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Abstract: Earthen architecture largely supports the concept of sustainable building. In the seismically
active area of eastern Croatia, there is a large number of rammed earth houses, many of which are
over 100 years old. All these houses were built using empirical knowledge, i.e., without applying
national design standards. In order to support the preservation of ethnic villages and traditional
rammed earth houses, a field survey was conducted. Parts of the walls of traditional rammed earth
houses were collected, and the material was thoroughly analyzed. Samples of rammed earth were
reproduced, and tests were carried out with the aim of determining the shear strength to subsequently
determine the seismic behavior of Croatian traditional earthen architecture. This paper presents the
results of shear strength tests on samples with different particle size distributions, lime content, the
straw of different cereals but also hemp fibers. An increase in shear strength was observed with the
addition of natural fibers to the samples.

Keywords: eastern Croatia; rammed earth; shear strength; fiber additives; lime

1. Introduction

Earth architecture provides a home to about half of the world’s population [1], with
some of the buildings being found in seismically active areas [2,3]. The soil used for
construction of such buildings varies depending on the locations of construction, but
there are still recommendations related to suitable particle size distribution [4–7] and soil
plasticity [4,5,8,9]. Rammed earth houses can be unstabilized, where the clay particles act
as a binder, but also stabilized, mostly with cement and lime [10–13]. Unstabilized rammed
earth houses are conducive to sustainability and reduced energy consumption [14,15].
However, such buildings have mechanical properties, which significantly depend on the
soil used but also show reduced resistance to external loads if they are not properly con-
structed [12]. The use of industrially produced binders can increase their strength, durabil-
ity and resistance, but the impact on the environment also increases [10,12]. Walker et al. [5]
state that the emission of CO2 during the production of lime is lower than that of cement,
but that when choosing lime rather than cement, its impact on the environment should still
be taken into account. In the case of soils with higher clay content and organic matter, lime
is more suitable than cement [5]. In addition, a mixture of soil and lime can be returned to
nature when demolishing an abandoned rammed earth house, since, in agriculture, lime
is used to improve the soil quality for the cultivation of certain agricultural crops. In a
review by Ávila et al. [13], better uniaxial compressive strength (UCS) was reported after
the addition of cement compared to the addition of lime. In the same paper, it was noted
that the proportion of lime for the observed improvements was usually in the range of
3–5%, while the proportion of cement was much higher (usually around 10%).

Another way to improve the properties of rammed earth is by adding natural or artifi-
cial fibers. Soil, like concrete, has good compressive strength, while its tensile strength is not
as good. Just as reinforcement is added to concrete to take tensile forces, the tensile strength
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of soil can also be improved by using certain additives. This can be in the form of indus-
trially produced materials (e.g., fiberglass) or natural materials (e.g., brushwood, straw).
Figure 1 shows brushwood embedded between the layers (the wall of a house in Čeminac)
and pieces of cereal straw (the wall of a house in Aljmaš).
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Figure 1. Photographs of traditional rammed earth walls from the area of eastern Croatia in the
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Laborel-Préneron et al. [16] group natural fibers into: cereal straw, wood aggregates,
bast fibers, palm tree fibers, waste and residues, leaf fibers, aquatic plant fibers and chips,
and sheep wool. Ávila et al. [13] list fiberglass, polypropylene fibers and waste tire fibers
as some artificial fibers that could possibly be used for incorporation into rammed earth
soil mixtures. The use of fibers reduces cracks that can occur due to the drying and
shrinkage of rammed earth [17,18]. Koutous and Hilali [19] outline the advantages of
using fibers (where barley straw and date palm fibers were examined) in the form of
increased compressive and tensile strength and increased ductility. Based on the increase
in ductility by fiber reinforcement, Koutous and Hilali [19] suggest that fibers can be used
in earthquake-resistant constructions. Walker et al. [5] argue that adding cereal straw
or other natural fibers can potentially affect thermal conductivity (due to lower density).
In addition, rammed earth with the addition of natural fibers can have a lower impact
on the environment compared to rammed earth stabilized with industrially produced
binders [13,19]. Although improving the properties of rammed earth is affected by the
proportion of fibers in rammed earth houses, the optimal proportion of fibers has not been
sufficiently investigated [16]. Walker et al. [5] only state that the mass fraction of fibers
for rammed earth houses is likely less than 1 to 2%. Prabakar and Sridhar [20] report a
reduction in shear stresses with sisal fiber proportions greater than 0.75%. In the research
conducted by Galán-Marín et al. [18], a smaller proportion of sheep wool fibers (0.25%)
proved to be more suitable.

