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Abstract: Earthen architecture has a significant share in the world’s fund of both residential archi-
tecture and cultural heritage. It provides a home to more than half of the world’s population and
can be found in seismically active areas. Empirically acquired knowledge on building with rammed
earth (RE) has usually been passed down from generation to generation by word of mouth, with no
written scientific grant for the load-bearing capacity and resistance of structural elements. Today,
many countries still do not have standards for the design of RE structures. In the development of new
as well as existing design standards, the results of experimental research play a significant role. The
focus of this study was on unstabilized RE, which is locally available material with low embodied
energy. This paper elaborates experimental campaigns, within which meticulous techniques were
employed to provide new knowledge on RE for use in earthquake-prone areas. Furthermore, this
paper includes: (i) ranges of values of mechanical properties determined on RE specimens from
all over the world; (ii) a comparative summary of experimental research conducted on walls and
buildings to assess their seismic performance; (iii) an overview of standards and testing methods
used in experiments; and (iv) recommendations for further research.

Keywords: state-of-art; unstabilized rammed earth; mechanical properties; seismic performance;
experimental tests

1. Introduction

Earth constructions contribute to a significant and important share in the world’s
residential architecture and cultural heritage [1-3]. Earthen architecture provides a home to
more than half of the world’s population [4]. About one third of all constructions globally
contain earth as a construction element [5]. Moreover, homes made of earth can be found
in both seismically quiet and active areas [2,6-12].

The first houses in the world were built in an improvised way by applying material
found in the immediate surroundings or obtained by digging basements, wells, or watering
pits for cattle [11]. Empirically acquired knowledge on building with earth has been passed
down from generation to generation by word of mouth, with no written scientific informa-
tion for load-bearing capacity and resistance of structural elements. The industrialization
process and development of new technologies has resulted in modern materials used in
construction in accordance with constantly improved design standards. Moreover, the oral
tradition of sharing empirical knowledge was replaced with code-based architecture, the
behavior of which is predicted and planned by computer software.

Among the other types of vernacular earth-building techniques, earthen architecture
includes adobe [12-14], cob [15,16], compressed earth block [17-19], and rammed earth
(RE) [4,10,11]. However, this paper focused only on the unstabilized RE building technique.
It is considered that this building technique is one of the most important earth-building
techniques both in traditional and modern earth architecture [4]. Moreover, vernacular
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unstabilized RE buildings are still important on the global scale and need to be protected
from disappearing [20].

Building with RE consists of pouring moistened soil in layers inside a wooden or
metal formwork and compacting it by using a manual or pneumatic rammer to form
walls [3,21,22]. Sassu et al. [19] demonstrated an innovative, very reproducible procedure
for making earth blocks using a manual press. This procedure could potentially be used
in the preparation of RE specimens for testing material properties. The formwork can
be removed later and placed to a new construction location or to a new part of a future
house. The soil composition varies and strongly depends on building location, which
is demonstrated in the next chapter. However, it is known that RE suitable soil always
comprises clay, silt, and sand [4,6,7].

In the unstabilized RE construction technique, clay acts as a natural binder that holds
together larger particles once the formwork is removed. In contrast, the stabilized rammed
earth (SRE) construction technique uses modern industrially produced binders such as
hydraulic or calcium lime, cement, or asphalt emulsions [6,21]. Modern stabilizers in
SRE have a favorable effect on its strength, durability, and resistance to external actions
(e.g., earthquakes), however, at the same time, they reduce the possibility to fully recycle
RE as a building material and increase its embodied energy. This paper only deals with
unstabilized RE as it is a low-cost material available practically everywhere. Moreover, it
does not contain artificial binders and can be returned to nature en block. When compared
to modern materials, unstabilized RE has become competitive as it greatly supports sus-
tainability and low energy consumption [5,11,23]. Despite its advantages, unstabilized RE
possesses relatively poor mechanical properties and low seismic resistance.

Eastern Croatia has been taken as an example of seismically active areas with many
houses made by the RE technique [11,24]. Although being more than 100 years old, many
of these houses have withstood the devastation of war and natural disasters. Through field
research, the authors have learned that many such houses are still in use for housing or as
outbuildings. However, experimental research of the load-bearing capacity of RE walls or
houses in Croatia has not been carried out yet, and the techniques of making soil mixtures
and building with RE are neglected or forgotten. Another challenge of building with RE in
Croatia is the lack of relevant norms. These are just some of the issues related to building
with RE in Croatia as well as in some other European Union member states [7,25].

As already pointed out, a significant amount of earthen architecture is located in
seismically active areas. However, despite the growing volume of research, a lack of
knowledge regarding the mechanical properties and seismic resistance of RE still exists not
only in the European Union, but also in most countries around the world. The most likely
culprit for this situation is to be found in the uniqueness and high variability of properties
of local material used in RE, but also in the lack of coded methods and procedures.

Only the synergy between numerical and experimental research methods can con-
tribute to the development of codes for the design of RE structures. They both complement
each other. Numerical methods are used for the preliminary design and prediction of the
behavior of real structures. However, input data determined by experimental tests are
required to define the numerical models. Experiments are conducted to verify the validity
of numerical models, and to gain new knowledge on the behavior of real structures. Finally,
numerical methods are relatively inexpensive and suitable for the implementation of rapid
parametric studies. In contrast, experimental methods are often very expensive and rarely
harmless, but can provide superior insight into the actual behavior and failure mecha-
nisms of real structures. There have been many numerical studies on the seismic behavior
of RE structures conducted recently [26-28]. The data from the available peer-reviewed
papers collected in the following chapters will facilitate the implementation of further
similar studies.

The aim of this paper is twofold. First, to collect the key experimental data from
cutting-edge laboratories to facilitate the implementation of numerical studies but also
norms and codes, and second, to define niches for future experimental research in the
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field of URE. This paper encompasses: (i) an overview of both norms and testing meth-
ods used in experiments on small-scale RE specimens from all over the world; (ii) an
overview of experimentally tested RE walls and buildings allowing easier calibrations and
validations of both numerical and analytical models; (iii) insight into the minimum and
maximum values of mechanical properties that can be expected in load-bearing RE walls
and buildings; (iv) data that can enable machine learning aided by artificial intelligence;
and (v) recommendations for further research.

