maniatidis [60] stated that the organic matter content should be less
than 2% by weight of the soil mixture, whereas Houben and Guillaud [66] stated that
the threshold of significant impact of organic matter content should be 2—4%. Since all
samples have an organic matter content greater than or equal to 2%, these soils are not
recommended for construction according to the recommendations of Walker, Keable, Martin
and Maniatidis [60]. According to Houben and Guillaud [66], the soil samples from houses
BB-1, BB-3, KV-2, and TNJ-1 are not satisfactory. Although the above recommendations
have not been followed, these houses have been standing for many years. However, it is
recommended to use soil with little or no organic matter for the construction of rammed
earth houses.

4. Discussion and Conclusions

This study analyzed the origins and development of rural rammed earth architecture
in eastern Croatia. In particular, three key components (historical context, architectural fea-
tures, and physical soil properties) were investigated through field research and laboratory
tests to support the preservation of traditional rammed earth buildings and part of national
authenticity. This research represents the first phase of a framework designed to facilitate
the identification of the causes of damage and guide the selection of mitigation measures
through subsequent experimental and numerical studies in Croatia. Moreover, this study
should lay the foundation for the development of comprehensive national guidelines
and standards.

This study was limited to ethnic villages in two major cities. A detailed study of the
larger cities in eastern Croatia, with special attention paid to analyzing existing earthen
houses, is necessary. In addition, a detailed study of the properties of earth plasters and
their interactions with rammed earth walls is required. During field surveys in this area,
numerous adobes (cro. Cerpic, prijesna cigla) houses were discovered, opening up a new
research niche.

This paper presents, for the first time, essential data on traditional rammed earth
houses in Croatia obtained through field research in 30 villages and an in-depth analysis of
22 houses. To the best of our knowledge, there has been no thorough study of the variety
and properties of the materials used in the traditional rammed earth houses of eastern
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Croatia, particularly with regard to the physical properties of the soil used to construct
rammed earth walls.

Data on materials can be used in the development of national standards and/or
manuals for the design and rehabilitation of existing earthen buildings. As for the data
on the geometry of the objects, these data can be used to define numerical and physical
models to carry out parametric studies and determine the behavior of earthen buildings
subjected to various external actions (e.g., temperature, water, and earthquakes).

This article presents a comprehensive analysis of traditional rammed earth houses
based on a study that identified two predominant spatial organizations: one with a gable
facing the street and the other with an L-plan configuration. In this study, houses were
analyzed and presented on the basis of their structural elements: plinth, walls, ceilings,
and roof structure, presenting the specifics of the construction of each element, as well as
the materials used and their dimensions, that is, geometries. To the best of our knowledge,
this work represents the first attempt to provide statistically derived values for the aspect
ratio, slenderness, and ratio of openings to facade areas in traditional rammed earth
buildings. Given the lack of research on the performance of rammed earth walls with
openings, this dataset will enable future investigations and could serve as a basis for future
parametric studies.

Considering the importance of walls as vital structural elements of a house, the main
findings from the field research are as follows:

1.  Based on the houses studied, two main spatial organizations of SaB rammed earth
houses were identified: a house with a gable facing the street and a house with
an L-plan.

2. The rammed earth walls of traditional houses in eastern Croatia have a minimum
thickness of 0.38 m, a maximum thickness of 0.55 m, and an average thickness of
0.5 m.

3. The height of the rammed earth walls, measured from floor to ceiling, is between
2.0 m and 2.9 m, with the room heights generally being 2.65 m.

4. No slenderness ratio greater than eight was observed in the rammed earth houses
analyzed. However, further field research and data collection are required.

5. In75% of the rammed earth walls investigated, the presence of openings may signifi-
cantly influence the seismic behavior, warranting further investigation.

6.  The ratio of the floor area occupied by rammed earth walls to the total area of the
house ranges from 24% to 32%, with an average value of about 30%. This ratio was
determined based on data from only nine houses, indicating that further investigation
is required to confirm these findings.

The average moisture content of the exterior wall is 3.3%. To the best of the authors’
knowledge, this study is the first to shed light on the average moisture content in traditional
rammed earth walls based on field research. Particle size analysis revealed that the median
size of the largest particles was 8 mm. The composition of the soil used for construction
revealed a median gravel content of 2.2%, 37.9% sand, 49.6% silt, and 10.0% clay. The
plasticity index ranged from 12% to 21.2%, with an average value of 15.8%. The bulk
density measurements carried out in eight houses showed values between 1.67 g/cm?
and 2.02 g/cm3, with an average of 1.79 g/cm3. In addition, the organic matter content
analyzed in 12 houses was between 2% and 6%, with an average value of 3.8%.

Further experimental and numerical investigations are underway to comprehensively
analyze the behavior of traditional rammed earth houses in eastern Croatia. In addition, we
will perform experimental in-plane cyclic tests and out-of-plane pushover tests on rammed
earth walls that represent local structural elements. To collect further data, destructive
tests using a shaking table will be performed on two rammed earth rooms representing
traditional buildings on a small scale. This information will support the rehabilitation of
Croatia’s architectural heritage and authenticity by facilitating the development of national
guidelines and standards.
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