Rammed earth shear strength is an important parameter to consider when designing
in seismically active areas. Geotechnical tests (e.g., the direct shear test) and test techniques
used in masonry structures (e.g., the diagonal compression test) are usually carried out.
According to Bui et al. [10], shear strength should be defined as a function of cohesion,
friction angle and normal stress value (Mohr–Coulomb theory), and they state that shear
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strength can also be assumed as 10% UCS. The values of cohesion and the internal friction
angle of soil samples for rammed earth houses can be determined using direct shear
tests [21–24] but also with triaxial tests [25]. Tests are usually conducted on samples of
larger dimensions. For example, in Kosarimovahhed and Toufigh [24], samples with
dimensions of 150 × 150 × 180 mm were observed, and in El-Nabouch et al. [22], samples
had dimensions of 100 × 100 × 35 mm and 500 × 500 × 450 mm. However, tests on
smaller samples have also been reported [21]. Usually, tests are carried out on samples of
a certain age, since rammed earth walls are built inside the formwork and remain inside
the formwork for a certain period. In the literature, tests are reported on samples aged
7 days [21], 30 days [23], 60 days [22] and 90 days [24]. When observing the shear strength
values, it is necessary to keep in mind the different values at the layer contacts compared
to the values within the layer itself. El-Nabouch et al. [23] state values of the internal
friction angle at the contact in the amount of 90% in relation to the internal friction angle of
the layer itself. The recorded value of cohesion in the observed case was even lower, i.e.,
80% [23]. In Perić et al. [26], a literature review is presented related to the testing methods
of the mechanical properties of unstabilized rammed earth, one of which was applied in
this study.

In the seismically active area of eastern Croatia (Figure 2, Table 1), there are examples
of rammed earth houses that are more than 100 years old. Unfortunately, there are no
standards or recommendations in Croatia related to the construction of rammed earth
houses nor to their renovation. Moreover, to the best knowledge of the authors, no studies
have been carried out on the load-bearing capacity and resistance of such structures for the
observed area.
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Table 1. Geographical coordinates of the study area.

Location Latitude Longitude

Aljmaš 45◦31′44′′ N 18◦57′04′′ E
Bijelo Brdo 45◦31′02′′ N 18◦52′15′′ E

Karanac 45◦45′40′′ N 18◦41′02′′ E
Lug 45◦39′47′′ N 18◦46′23′′ E

Zmajevac 45◦47′53′′ N 18◦48′04′′ E

The aim of this research is to determine, based on the results of the shear strength
test: (i) the suitable grading curve of mixtures that were formed on the basis of the grading
curves of samples from existing traditional rammed earth houses from the area of eastern
Croatia; (ii) the influence of lime; (iii) the influence of cereal straw and hemp fibers. A
further aim is to determine the change in shear strength for samples of different age.
Chapter 2 provides an overview and description of the observed mixtures on which direct
shear tests were performed, as well as a description of the test procedure. Chapter 3
presents the results of the performed tests. Chapter 4 provides a discussion of the results,
and finally, in Chapter 5, the conclusions are given.

2. Materials and Methodology
2.1. Materials

For the purpose of testing, samples were formed with locally available soil (mixture M1)
and by mixing locally available soil with a certain proportion of sand and gravel (mixtures M2–M11).
The composition of the mixtures was chosen in accordance with the grading curves of
the soil samples collected from traditional rammed earth houses from eastern Croatia
(Figure 3; [28]) but also in accordance with the grading curves published in the literature
related to research conducted in Portugal [29] and France [30]. Samples from eastern Croatia
rammed earth houses were collected following the methodology described in Ref. [1].
Figure 4 shows the grading curves of the observed mixtures, which were determined by a
combination of sieving and sedimentation in accordance with HRN EN ISO 17892-4 [31].
Table 2 introduces the grading parameters of traditional and reproduced mixtures observed
in this paper. The granulometric curves of traditional earthen materials from the Republic
of Croatia used for rammed earth walls are introduced for the first time in this paper. With
this, the global database of granulometric curves for earth materials used to build rammed
earth houses is expanded.

Since the largest grain size in the specimen for the direct shear test (according to Ref. [32])
should not be larger than 1/5 of the specimen height, the particle size distributions of
the mixtures were formed with the largest grain of 4 mm. Nevertheless, deviations in the
grading curves of mixtures with such corrections in relation to the grading curves of soil
samples from rammed earth houses from the area of eastern Croatia are not significant,
since, in the mentioned samples, the proportion of particles larger than 4 mm for most of
the observed samples was less than 5% (Figure 3).