To gain a better understanding of the mechanical properties of RE, this paper begins
with a description and interpretation of the fundamental physical properties of RE available
in the reviewed literature. Emphasis was placed on the particle size distribution, moisture
content, and dry density as these properties are provided in most of the reviewed literature.
Moreover, it is well known that these properties directly affect the mechanical properties
of the soil, so they were considered first. Then, the mechanical properties of RE were
placed under the loupe. The third part of the paper describes the experimental research
conducted on models and mockups made of URE. Finally, the niches for further research
are highlighted.

2. Digest on Physical Characteristics of RE
2.1. Particle Size Distribution (PSD)

The fundamental description of an earth mixture suitable for RE construction can
be provided through PSD. PSD is usually mentioned in papers dealing with RE, so it is
also observed in this paper as the first factor. PSD governs the compaction behavior of
the soil, its maximum dry density, and finally unconfined compressive strength UCS [29].
Particle size ranges defined according to Knappett and Craig [30] were used in this study.
As RE usually contains clay, silt, and sand particles, special attention was given to particle
sizes between 0 and 2 mm. However, it should be noted that some mixtures described in
the available literature [4,6,31-33] even contained gravel and cobbles, however, in very
low quantity. Table 1 presents the PSD curves of 39 earth mixtures described in 23 studies
conducted in Australia, Asia, and Europe. Table 1 indicates natural materials originated
from different parts of the world and man-made earth mixtures produced for construction.

As presented in Table 1, the PSD for RE mixtures showed high dispersion. On average,
natural mixtures contained 12.83% of clay, 23.73% of silt, 42.92% of sand, and 18.89% of
gravel. Man-made mixtures predominantly consisted of sand particles.

Figure 1 shows data on the PSD of soils and soil mixtures used in Australia, France,
and Portugal (Table 1). To the authors” best knowledge, RE architecture in those countries
is common, so special attention was given to studies from these countries. In addition,
most of the observed PSD curves in this study were obtained from studies particularly
conducted in the above-mentioned countries. However, New Zealand should also be
mentioned here as a country with a long tradition of building earthen houses, but also
as a country that has the most comprehensive earth building standards in the world
(http:/ /www.earthbuilding.org.nz/ accessed on 13 August 2021). In Figure 1, natural ma-
terial is presented by continuous lines, while man-made soil mixtures are presented by
dashed lines. As expected, Figure 1 shows that PSD for each observed country vary signifi-
cantly. In the context of the PSD of local material used for RE, it is presumed that it varies
not only because of the geological location of the building site, but also because of the local
builders’” empirical knowledge and preferences when selecting a suitable soil for building.
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Table 1. PSD for RE-suitable soils and soil mixtures.
Study By Country Type Clay (%)  Silt (%) Sand (%) Gravel (%)
[2] Bhutan Natural 20.2 179 48.1 13.8
26.5 20.5 23.0 30.0
9.0 12.0 70.0 9.0
16.0 23.0 33.7 27.3
[41 Portugal Natural 10.0 17.3 477 25.0
12.5 22.8 26.8 37.9
17.5 30.7 11.0 395
[6] Turkey Man-made 47.5 1.6 5.9 443
[10] UK and Ireland  Man-made 10.0 15.1 54.4 16.3
2 11.5 79.0 7.5
[29] Hong Kong Natural 10 40.7 48.8 0.5
4 10.8 66.2 19.0
[31,32] France Natural 3.5 31.0 49.5 13.3
[33] France Natural 8.2 27.9 474 13.3
20.0 8.3 59.8 11.9
[34] Australia Man-made 18.7 15.3 55.1 10.9
16.3 25.1 494 9.2
France Natural 19.9 64.5 15.0 0.8
[35] France Natural 16.0 49.5 34.5 0
Man-made 0 6.6 60.5 26.6
[36] Australia Man-made N/A N/A 60.0 10.0
0 0 50.0 50.0
[37] Australia Natural 0 0 75.5 68.0
0 0 24.5 32.0
[38] France Natural 235 61.7 14.7 0.1
[39,40] France Natural 19.9 64.6 15.5 0
5.6 13.7 45.8 35.0
5.2 15.3 58.5 21.0
[41] Portugal Natural 45 13.8 58.8 23.0
11.5 12.4 52.6 23.5
[42] Portugal Man-made 14.2 15.6 32.6 37.7
[43] Portugal Man-made 7.4 27.7 449 20.0
. 0 0 76.0 24.0
[44] Spain Natural 0 0 80.0 20.0
[45] UK and Ireland Natural 23.0 26.8 29.7 20.5
34.3 4.0 24.8 0
[46] France Natural 17.4 18.6 64.0 0
26.3 30.0 43.8 0
Average value 13.2 244 43.1 19.9
Min (non-zero) Natural 2.0 4.0 11.0 0.1
Max 34.3 64.6 79.0 68.0
Average value 14-3 11.6 51.9 22.4
Min (non-zero) Man-made 74 1.6 5.9 9.2
Max 47.5 325 90.0 50.0

Earlier studies [29,42,47] presented Houben and Guillard’s envelope (HGE in Figure 1)
on PSD that indicated soils suitable for use in RE construction. The same envelope was used
in this paper, as shown in Figure 1. It can be observed from Figure 1 that not even one PSD
curve obtained from Australia and merely one PSD curve obtained from France respects the
limits defined by the envelope. However, most of the PSD curves obtained from Portugal
fit well inside the envelope proposed by Houben and Guillard. The PSD of all man-made
soil mixtures from Australia were above the upper envelope threshold, except in the range
of coarse silt and fine sand, where they were located within the recommended envelope.
Moreover, Figure 1 shows that natural soils from Australia lack clay and fine silts, but that
sand content is between the recommended upper and lower threshold. Soils A5—A7 had
to be stabilized by cement as the clay content was negligible.
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Figure 1. PSD for soils and soil mixtures used in RE structures in: (a) Australia: A1—A3 [34], A4 [36]; A5—A7 [37];
(b) France: F2 [31], F1 [34], F5—F7 [35], F3 [40], F8—F10 [46], F4 [48]; and (c) Portugal: P1—P6 [4], P7—P10 [41], P11 [42],

P12 [43].
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However, it should be noted that Houben and Guillard’s envelope has the strictest limit
on the amount of smaller particles that RE-suitable soil may contain. Observing the PSD
curves of soils used in recent experiments, as given in Figure 1, led to the conclusion that
there is still no consensus on how many smaller particles a soil suitable for RE construction
should contain.