In mixture M5, 4% of lime was added (by mass), while in mixture M6, 8% of lime was
added (by mass). The proportion of lime in the mentioned mixtures was chosen based
on the recommendations given by Ciancio et al. [33], where the optimal proportion of
lime for application in stabilized rammed earth was studied. In the aforementioned paper,
an optimal proportion of 4% lime was recorded, while in the current research, twice the
proportion (8%) was added in order to determine the influence on the shear strength. Lime
was added to a mixture of locally available soil and gravel with the same particle size
distribution as in mixture M4.

Cereal straw was added to four samples, specifically, barley (mixture M7), oat (mixture M8),
wheat (mixture M9) and rye (mixture M10); in one sample, industrial hemp fibers (mixture M11)
were added. Cereal straw and industrial hemp fibers (Figure 5) were cut into lengths
of approximately 2 cm and added at a mass fraction of 0.25% to a mixture of locally
available soil and gravel (of the same particle size distribution as M4), thus creating
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mixtures M7 to M11. According to the reviewed literature, specifically [13,16,19], the mass
fractions of cereal straw and industrial hemp are usually less than 1%, and in most cases,
they are equal to 0.75%. With this research, the aim was to investigate whether smaller
fractions of fibers also contribute to the shear strength of the material. A mass fraction of
0.25 percent was selected, which is less or equal to one-third of the mass fraction employed
in the literature we studied. As part of the continuation of research, it is planned to test
another mass fraction of fibers (in addition to 0.25%) in order to determine the optimal
fraction for rammed earth walls.

Appl. Sci. 2022, 12, 11708 4 of 18 
 

Figure 2. The earthquake hazard map of Croatia and bordering countries [27] with markings of the 
places from which the rammed earth samples observed in this work were taken: Aljmaš (ALJ), Bijelo 
Brdo (BB), Karanac (KR), Lug (LG) and Zmajevac (ZM). 

Table 1. Geographical coordinates of the study area. 

Location  Latitude Longitude 
Aljmaš 45°31′44″ N 18°57′04″ E 

Bijelo Brdo 45°31′02″ N 18°52′15″ E 
Karanac 45°45′40″ N 18°41′02″ E 

Lug 45°39′47″ N 18°46′23″ E 
Zmajevac 45°47′53″ N 18°48′04″ E 

2. Materials and Methodology 
2.1. Materials 

For the purpose of testing, samples were formed with locally available soil (mixture 
M1) and by mixing locally available soil with a certain proportion of sand and gravel 
(mixtures M2–M11). The composition of the mixtures was chosen in accordance with the 
grading curves of the soil samples collected from traditional rammed earth houses from 
eastern Croatia (Figure 3; [28]) but also in accordance with the grading curves published 
in the literature related to research conducted in Portugal [29] and France [30]. Samples 
from eastern Croatia rammed earth houses were collected following the methodology de-
scribed in Ref [1]. Figure 4 shows the grading curves of the observed mixtures, which were 
determined by a combination of sieving and sedimentation in accordance with HRN EN 
ISO 17892-4 [31]. Table 2 introduces the grading parameters of traditional and reproduced 
mixtures observed in this paper. The granulometric curves of traditional earthen materials 
from the Republic of Croatia used for rammed earth walls are introduced for the first time 
in this paper. With this, the global database of granulometric curves for earth materials 
used to build rammed earth houses is expanded. 

 
Figure 3. Grading curve of soil samples from traditional rammed earth houses from the area of 
eastern Croatia [28]. 

0
10
20
30
40
50
60
70
80
90

100

0.0010.010.1110100

Pe
rc

en
t p

as
sin

g 
/ %

Grain size / mm

ALJ-1

ALJ-2

BB-1

KR-3

KR-4

LG-1

ZM-3

Figure 3. Grading curve of soil samples from traditional rammed earth houses from the area of
eastern Croatia [28].

Appl. Sci. 2022, 12, 11708 5 of 18 
 

 
Figure 4. Grading curve of mixtures M1–M11. 

Table 2. Grading parameters of traditional and reproduced mixtures. 