2.2. Moisture Content and Dry Density

Determination of moisture and dry density is usually performed in one or two consec-
utive steps. In addition to PSD, moisture and dry density are also among the key factors
that greatly influence the value of UCS [49-53].

Due to its porous structure, RE has the ability to absorb moisture from the air and/or
the substructure on which it rests (e.g., foundation and/or foundation soil). Likewise, RE
can release moisture when heated. By observing Figure 2, it can be seen that moisture
content in the specimens used to determine UCS ranged from 0.7 to 12.0%, whereas dry
density ranged from 1530 to 2155 kg/m?>. Mean moisture content equaled 4.53% and dry
density was 1969 kg/m?.

4.0
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+
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Figure 2. UCS value depending on (a) moisture: W1 [1], W2 [20], W3 [21], W4 [26,54], W5 [39], W6 [55], W7 [56], W8 [57],
W9 [58], W10 [59]; and (b) dry density: D1 [20], D2 [21], D3 [49], D4 [51], D5 [56], D6 [58], D7 [60], D8 [61], D9 [62], D10 [63],

D11 [64].
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In an intuitive way of thinking, it would be concluded that UCS would be higher at
larger dry density and/or lower moisture content. However, Figure 2 does not show such
trend. Higher UCS is usually followed by lower percentage of moisture content, but this
does not always appear to be the case. The relationship between UCS and dry density is
even less apparent with all values dispersed. It is assumed that UCS is also affected by the
size of test sample and by PSD as well as by energy and the method of compaction.

3. Experimental Campaigns on Mechanical Properties of RE
3.1. Unconfined Compressive Strength and Young’'s Modulus of Elasticity

Usually determined in a pair, unconfined compressive strength (USC) and Young's
modulus of elasticity, E, make the most important mechanical characteristics for describing
structural materials.

Methods for testing concrete have been used by many authors to determine mechan-
ical properties of RE [2,56,65]. While considering those properties, Table 2, defined by
Tomici¢ [66], overviews the different shapes and dimensions of concrete specimens that
result in different UCS. Meticulous testing of UCS by using different specimens ought
to be carried out to determine if the same principle is also valid for RE. To the authors’
best knowledge, up until today, such testing has only been presented by Maniatidis and
Walker [51], and El-Nabouch [67]. In both of these studies, higher values of UCS were
obtained on small cylindrical specimens with respect to the values obtained on larger
prismatic counterparts (Table 3). A 150 mm cube was used as a reference specimen in
Table 2 as it is one of the recommended test specimens according to the European standards
for concrete. The possibility of using the results obtained by testing specimens of other
dimensions and shapes as orientation data is not excluded.

Table 2. UCS of concrete depending on dimensions and shape of the specimen.

The Ratio of UCS of 150 mm Cube to

Specimen Dimensions (mm) Specimen of Different Dimensions

100 0.95

Cube 150 1.00
a/a/a 200 1.05
300 1.14

100/200 1.23

150/300 1.26

Cylinder 200/400 1.33
d/h 100/100 1.07
150/150 1.10

200/200 1.16

Note: a is the cube side length; d is the specimen diameter;  is the height of specimen.

Over the past 26 years, studies have been carried out to determine UCS and modulus
of elasticity, the results of which are presented in Tables 3 and 4, respectively. Usually, UCS
is determined by unconfined compression test on small prismatic or cylindrical specimens
of various dimensions, and rarely on wallets or full-scale walls (Table 3). To the authors’
best knowledge, in only one study [46] dealing with RE, UCS and modulus of elasticity
were determined by triaxial tests.

For some authors [51,68], the cylindrical shape of specimens is by far superior. As there
are no corners, cylindrical specimens are easier to manufacture and better compacted, thus
having higher density, higher compression strength, and higher modulus than prismatic
specimens. However, “true” compressive strength of RE walls is, in some instances,
smaller than the one determined on cylindrical specimens. This is the reason why some
authors [21,32,37] agree on the limitations of cylindrical specimens when determining the
compression strength of RE.
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Table 3. UCS values obtained at different age, along with description of methods, specimens, and norms employed.

Specimen: No. of Specimens
Study By Method hlwlt (mm); T ) . UCS (MPa) Age (Days) Norm
A/ (mm) ested per Mixture
[1,69] UCT 500/500/110 N/A 3.73 28 DIN 18945
92 t0 96/163 to . ASTM
21 ct 200 N/A 053 30 C39/C39M-17b
[3] UCT 150/230 N/A 1.00 32 N/A
[8] CT 800/300/300 4 1.24* 90 GB/T 50129-2011
[21] CST 160/300 3 1.90 * N/A N/A
[26,54] AXCT 500/500/110 5 3.74 % N/A N/A
[39] UCT 500/250/250 3 1.10* N/A N/A
[41] CT 100/200 N/A 0.38 * 27-35 N/A
. ASTM
[50] UCT 75/150 3 1.77 28 D2166,/D2166M-16
100/200 2.46 28
[51] UCT 300/600 N/A 1.90 28-42 N/A
600/300/300 0.81* 28-42
[52] CT 100/20/20 N/A 2.03 % 28 N/A
[53] CST 92/180 N/A 0.68 * 120 ASTM C39
0.67 1
[56] CT 150/150/150 N/A 2.04 7 BS 1881-108:1983
1.90 28
3 0.42* 7
[58] CT 200/200/200 3 1.38 % 28 N/A
3 2.31*% 90
[59] UCT 75/150 10 2.23*% 28 N/A
[60] UCT 100/200 3 1.40 % 28 N/A
[61] UCT 100/100/100 16 1.16* 28 NZS 4298:1998
. ASTM
[62] UCT 75/150 5 1.85 90 D2166,/D2166M
[63] AXCT 100/200 6 1.26 % 27-35 N/A
[64] CT 100/100/100 6 1.10* 38 IS 4332 Part 5
[70] UCT 100/200 5 2.03 % 28 NF EN 12390-4
[71] UCT 39/80 N/A 1.04* 28 ASTM D 2166
CT 150/NA 8 3.18*
[72] DFJ 1130/2100/380 N/A 3.10 N/A N/A
MPT 1130/2100/380 N/A 415*
200/400 3 2.00 %
[68] UCT 500/250/250 5 115* 60 N/A
73] UXCT  150/150/150 6 0.60 * 26 Bulletin 5: Earth wall
construction
[74] AXCT 505/499/117 5 3.70 % N/A N/A
[75] CT 600/600/600 3 1.36 * N/A N/A
Average value 1.72
Min 0.38
Max 4.15

Note: d is the specimen diameter; / is the height of the specimen; t is the thickness of the specimen; w is the width of the specimen; AXCT is
the axial compression test; CST is the compressive strength test; CT is the compression test; DF] is the double flat-jack test; MPT is the
mini-pressuremeter test; UCT is the unconfined compression test; UXCT is the uniaxial compression test; * average value.
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Table 4. Modulus of elasticity (E) values obtained at different age, along with description of methods, specimens, and

norms employed.

. No. of
Specimen: Specimens
Study By Method hlwlt (mm); P E (MPa) Age (Days) Norm
Tested per
d/h (mm) .
Mixture
UCT + LVDTs +
[1,69] ARAMIS 500/500/110 N/A 4143 28 DIN 1408-5
2] Perived from CT ¢ 11 e plot N/A 63.36 * 30 N/A
results
3] UCT (5-30% UCS) From o-¢ plot N/A 67 32 N/A
UST 2750- 462.20 3 BS 1881-203-Part
3600/7200/600 ’ 203
Linear regression
[8] below 0.8 From o-¢ plot 1 243 920 N/A
[20] UCT (0-20% UCS) From o-¢ plot N/A 569.05 * N/A N/A
CT + extensometers + "
[21] LVDTs 160/300 3 500 N/A N/A
[26,54] AXCT + LVDTs From o-¢ plot 5 4206.80 * N/A N/A
Linear fitting o-¢ .
[41] curve (5-30% UCS) From o-¢ plot N/A 118.18 27-35 N/A
Derived from UXCT 100/200 160 28
[51] (from c-¢ plot) 600/300,/300 N/A 65* 2842 N/A
[52] Perived from CT ¢ 1 e plot N/A 54.61* 28 N/A
results
[53] Derived from CT N/A N/A 72.92 % 120 ASTM C39
results
Derived from UCT %
[59] rosults + LVDTs From o-¢ plot 10 143 28 N/A
UST 75/150 N/A 2426 28 ASTM C5697
Calculated according . " ASTM
[62] to norm Estimated > 34 %0 C469/C469M-14
[63] Derived from AXCT /1 e plot 6 1034 * 27-35 N/A
results
[70] Perived from UCT 11 e plot 5 340 * 28 N/A
results
[71] UCT 61.8/125 N/A 102.68 * 28 N/A
Derived from .
CT results N/A 8 359.03
[72] Derived from DFJ From o-¢ plot N/A 3170.66 N/A N/A
results
PT From o-¢ plot N/A 1394
MPT Estimated N/A 45.90 *
200/400 3 763 *
[68] bIC 500/250/250 5 365 * 60 N/A
[73] Derived from UXCT 0 - plot 6 40 26 N/A
results
[74] Perived from AXCT g 11 ¢ plot 5 4207 * N/A N/A
results
Derived from .
[75] CT results N/A 3 57 N/A N/A
Average value 900.23
Min 34
Max 4207

Note: d is the specimen diameter; & is the height of the specimen; ¢ is the thickness of the specimen; w is the width of the specimen; o-¢ is
stress-strain; Cmax is maximum stress; AXCT is the axial compression test; CT is the compression test; DFJ is the double flat-jack test; DIC is
digital image correlation; MPT is the mini-pressuremeter test; PT is potentiometric transducers; UCT is the unconfined compression test;
UST is ultrasonic test; UXCT is the uniaxial compression test; * average value.
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Yamin et al. [76] proposed that the specimen scale does not considerably affect the
mechanical properties of RE. It was later observed that larger specimens yield lower
UCS [51,65]. Namely, a reduction in UCS in larger specimens can be explained by using
larger fractions of soil, which requires greater compaction effort. For this reason, Ciancio
and Gibbings [37] recommended making cylindrical specimens out of SRE at least three
times larger than the maximum particle size of the used soil.

In some instances [2,53], instead of ramming the specimen inside mold, cylindrical
specimens were extracted from the walls, usually by a drilling machine with diamond core
bits. This technique can save time and attempts to replicate manufacturing the wall better
than ramming separate specimens. However, according to Ciancio and Gibbins [37], this
technique is not recommended for unstabilized RE as it may severely damage the specimen.

Another important feature is the age of the specimen at the time of testing. Figure 3
shows the average value of UCS and standard deviation with respect to the age of the
specimen at the time of testing. Above the columns in Figure 3, numbers in brackets show
the number of specimens tested at a particular age. Researchers usually follow the norms
for concrete and test specimens after 28 days, as shown in Figure 3. Lilley and Robinson [56]
tested cubes at the ages of 24 h, seven days, and 28 days to conclude that after seven days,
UCS increased to the value of around 2 MPa, but then decreased for 10% after 28 days,
particularly if the used soil contained more than 15% of clay. However, Schroeder [58]
suggested that the determination of UCS should be carried out after 90 days, since the
drying of RE takes longer than the drying of concrete.
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Figure 3. Average value of UCS with respect to the age of the specimen at the time of testing.

Based on the graph shown in Figure 3, neither definite trend nor conclusion on the
ideal age for the testing of UCS can be made. However, it was calculated that the standard
deviation of UCS at the age of 28 days was equal to 0.93 MPa. Furthermore, the number of
tested specimens clearly plays an important role when determining the standard deviation.
The combination of different techniques and possibly different compositions of the local soil
used for earth architecture can be blamed for such a large dispersion of the measured UCS.
Moreover, to the authors’ best knowledge, no study has been conducted on several-year-old
specimens produced in laboratories. For this reason, it is suggested to test specimens of
controlled material at various periods of time.

It is known that the UCS of RE is strongly dependent on granulometry, especially on
the clay percentage in the mixture [1,69]. The type of clay can also influence the UCS of
RE [52]. When it comes to particle composition, Liu and Tong [71] proposed empirical
expression (1) for calculating UCS based on the ratio of fine aggregates to coarse aggregates:

UCS = —0.033w? + 0.376w + 0.297 1)
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where w is ratio of fine aggregates (silt and clay) to coarse aggregates (sand and gravel).

According to Liu and Tong [71], UCS is maximal when w equals 5.77 because the
intake of fine aggregates is then sufficient enough to wrap around coarse aggregates, but
not immoderate so that coarse aggregates loose contact.