ID D10 D30 D50 D60 Cu Cz 
ALJ-1 N/A 0.021 0.046 0.061 N/A N/A 
ALJ-2 0.0058 0.031 0.116 0.291 49.78 0.58 
BB-1 0.0022 0.013 0.030 0.064 29.68 1.19 
KR-3 0.0015 0.018 0.157 0.372 252.47 0.56 
KR-4 0.0030 0.023 0.129 0.302 100.78 0.59 
LG-1 N/A 0.009 0.018 0.024 N/A N/A 
ZM-3 N/A 0.017 0.035 0.061 N/A N/A 
M1 N/A 0.010 0.048 0.055 N/A N/A 
M2 0.0065 0.052 0.200 0.297 45.71 1.40 
M3 0.0061 0.024 0.277 0.428 69.81 0.21 
M4 0.0028 0.021 0.129 0.533 189.21 0.30 

NOTE: D10 is the particle size, such that 10% of the particles are smaller than this size. D30, D50 and 
D60 are defined in a similar way. Cu is the coefficient of uniformity, and Cz is the coefficient of cur-
vature. D10 is also defined as the effective size. 

Since the largest grain size in the specimen for the direct shear test (according to Ref 
[32]) should not be larger than 1/5 of the specimen height, the particle size distributions 
of the mixtures were formed with the largest grain of 4 mm. Nevertheless, deviations in 
the grading curves of mixtures with such corrections in relation to the grading curves of 
soil samples from rammed earth houses from the area of eastern Croatia are not signifi-
cant, since, in the mentioned samples, the proportion of particles larger than 4 mm for 
most of the observed samples was less than 5% (Figure 3). 

In mixture M5, 4% of lime was added (by mass), while in mixture M6, 8% of lime was 
added (by mass). The proportion of lime in the mentioned mixtures was chosen based on 
the recommendations given by Ciancio et al. [33], where the optimal proportion of lime 
for application in stabilized rammed earth was studied. In the aforementioned paper, an 
optimal proportion of 4% lime was recorded, while in the current research, twice the pro-
portion (8%) was added in order to determine the influence on the shear strength. Lime 
was added to a mixture of locally available soil and gravel with the same particle size 
distribution as in mixture M4. 

0
10
20
30
40
50
60
70
80
90

100

0.0010.010.1110100

Pe
rc

en
t p

as
sin

g 
/ %

Grain size / mm

traditional

M1

M2

M3

M4 - M11

Figure 4. Grading curve of mixtures M1–M11.



Appl. Sci. 2022, 12, 11708 6 of 17

Table 2. Grading parameters of traditional and reproduced mixtures.

ID D10 D30 D50 D60 Cu Cz

ALJ-1 N/A 0.021 0.046 0.061 N/A N/A
ALJ-2 0.0058 0.031 0.116 0.291 49.78 0.58
BB-1 0.0022 0.013 0.030 0.064 29.68 1.19
KR-3 0.0015 0.018 0.157 0.372 252.47 0.56
KR-4 0.0030 0.023 0.129 0.302 100.78 0.59
LG-1 N/A 0.009 0.018 0.024 N/A N/A
ZM-3 N/A 0.017 0.035 0.061 N/A N/A

M1 N/A 0.010 0.048 0.055 N/A N/A
M2 0.0065 0.052 0.200 0.297 45.71 1.40
M3 0.0061 0.024 0.277 0.428 69.81 0.21
M4 0.0028 0.021 0.129 0.533 189.21 0.30

NOTE: D10 is the particle size, such that 10% of the particles are smaller than this size. D30, D50 and D60 are
defined in a similar way. Cu is the coefficient of uniformity, and Cz is the coefficient of curvature. D10 is also
defined as the effective size.
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Table 3 provides a detailed presentation of the basic data on mixtures M1–M11.

Table 3. Composition of observed mixtures.

ID Gravel /% Sand /% Silt /% Clay /% Additional Information

M1 0.63 2.66 79.71 17.00 -
M2 8.60 52.77 33.23 5.40 -
M3 10.82 46.67 37.34 5.17 -
M4 21.59 29.58 40.53 8.30 -
M5 21.59 29.58 40.53 8.30 4% lime
M6 21.59 29.58 40.53 8.30 8% lime
M7 21.59 29.58 40.53 8.30 0.25% barley
M8 21.59 29.58 40.53 8.30 0.25% oat
M9 21.59 29.58 40.53 8.30 0.25% wheat
M10 21.59 29.58 40.53 8.30 0.25% rye
M11 21.59 29.58 40.53 8.30 0.25% hemp

Since Atterberg’s limits also affect the suitability of the soil for the construction of
rammed earth houses, they were tested according to HRN EN ISO 17892-12 [34]. The liquid
limit of the previously prepared sample, where the largest grain was 0.425 mm, was tested
with a fall cone test (80 g/30◦ cone). The plastic limit was tested by hand-rolling the part
of the sample prepared for the liquid limit test. The liquid limit determined for basic
cohesive soil is 37.4%, while the plastic limit is 21.1%, which is in accordance with the
recommendations given in the literature [4,5,8,9]. The stated values are also close to the
values of the liquid and plastic limits of samples collected from rammed earth houses in
eastern Croatia [35].