As presented in Tables 3 and 4, tests are being carried out in accordance with different
norms and recommendations. In the majority of observed countries, norms for determining
mechanical properties of RE have not been developed yet. Thus, in most cases, researchers
are using norms to determine the mechanical properties of concrete (Table 2). Exceptions
are experimental campaigns conducted in Australia and New Zealand, where norms for
RE constructions are already in use.

Table 3 presents the list of studies conducted over the past 25 years, along with
methods for the description of specimens used for determining UCS. For each study, the
average value of UCS was calculated and, if known, the norm by which UCS testing was
performed is provided.

Determining modulus of elasticity usually goes hand-in-hand with determining UCS.
To plot the stress—strain curve, deformation is measured by extensometers or, more com-
monly, by LVDTs during testing. Miccoli et al. [1,69] measured deformations by using
ARAMIS in pair with LVDTs. From the o—¢ curve, the modulus of elasticity is determined
by linear fitting curve between 5 and 30% UCS [3,41,42] or between 0 and 20% UCS for
the secant modulus [20]. Furthermore, in two recent studies [3,59], the dynamic modu-
lus of elasticity was determined by an ultrasonic test on full-scale walls, yielding much
greater values of modulus when compared with static modulus determined on small scale
specimens made from the same material.

Table 4 presents studies published over the past 13 years. The same table presents the
test methods and describes the specimen used to determine the modulus of elasticity. In
most cases, the modulus was determined from the compression tests, with a few exceptions
being the axial and uniaxial compression test or calculating the modulus according to norm.
For each study presented in Table 4, the average value of the modulus of elasticity is listed
in MPa and, if known, the norm according to which the testing was performed is provided.

Figure 4 presents the data gathered from 25 studies, providing information on the
measured modulus of elasticity and UCS. Significant scatter of values implicates high
dependency of RE mechanical characteristics on many factors such as granulometry and
composition of mixture, specimen shape and size, compaction energy, compaction tech-
nique, the age at which the testing was conducted, etc. A large scatter in the value of the
modulus of results can be noted, which was also pointed out in [47].
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Figure 4. The relationship between UCS and modulus of elasticity: E1 [1], E2 [2], E3 [3], E4 [8],
E5 [20], E6 [21], E7 [25], E8 [26,54], E9 [41], E10 [51], E11 [52], E12 [53], E13 [55], E14 [59], E15 [62],
E16 [63], E17 [69], E18 [70], E19 [71], E20 [72], E21 [68], E22 [73], E23 [74], E24 [75], E25 [76], E26 [77].
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3.2. Tensile Strength

When talking about the seismic capacity of RE construction, having information about
the tensile strength is one of the key elements. Similar to concrete, an Achilles” heel of
RE is its significantly lower tensile strength as opposed to the compressive strength. In
addition, it has been proven [49,65] that the interface between two layers of RE has even
lower tensile strength than the RE layer, thus making the interfaces as critical places in
RE structures.

Table 5 overviews some studies published over the past seven years that have dealt
with the determination of RE tensile strength. As in the case with UCS, specimens of
various shapes and dimensions were observed, and each study employed a different norm.

Table 5. Tensile strength values obtained at different age, with description of methods, specimens, and norms employed.

Specimen: No. of Specimens
Study By Type Method hlw/t (mm); Tested per ft (MPa) Age (Days) Norm
d/h (mm) Mixture
[2] RE ST 92 t0 96/163 to 200 N/A 0.09 * 30 C 49?/53%1 617
[21] RE ST 160/300 3 0.20* N/A N/A
[49] RE DT 50 (middle 45)/140 19 0.24* 28 N/A
ST 50/50 23 0.30* 28 JGS 2551-2009
[53] RE ST 92/180 N/A 0.08 * 120 ASTM C496
[59] RE ST 75/150 10 0.24* 28 N/A
[70] RE ST 100/200 5 0.40* 28 NF EN 12390-6
[71] RE ST 39/80 N/A 0.22* 28 ASTM D 2166
[42] SRE 3P 150/600/150 - - 42 N/A
ST 150/300 28
100/400/100 -
[65] SRE 4P 150/400,/150 28 AS1012.10
3P 50/200/50 - 28
[78] SRE 3P 100/350/100 - - N/A JSCE-SF4
[79] SRE 3P 40/160/40 - - N/A N/A
Average value 0.22
Min 0.08
Max 0.40

Note: d is the specimen diameter; /1 is the height of the specimen; t is the thickness of the specimen; w is the width of the specimen; 3P is the
three-point bending test; 4P is the four-point bending test; DT is the direct tension; ST is the splitting tensile test; * average value.

Four references studying SRE have been included in Table 5 to present methods used
for the testing of tensile strength and corresponding norms, if applicable. For those tests,
no results were presented in Table 5 because SRE was not a focus of this review.

As presented in Table 5, two different methods prevail: the splitting tensile test
(i.e., Brazilian test) that uses cylindrical specimens, and the three-point bending test that
uses prismatic specimens. Exception was found in one study [49], in which direct tension
test was applied in addition to splitting tensile test. The direct tension test was conducted
on cylindrical specimens, where the diameter was smaller in the middle part. The reason for
choosing this method is the apparent underestimation of tensile strength during splitting
testing [80]. Although using the same method almost ten years later, Araki, Koseki, and
Sato [49] did not observe much of a difference.

In Table 5, the average value of tensile strength is listed for each reviewed study and,
if known, the norm by which the test was performed is given respectively.

When not determined experimentally, tensile strength was estimated as the function
of UCS. It was suggested that tensile strength may be estimated equal to 10% of UCS
value [21], but also as being equal to 20% of the UCS value [71]. These recommendations
are shown as linear functions in Figure 5. Figure 5 demonstrates that tensile strength for
RE with UCS higher than 1 MPa can be well estimated as 10% of UCS, while for RE with
UCS lower than 1 MPa, it is more appropriate to estimate tensile strength equal to 20%
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UCS. However, as Figure 5 demonstrates, there is no clear relationship between tensile

strength and UCS.
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Figure 5. The relationship between UCS and tensile strength: T1 [2], T2 [21], T3 [25], T4 [49], T5 [52],
Té6 [53], T7 [55], T8 [59], T9 [63], T10 [70], T11 [71].

3.3. Shear Strength

The shear strength of RE is essential for the design of resilient and safe structures in
seismically active areas. For the testing of RE shear strength, geotechnical and masonry
testing techniques are usually employed.