Additionally, the particle density of locally available soil, sand and gravel was tested
with the fluid pycnometer method according to HRN EN ISO 17892-3 [36]. Lime density
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was tested using petroleum instead of distilled water in pycnometers. The particle density
of mixture M1 was 2.67 g/cm3; for M2, it was 2.7 g/cm3; and for M3, it was 2.71 g/cm3,
while for the remaining mixtures, it was 2.65 g/cm3 (for mixtures M7–M11 without
natural fibers).

2.2. Sample Installation and the Direct Shear Test Procedure

For the purposes of forming specimens, a cylindrical mold with a height of 300 mm and
a diameter of 150 mm was used, inside which a smaller square mold for a specimen with
dimensions of 100 × 100 × 20 mm was placed (Figure 6) on top of the already compacted
soil layer. After placing the square mold, the mixture for the next layer was added and then
compacted. After opening the cylindrical mold, the square mold was taken out together
with the specimen. To the authors’ best knowledge, this is the first attempt to ascertain the
shear strength of the lowest zone of the rammed earth layer (see Figure 1).
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The sample installation was carried out in layers. For each layer, 3.5 kg of the mixture
was prepared (before adding water to achieve the desired moisture content; the approximate
height of the compacted layer was 10 cm).

The direct shear test was carried out on specimens with dimensions of 100× 100× 20 mm
(Figure 7), and the tests were carried out on specimens immediately after installation
(labeled 1 day) and on specimens 7 and 28 days old that were cured under controlled
conditions in a chamber with 55% relative humidity and at a temperature of 25 ◦C.
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The main objective was to ascertain the behavior of specimens that were cured for
28 days, which is the curing time recommended by the majority of the literature evaluated
discussing rammed earth [26]. It was later discovered through field research that the
moisture content in the walls of existing rammed earth houses can range from 6.5 to 8% at
a height of approximately 0.50 m above the ground. The same research revealed that the
moisture content in the walls of existing rammed earth houses is approximately 2% at a
height of approximately 1.50 m above the ground. Consequently, it was decided to conduct
additional tests on specimens cured for 1 and 7 days in an effort to identify a general pattern
regarding the influence of relative humidity on the shear strength and cohesion.

Although the Proctor test is generally used to determine the soil optimum moisture
content [5,37–39], the required moisture content of rammed earth materials can also be
determined with a drop test [5,7,37,38]. In this research, the moisture contents determined
by the drop test proved to be optimal for the compaction. The average moisture contents
during installation were in the range of 13.0–20.3% (Table 4). However, as part of the
study, a Proctor test (according to Ref. [40]) was also performed for samples M1–M4 in
order to compare the results and determine the densities. For sample M1, the maximum
dry density (MDD) of 1.69 g/cm3 at the optimum moisture content (OMC) of 16.7% was
determined. For sample M2, the MDD was 1.99 g/cm3 at OMC 12.0%; for sample M3, the
MDD was 1.98 g/cm3 at OMC 11.3%, while for sample M4, the MMD was determined
to be 2.01 g/cm3 at OMC 10.5%. By comparison with the results shown in Table 4, it can
be seen that the moisture content of the samples determined by the drop test is higher
compared to the OMC determined by the Proctor test. However, Minke [38] recommends
the use of higher than optimal moisture contents and states that it was shown that a
moisture content that was 10% higher than optimal gave better results for compressed soil
blocks. Standard NZS 4298 [41] states that the moisture content during compaction (for
rammed earth constructions) can be 6% higher or 4% lower than the established OMC. The
moisture contents obtained by the drop test are in accordance with the mentioned values
and recommendations.
Table 4. Moisture content of the mixtures.

ID wavg,0, /% 1 wavg,1day, /% 2 wavg,7days, /% 3 wavg,28days, /% 4

M1 20.5 20.5 1.8 1.4
M2 13.3 12.9 1.1 0.9
M3 13.4 12.1 1.3 1.0
M4 13.0 12.5 1.4 1.1
M5 14.1 13.6 1.4 1.0
M6 16.6 15.0 1.4 1.1
M7 14.2 13.6 1.4 1.1
M8 14.2 13.6 1.5 1.1
M9 13.3 13.0 1.4 1.1

M10 14.1 13.6 1.4 1.1
M11 14.2 13.5 1.6 0.9

1 wavg,0—average moisture content at specimen compaction; 2 wavg,1day—average moisture content of specimen
tested on the day of installation (moisture content taken after test); 3 wavg,7days—average moisture content of
specimen after 7 days of curing; 4 wavg,28days—average moisture content of specimen after 28 days of curing.

The mixtures were prepared 24 h prior to compaction in order to achieve a uniform
moisture content of the sample. This practice has been recorded in the construction of
rammed earth walls around the world [38] but also in eastern Croatia, where the mixture
for installation is prepared at least 12 to 24 h before installation [42]. A certain amount of
water was also previously added to the cereal straw and hemp fibers (approximately 24 h
before installation) in order to absorb a sufficient amount of water to reach a saturated,
surface-dry state, and on the day of installation, they were mixed with the soil mixture.
Lime was added to the mixtures (to which a certain amount of water had been added at
least 24 h beforehand) immediately before sample compaction in order to prevent binding
before sample installation.
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A Proctor rammer type A (weight 2.5 kg, diameter 50 mm, drop height 305 mm)
was used for compaction. Following installation with controlled compaction energy, a
foil was placed on the first layer, and approximately 0.5 kg of the material of the second
layer was added, after which a smaller mold with dimensions of 100 × 100 × 20 mm was
placed. After adding the remaining material of the second layer, the second layer was
compacted. The foil had the function of easier separation of the compacted layers and of
protecting the sample in the smaller mold from possible damage when separating the excess
soil. The position of the smaller mold, inside which the test specimen was located, was
selected within the lower third of the specimen height. The reason for this is that during the
inspection of traditional rammed earth houses in eastern Croatia, the parts with the most
voids were observed in the lower third of the layers, which are potentially critical places
in the walls. In accordance with the information collected from the field survey [28,35],
the height of the layers for compaction in the mold was chosen, which was approximately
100 mm (in a compacted state). The height of the compacted layers of rammed earth in
traditional houses from the area of eastern Croatia ranges from 50 to 150 m [28]. The
specimen was pressed from the smaller mold (after the necessary measurements/weighing)
into the shearbox mold for the specimens that were tested on the same day. Specimens aged
7 and 28 days were pressed out of the mold onto the pad, taken to the climate chamber and
kept under controlled conditions. The average moisture contents of the samples during
testing are given in Table 4.

Tests were performed in direct shear devices AUTOSHEAR (CONTROLS), where
specimen shearing was performed along a predefined failure plane. The test was carried
out in two phases: (i) consolidation and (ii) shearing. The vertical stresses (σn) to which
the samples were subjected during consolidation and shearing were 25 kPa, 50 kPa and
100 kPa, which are common internal stresses in the walls of traditional rammed earth
houses from the area of eastern Croatia. In the case of samples that were tested on the day
of installation, a longer duration of consolidation was required (according to Ref. [32]),
while in the case of samples that were tested after 7 and 28 days, a shorter duration of
consolidation was conducted. The shear rate was 1 mm/min. The higher shear rate was
chosen for comparison with other tests conducted as part of a larger study, and the stated
rate was also recorded in other rammed earth studies [21,22].

3. Results and Discussion

The direct shear tests included samples of different particle size distributions, lime propor-
tions, cereal straws and hemp fibers in order to determine the influence of individual parameters.

A comparison of peak shear stress values (τ) for samples M1 to M4 that had a different
soil composition is shown in Figure 8, where an increase in shear stresses (an increase in
the sample strength) can be seen with the age of the sample. This can be attributed to
the fact that the samples dried over time, i.e., lost moisture content. It can be seen that
the lowest peak shear stress values were recorded for sample M1, which has the largest
proportion of fine particles. Samples with a smaller content of cohesive soil, M2 and M3,
proved to be better, that is, they had the highest strength. The exception is sample M3 at
a vertical stress of 25 kPa, where a lower shear stress value was recorded after 28 days,
possibly due to a certain sample disturbance. At lower vertical stress levels, for 1-day
samples M1–M4, the approximate values of peak shear stress were recorded. However,
since the observed samples or mixtures would be inside the formwork after installation
(in rammed earth walls), the strength values of the aged samples are of interest. In the
RE-forMS project [43], within the framework of which this research was also carried out,
research was additionally planned and is being carried out with a broader range of particle
size distributions of rammed earth mixtures (e.g., a higher proportion of gravel) in order to
be able to outline the recommended grading curves for the area of eastern Croatia.
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for samples aged 1 day, 7 days and 28 days: (a) σn = 25 kPa; (b) σn = 50 kPa; (c) σn = 100 kPa.