The most common test for determining shear strength is the diagonal compression
test, carried out in accordance with the norms for the design of masonry structures. Speci-
mens observed and listed in Table 6 are similar in geometry. However, a scaled diagonal
compression test was performed in one study [81].

Table 6. Shear strength values obtained at different age, along with description of methods, specimens, and norms employed.

Specimen:

No. of Specimens

Study By Method hiwlt (mm) Tested per Mixture fs (MPa) Age (Days) Norm
[1,26,54,69] DCT 500/500/110 5 0.71* N/A ASTM E 519-10
[21] MC N/A N/A 0.18 N/A N/A
[41] DCT 550/550/200 N/A N/A 46 ASTME 519
[63] DCT 550/550/200 11 0.15* 84 ASTM E 519-02
[74] DCT 505/499/117 5 0.70 * N/A ASTM E 519-10
[82] DST 60/60/20 6 220* 7 BS EN 1377-7:1990
Average value 0.79
Min 0.15
Max 2.20

Note: h is the height of the specimen; ¢ is the thickness of the specimen; w is the width of the specimen; DCT is the diagonal compression
test; DST is the direct shear test; MC is the Mohr—Coulomb criterion; * average value.

Another approach to the determination of the shear strength employs a geotechnical
procedure. T.-T. Bui et al. [21] defined the shear strength as a function of cohesion, normal
stress, and friction angle, according to the Mohr—Coulomb criterion. In the same study,
they concluded that shear strength could be estimated as 10% of UCS. Furthermore, Corbin
and Augarde [82] suggested that shear strength should be determined from the direct shear
box test, while in two other studies [46,83], shear strength was determined by using the
triaxial test on cylindrical specimens.

Table 6 lists nine studies that describe the methods for the determination of shear
strength on RE specimens, in which the diagonal compression test is preferred. For each
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study, the average value of shear strength is listed and, if known, the norm by which the
test was performed is given.

3.4. Cohesion and Friction Angle

When building with RE, it is crucial to perceive geotechnical parameters such as
cohesion and friction angle (Table 7), especially when constructing the computational model
of a RE structure. Experimentally, cohesion and friction angle are usually determined from
the direct shear test, which can be used for the assessment of cohesion and friction angle of
the interface (IF). IF is the surface between two layers of RE. Values for IF properties are
almost exclusively lower than the counterparts determined for RE layers (LAY). Namely, the
friction angle of IF equals around 90% of the friction angle of the layer, while cohesion of IF
equals around 80% of the layer cohesion, according to El-Nabouch, Bui, Perrotin et al. [40].

Table 7. Cohesion and friction angle values of the RE layer (LAY) and interface (IF) obtained at different age, with description
of methods, specimens, and norms employed.

. No. of
Specimen: Specimens
Study By Type Method  h/w/t (mm); Tested c (kPa) @ (°) Age (Days) Norm
d/h (mm) ssted per
Mixture
[21] LAY MC N/A N/A 170.0 51.0 N/A -
35/100/100 214.0 % 443 % 60 NF P 94-071-1
(401 LAY DST 4505000500 — N/A 310 37.3 60 NF P 94-071-1
hourglass-
[58] LAY CT shaped N/A 9.81 N/A N/A DIN V 18952
specimens
" " BS EN
[82] LAY DST 20/60/60 6 118.0 54.1 7 1377-7:1990
[84] LAY DMT 76.2/147.2 N/A 134.0 41.0 N/A N/A
[40] IF DST 450/500/500 N/A 24.0 34.8 60 N/A
ASTM
[62] IF DST 150/150/180 3 50.0 * 65.0 * 90 D3080/D3080M,
ASTM D5321
Average value 112.8 45.5
Min LAY 9.8 37.3
Max 214.0 54.1
Average value 37 49.9
Min IF 24.0 34.8
Max 50.0 65.0

Note: d is the specimen diameter; / is the height of the specimen; t is the thickness of the specimen; w is the width of the specimen; CT is the
cohesion test; DMT is the drained monotonic triaxial test; DST is the direct shear test; MC is the Mohr-Coulomb criterion; * average value.

To determine cohesion values, Nowamooz and Chazallon [84] used the drained
monotonic triaxial test, while Schroeder [58] used the cohesion test published by Richard
Niemeyer in 1944 and adopted in the German norm. The cohesion test appears to be a
simplified version of the direct tension test that uses special hourglass-shaped specimens.

When experiments cannot be conducted, cohesion can be estimated by applying the
Mohr’s circles theory for tensile and compressive (UCS) strengths as 14% of UCS [21]. In
some studies, cohesion was taken as equal to tensile strength [55,77,85] or as a fraction of
tensile strength [1,26].

El-Nabouch, Bui, Perrotin et al. [40] studied the influence of specimen size on cohesion
and friction angle to conclude that larger specimens provide lower values of cohesion and
friction angle due to high variation of the moisture content inside large specimens.

Table 7 lists seven studies that describe the methods and norms for the assessment
of cohesion and friction angle. Three of those studies also provide information on IF
characteristics. For each observed study, the average value of cohesion and friction angle
are listed, and if known, the norms by which the tests were performed are given.
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4. Experimental Campaigns on Seismic Performance

Each experimental study is preceded by the definition of: (i) sample geometry; (ii) mod-
eling and scaling techniques; (iii) building technology; (iv) load input; and (v) measurement
of data of interest.

Tables 8 and 9 provide a chronological overview of experimental studies conducted
on mock-up RE structures over the past 12 years. The observed studies were conducted to
primarily determine the crack patterns, seismic capacity, drift ratios, failure mode, load-
displacement relationships, stiffness degradation as well as to assess the equivalent viscous
damping and the effects of layer thickness and drying period on the RE shear resistance.
All were measured and assessed in laboratory conditions on available measuring devices.
In most cases, experimental tests performed on seismic tables are the only ones to provide
insight into the overall seismic behavior of the structure and the associated mechanical and
dynamic properties. For instance, damping ratio value for RE was expressed in only one
observed study conducted by using a shaking table [75]. The determined damping ratio
was estimated to be 9.81% during low intensity shaking. This is a relatively high value
when compared to the same quantity obtained experimentally on real RE structures in the
field [7], where the value of damping ratio ranged between 2.5 and 4%.

Table 8. Specimen geometry, loading methods, and maximum load attained by country and study observed.