For the purpose of improving strength, a certain proportion of lime was added to
samples M5 and M6. Figure 9 shows a comparison of the peak shear stresses of samples
that have the same particle size distributions, but where the lime content is varied. That is,
sample M4 does not contain lime, sample M5 has 4% of lime (by mass), while sample M6
has 8% of lime (by mass). In these samples, too, approximately the same strength is visible
as in the 1-day samples, that is, the stabilized samples had slightly higher peak shear
stress values.
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aged 1 day, 7 days and 28 days: (a) σn = 25 kPa; (b) σn = 50 kPa; (c) σn = 100 kPa.

Although in unstabilized samples (samples M1–M4), an increase in peak shear stresses
was recorded with the sample age, in stabilized samples, a certain increase was recorded in
the 7-day-old samples, while in the 28-day-old samples, there was mostly a decrease in the
value of the peak shear stresses compared to the 7-day-old samples. Stabilized samples
aged 7 days recorded higher strengths than unstabilized samples. As part of the RE-forMS
project [43], it is planned to further investigate the influence of lime and the aforementioned
phenomena. The samples with a lower lime content had a more balanced behavior, i.e., a
weaker increase or smaller decrease in strength, compared to the samples with a higher
lime content. If the results of samples aged 7 days are excluded from the analysis, the
samples with 4% of lime appear to be better. It can be concluded that a lower lime content is
more suitable for rammed earth mixtures. This is in line with the observations in Ref. [33],
where it was noted that the addition of more than 4% lime to the mixture did not further
contribute to an increase in UCS and stiffness. The optimum lime content for the observed
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mixture in the current research needs to be further investigated. It is also recommended to
carry out tests to determine the optimum content prior to the construction of lime-stabilized
rammed earth houses.

Figure 10 shows the test results of sample M4 (sample without additives) and samples
M7–M11, which have the same particle size distributions but also additives of cereal straw
or hemp fibers. The measurements show an increase in strength with the age of the sample,
i.e., with a decrease in moisture content. The influence of straw and fibers on peak shear
stress values for 1-day samples was not recorded or was negligible. A similar case applies
to samples aged 7 days. The greatest influence on the sample shear strength is evident in
the samples aged 28 days, where most had higher peak shear stresses compared to sample
M4. The exception is sample M11 (sample with hemp fibers) at a vertical stress of 100 kPa,
where a certain degree of sample disturbance occurred during the sample installation in
the shearbox. Generally, the sample with the rye straw (M10) proved to be the best. A
good contribution to strength was also recorded for the samples with barley (M7) and oat
straw (M8).
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If the measurement for specimen M11 at a vertical stress level of 100 kPa for a sample
aged 28 days is disregarded, the contribution of hemp fibers to sample shear strength could
match that of rye and oat straw. This comparison proves the suitability of using the straw
of the observed cereals and hemp fibers as micro-reinforcement in rammed earth mixtures.

The calculated values of the strength parameters for samples M1–M9 are shown in
Figures 11–13. There was no uniform trend of change in the cohesion values of the observed
samples with sample ageing. However, all samples aged 28 days had higher values of
cohesion compared to those of 1-day samples. The 1-day sample M1, which had a high
content of fine particles, had the highest moisture content during installation and after
testing. Since the shear rate was 1 mm/min, it is possible that the sample was closer to the
undrained state, which is indicated by the approximate peak shear strength values but also
by the very low value of the internal friction angle. In the case of the remaining samples,
the moisture content was lower, as was the content of fine particles, and therefore, the
reported state of the material was not so pronounced. It should be kept in mind that due to
the high shear rate, the achieved values of cohesion and of the internal friction angle do not
necessarily represent the values of cohesion and the internal friction angle that correspond
to the results of a standard test at lower shear rates.
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Samples stabilized with lime recorded a decrease in cohesion in the samples aged
28 days compared to the samples aged 7 days. Water loss may be the cause of this. As part
of the RE-forMS project [43], this phenomenon will be additionally studied. The overall
cohesion values were reported to range from 14.4 kPa to 35.7 kPa, with an average value of
19.6 kPa (average calculated without the cohesion value of sample M1) for 1-day samples.
For samples aged 28 days, the cohesion values ranged from 23.8 kPa to 62.0 kPa, with
an average value of 46.7 kPa. The average increase in the cohesion value (samples aged
28 days compared to the 1-day samples, except for sample M1) was 138.5%. There was no
uniform trend of change in the value of the internal friction angle with sample age. In most
cases, the values of the internal friction angle were higher for the samples aged 28 days
compared to the 1-day samples. The exception was sample M6, where a lower value of the
internal friction angle was recorded. Approximately equal values of the internal friction
angle for the samples aged 1 day, 7 days and 28 days were recorded for sample M7.