Study . No. of Geometry Testing Dir. of o
By Specimen Type Specimen hlwl/t (m) ov (MPa) Method Loading Au (%) Fmax (kN)
, olid wa cale . . . . n-plane .13-0. —
[1,54] Solid wall Scaled 3 1.30/1.05/0.25 0.56 CSCT In-pl 0.13-0.14 59-78
[2] Solid wall Real 1 1.20/1.20/0.60 0 ST In-plane 0.08 * 13.5
[6] Solid wall Scaled 1 1.50/1.50/0.20 0 LRCL In-plane 0.15* 52-54
1 1.50/2.15/0.20 Xand Y N/A
[8] Building Scaled 2 1.50/2.45/0.20 N/A TBL direction N/A N/A
[21] Solid wall Scaled 1 1.00/1.00/0.30 MI VCIL In-plane N/A 112
1%
. 2.30/varies/0.50
[32] Solid wall Real 3 (L shaped) 0 DM N/A N/A N/A
[53]  Solid wall Real 1 2.87/5.53/0.60 0 PD %ﬂg‘ 0.17 30
. Scaled 2 1.50/1.50/0.25 0.10, 0.20, ) 0.20 * 40-42
[57,68]  Solid wall Scaled 5 1.00/1.50/0.25 030 PM In-plane 0.35 * 3652
oo 2.10/2.60/0.40 Xand Y N/A
[75] Building Real 1 2.10/2.40/0.40 N/A TBL direction N/A N/A
0.018,
186] Solid wall Real 3 1.80/2.50/0.40 0.048, LRCL In-plane 0.08-0.25 17-33
0.067
Wall with
openings Real 1 3.45/7.00/0.60 0.010 LRCL In-plane 0.08 59-76

Note: & is the height of the specimen; f is the thickness of the specimen; w is the width of the specimen; Au is the inter-storey drift;
oy is the vertical compressive stress at the top of the specimen; Fiayx is the maximum load attained during testing; CSCT is the cyclic
shear-compression test; DM is the dynamic measurements; LRCL is the lateral reversed cyclic loading; MI is monotonically increasing;
PD is the pull-down test; PM is the pushover method; VCIL is the vertical concentrated increasing load; ST is the shear test; TBL is the
shaking table.

To simulate the vertical stress at the top of RE mock-up structures resulting from the
dead loads (e.g., self-weight of roof) and the live loads (e.g., snow and wind), there were
concrete blocks, vertically orientated hydraulic presses and/or steel profiles employed.
Vertical compressive stress of 0.30 MPa applied at the top of the wall in tests conducted by
El-Nabouch et al. [68] corresponded to the stress created by the self-weight of structural
and non-structural loads and live loads in upper two stories of a three-storey RE house.
On the other hand, vertical compressive stress of 0.56 MPa was applied at the top of the
specimens tested by Miccoli, Miiller, and Pospisil [54] corresponding to 15% of the mean
value of UCS determined before the test. Namely, high values of vertical compressive stress
were used in tests to prevent possible rocking and flexural failure mechanisms [54,68], but
also to enforce a shear-type behavior [54]. Many of the experiments listed in Table 8 did
not employ any vertical stress at the top of RE mock-up structures. This configuration can
correspond to RE walls that serve as an infill of load-bearing frame structures.
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Table 9. Specimen geometry, preparation, and time of curing by country and study observed.

. Type of Compaction teur
Study By Specimen Type Scale Formwork Method day,0 (m) djay (m) (Days) Country
Mechanically
[1,54] Wall Scaled N/A  Plywood Cofv‘ﬁﬁc;ed 0.15 0.10 ca. 60 Germany
rammer
Wooden Manual 0.24 0.12
[2] Wall Real 1:1 planks ramming 012 0.06 ca. 30 Bhutan
6] Wall Scaled  N/A N/A Pneumatic N/A  0.15-0.20 30 Turkey
rammer
[8] Building Scaled 1:2 N/A N/A N/A 7.5 ca. 90 China
[21] Wall Scaled N/A N/A N/A N/A 0.15 148 to 155 France
[32] Wall Real 1:1 Metal Pneumatic N/A N/A 3t053 France
rammer
[53] Solidwall ~ Real 1:1 Shutter Manual 0.24 0.12 ca. 120 Bhutan
planks ramming
[57,68] Wall Scaled 1:2 Steel Pneumatic N/A N/A ca. 60 France
rammer
[75] Building Real 1:1 N/A N/A N/A N/A N/A China
Solid wall Real 1:1 Manual .
[86] Wall with Real i Wood ramming N/A N/A N/A Columbia
openings '

Note: ca. stands for circa (around); djy is the layer thickness after ramming; dy,y is the layer thickness before ramming; and fcyr is the time

of curing.

In the context of seismic performance assessment, different limit states are defined for
structures subjected to horizontal forces until failure [68,86]. Inter-storey drift can be used
to assess a limit state. With the occurrence of cracking (i.e., with leaving the elastic region),
the first limit state can be defined. Definition of other limit states depend on the extent of
damage, the degree of stiffness or strength degradation as well as on the width of cracking.

For the walls and one-storey buildings observed here, inter-storey drift, Au, can be
obtained as the top horizontal displacement normalized by the height of the observed
structure. Inter-storey drifts at leaving the elastic region are listed in Table 8. In the absence
of inter-storey drift values available in the reviewed literature, the authors approximated
inter-storey drift values from cyclic load-displacement or pushover curves. In case when
cyclic load-displacement curves are used, only the positive (pushing) direction was ob-
served. Inter-storey drift values determined by the authors are marked with an asterisk in
Table 8. In this study, only inter-storey drifts for the first limit state were defined as there
was not enough available data in the literature observed to assess inter-storey drifts for
higher limit states. Table 8 indicates the conservative lower bound of cracking inter-storey
drift for RE walls as 0.08%.

Out of the 11 experimental studies listed in Table 8, only three studies examined the
out-of-plane behavior of RE walls, while only one study investigated the behavior of RE
walls with openings. To the authors’ best knowledge, only two studies were conducted
by using shaking tables to provide the full insight into the seismic performance of RE
mock-ups. This suggests limited knowledge on the out-of-plane behavior of RE walls
and behavior of RE walls with openings for seismically active areas. Furthermore, there
is limited knowledge on the behavior of corners in RE structures (i.e., joints of RE walls
meeting from two perpendicular directions).