Generally, the values of the internal friction angle were recorded in the range of 7.3◦ to
37.5◦, with an average value of 32.5◦ (average calculated without the value of sample M1)
for the 1-day samples. For samples aged 28 days, the values of the internal friction angle
ranged from 26.3◦ to 46.4◦, with an average value of 38.2◦. The average increase in internal
friction angles (samples aged 28 days compared to the 1-day samples, without sample M1)
was 21.3%. Comparing the strength parameters for samples of different ages, a significant
increase in the cohesion value can be observed, while the increase in the internal friction
angle is slightly less pronounced for aged samples. It can be concluded that, through sample
drying, there was a better connection between the particles and greater contact friction.

4. Conclusions

This paper presents the results of a study of mixtures whose particle size distributions
were based on the particle size distributions of soil samples taken from traditional rammed
earth houses in eastern Croatia. Additionally, lime, cereal straw and industrial hemp fibers
were added to certain mixtures. Direct shear tests were carried out on those samples. Based
on the results obtained from the direct shear tests, the following points were observed and
can be concluded:

• The shear strength of the samples increased with time. The aforementioned phe-
nomenon can be connected to the drying of the samples over time. However, it is
necessary to keep in mind that the tested samples were up to 28 days old, and it is
possible to expect stabilization in the shear strength values, for samples exposed to
the same conditions, over time. This needs to be further investigated in older samples.
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• In the case of samples tested on the day of installation, no significant differences in
peak shear stresses were recorded for the observed samples. The influence of a lower
content of cohesive soil, lime and natural fibers (cereal straw and hemp fibers) was
seen with the aged samples.

• Samples with a lower content of cohesive soil generally had higher shear strength.
Further research is needed to determine the optimum grading curves, i.e., the soil
composition for the area of eastern Croatia.

• The samples with a lower lime content (4%) proved to be better than the samples with
a higher lime content (8%). To determine the optimum lime content in the observed
mixture, additional research is needed. An increase in strength was recorded in
samples aged 7 days compared to samples tested on the day of installation. Further
ageing of the sample (samples aged 28 days) did not record any further contribution
of lime to the increase in the shear strength of the sample.

• Adding natural fibers increased the shear strength of the samples. The best results
were recorded for the sample micro-reinforced with rye straw. It is recommended to
additionally investigate the optimum content of natural fibers in the mixtures with
regard to the shear strength of the sample.

• By comparing the values of cohesion and the internal friction angle, an increase of
138.5% (average value) in the cohesion value and 21.3% (average value) in the value of
the internal friction angle was recorded when comparing the values of the strength
parameters of samples aged 28 days and the samples tested on the day of installation.

• The addition of lime to the base mixture did not significantly improve the shear
strength, in contrast to the addition of cereal straw and hemp fibers, which can
significantly contribute to the shear strength of the material even if added in very
small fractions.

• Although mixtures M2, M3 and M4 are similar in the context of granulometry, they do
not behave similarly when subjected to shear loading. Thus, it can be concluded that
granulometry has no significant influence on the shear properties of the material, which
is why it is possible to conclude that the existing houses in eastern Croatia will behave
similarly when exposed to external loads that cause shear stresses (e.g., earthquakes).

Through this research, we obtained the results and conclusions that will be applied
to draft norms and recommendations for the design of earthen structures in Croatia. In
addition, this will enable the rehabilitation of existing structures, which are in a very poor
condition and pose a threat to the environment or the people who still use them.

In order to raise the level of understanding of the behavior of rammed earth, future
research should cover particle breakage behaviors, following the methodology described
in Refs. [44,45].
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