The most common height of tested walls is 1.50 m, which refers to a 1:2 scale model of
a real RE building, considering that the height of the floor in a real building is 3 m [11,57].
The same conclusion regarding the scaling can be determined based on wall thickness.
Namely, RE walls in real structures are usually between 0.40 and 0.60 m thick [11,24,42,57].
Walls tested in 1:2 scale have a thickness ranging between 0.20 and 0.30 m. Table 8 indicates
that the conservative lower bound of the maximum horizontal load that 1:2 scaled RE
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walls can attain is 40 kN. On the other hand, real scale RE structures show a pronounced
scattering of maximum horizontal load attained during testing.

The size of the laboratory and the ability to make models outdoors has a major impact
on the model scale. Real scale models can provide the most accurate data, but such models
require significant human, material, and financial resources. In the case of using small-scale
models, it is necessary to follow the scaling rules. Except for the study of Zhou and Liu [8],
other reviewed studies did not refer to the scaling rules employed in experiments. Almost
all studies listed in Table 9 provided only the scale at which the model was derived.

From the studies listed in Table 9, it was not possible to establish whether the thickness
of the RE layer was scaled when scaling the global geometry of the specimen (i.e., it was
not possible to establish whether the number of RE layers was scaled when scaling the
global geometry of wall samples). This is an important issue because it is known that the
zones between the RE layers are weak points in RE structures [40,68].

Today, although there are advanced technologies that allow for the creation of models
of walls and houses, many of the research projects listed in Table 9 used traditional methods
employing wood formwork and manual ramming. By applying such building techniques,
more faithful replicas of traditional constructions can be created.

The RE mock-ups were first tested after 30 days. This test time corresponds to the stan-
dard test time for concrete specimens [87]. However, many experiments were conducted
after a curing period of two or more months.

5. Outlook and Perspectives

This study addressed the experimental campaigns conducted in different countries
worldwide to determine the mechanical properties and assess the seismic performance of
RE. It provides a report on the experimental campaigns conducted during the last 20 years
within which meticulous techniques were used to obtain new knowledge on RE for use in
earthquake prone areas.

The study included:

i.  Ashort survey on the key physical properties of RE that can influence its mechanical
properties and consequently its seismic performance;

ii. A survey of peer-reviewed literature to identify the norms and testing methods used
in various experiments to determine the mechanical properties of RE;

iii. ~Data collection from peer-reviewed literature to define the minimum and maximum
values of mechanical properties that can be expected in load-bearing RE walls and
buildings; and

iv.  Anoverview of experimentally tested RE walls and buildings from all over the world.
The main conclusions regarding the physical properties of RE are the following:

i.  Onaverage, natural soil mixtures for RE used in experimental campaigns consist of
12.83% clay, 23.73% silt, 42.92% sand, and 18.89% gravel. Man-made soil mixtures
predominantly consist of sand particles; and

ii.  Based on ten peer-reviewed studies, it was concluded that moisture content in spec-
imens used to determine UCS ranged from 0.7 to 12, whereas dry density ranged
from 1530 to 2155 kg/m?3. Mean moisture content equaled 4.53% and dry density was
1969 kg/m°.

When considering the experimental campaigns on mechanical properties, the main
conclusions are as follows:

i.  The observed values of UCS ranged from 0.38 to 4.15 MPa, with the average value
being 1.72 MPa;

ii.  Values of modulus of elasticity ranging from 40 to 4207 MPa were recorded, pointing
out a large disperse of results, with the average value being equal to 932.30 MPa;

iii. A survey conducted on 31 peer-reviewed research papers showed that there is no
standardized mold for the determination of UCS of RE. Molds of different sizes and
shapes were used to determine UCS;
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iv.

Vi.

Vii.

Viii.

iX.

Values of tensile strength ranging from 0.08 to 040 MPa were noted, with the average
value being equal to 0.22 MPa;

Values of shear strength ranging from 0.15 to 2.20 MPa were noted, with the average
value being equal to 0.77 MPa;

Values of cohesion of RE layer ranged from 9.81 to 214 kPa, with the average value
being equal to 101.10 kPa;

Values of friction angle of RE layers ranged from 37.3° to 54.11°, with the average
value being equal to 44.16°;

In most of the cases observed in the literature, reviewed ASTM norms were employed
to determine the mechanical properties of RE; and

Researchers usually follow the norms for concrete and test RE specimens for mechan-
ical properties after 28 days of curing.

The main conclusions regarding the experimental campaigns conducted to assess the

seismic performance of RE structures are as follows:

i

ii.

1ii.

iv.

Vi.

ii.

iii.
iv.

Many of the experimental campaigns did not employ any vertical stress at the top of
the RE mock-up structures. However, when applied, the vertical stress ranged from
0.1 to 0.56 MPa;

The most common height of tested walls is 1.50 m, which refers to a 1:2 scale model
of a real RE building. Walls tested in 1:2 scale have a thickness ranging between 0.20
and 0.30 m;

RE mock-ups are usually tested after 30 days of curing;

For RE walls in general, a conservative lower bound of cracking inter-storey drift
equal to 0.08% was indicated based on 11 observed experimental campaigns;

For 1:2 scaled RE walls, a conservative lower bound of maximum horizontal load
equal to 40 kN was indicated based on eight different solid walls experimentally
tested until failure; and

The damping ratio determined by the shaking table test was estimated to be 9.81% for
a RE structure subjected to low intensity shaking. This is relatively high value when
compared to the same quantity obtained experimentally on real RE structures in the
field, where the value of damping ratio ranged between 2.5 and 4%.

The following niches for future experimental research in the field of RE are defined:

It was learned that different shapes and dimensions of specimens can dictate different
values of UCS. Meticulous testing of UCS on different RE specimens ought to be
carried out to clearly determine if the same principles determined for concrete are
also valid for RE;

There is no clear relationship between tensile strength and UCS;

There is very limited knowledge on damping ratio of RE;

Limited data on the sheer strength, cohesion, and friction angle for RE is available in
the peer-reviewed literature; and

From the peer-reviewed literature, it was not possible to establish whether the thick-
ness of the RE layer was scaled when scaling the global geometry of the specimen
(i.e., it was not possible to establish whether the number of RE layers was scaled
when scaling the global geometry of wall samples). This could be an important
issue because it is known that the zones between the RE layers are weak points in
RE structures.
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