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Abstract
Bio-based earth composites present various environmental benefits, such as usable wastes,
coproducts, abundant or renewable materials, etc. Moreover, the incorporation of
bioaggregates in the earth matrix allows the buildings to act as an effective carbon sink. A
growing number of studies are now focusing on the mechanical and hygrothermal
properties of bio-based earth building materials. However, the durability of these types of
material is a major concern, and knowledge of their various aspects is essential to anticipate
maintenance and sustain the performance levels. Here, the durability of compressed earth
composites, valorizing discarded earth containing 3% of barley straw, hemp shiv, or rice husk,
is investigated. Due to the lack of internationally recognized standards to assess the
durability of earthen materials and products, we proposed some testing procedures and
discussed their relevance. The addition of these three bioaggregates decreases stiffness, as
estimated by ultrasound velocity, and improves the resistance to impact and erosion by
water. However, water absorption under low pressure is increased, and dry abrasion
resistance is decreased. Moreover, the rice husk composite presents the best compromise.
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1. Introduction

Earth building materials are continuously being recognized for their large-scale availability, low
environmental impact, and capacity to regulate indoor climate [1]. However, they can present
major drawbacks, such as low resistance to liquid water, ductility, and significant shrinkage. These
drawbacks are barriers to the spreading of earthen architecture, along with difficulty to
understand and predict their long-term behavior, that is, durability [2]. Some of these drawbacks
can be improved partially by the addition of plant aggregates and fibers [3–5], while some other
drawbacks, such as susceptibility to fungal growth, can also occur [6]. These resources are
renewable; they are by-products of agriculture or industry and available in huge amounts. Their
use is, thus, environmentally friendly. Several studies have dealt with bio-sourced earth bricks or
plasters [7–9]. However, few of them have focused on durability [10–12].

Biocomposites have been studied for different applications [13] and can contribute to the
comfort and health of the buildings’ occupants. In France, cereal straw is the most common
vegetal by-product, with the availability of 7 Mt/y [14]; therefore, a considerable number of
studies have dealt with straw as an addition to the earth matrix. Among the 50 studies reviewed
by Laborel-Préneron et al. [15], 17 studies concern straw incorporated in an earth matrix.
However, most of these studies concentrate on mechanical [16–21] or thermal properties [22, 23].
Bouhicha et al. [9], using barley straw, looked at the durability along with the mechanical
properties of earthen composite materials. Additionally, water shower tests were carried out to
observe the impact of various straw treatments (water-repellent coatings).

The mechanical, thermal, and durability properties of hemp shiv in lightweight concrete
applications have received attention recently [24–27], but its studies in an earth matrix are rare.
Hamard et al. [28] focused on the case of an earth plaster with hemp chaff or sisal to study its
mechanical properties, shrinkage, and bonding with the wall. Gomes et al. [29] characterized
earth-based mortars containing one volume of clayish earth and three volumes of sand to repair
rammed earth. The addition of hemp shiv (5% wt. of the earth) decreased the linear and
volumetric shrinkage and decelerated drying. However, after the drying test, it gave rise to
undesirable biological growth, except upon the addition of air lime as a stabilizer. Flament et al.
[30] studied the fresh state and mechanical properties of hemp-clay tiles. Another type of hemp
shiv composite, having a sapropel matrix, was studied by Balciunas et al. [31]. The usual properties,
such as thermal conductivity, compressive strength, acoustic insulation, or water vapor diffusion
resistance factor, of these composites, were investigated, together with water absorption, which
provided information about the durability with respect to different conditions, such as rain.

Portugal and France are two of the five main rice producers in Europe. With this industry, they
produce rice husk, the protective coat of the grain. This agro-industrial by-product is often
considered waste and is either burnt for its high calorific value to produce energy or mixed with
the soil. Moreover, it is known to be rot-proof and resistant to insects. Adding unground rice husk
into unfired earth composites has rarely been studied, although it has been investigated in several
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other building material applications, mainly to create lighter fired bricks that can improve thermal
insulation [32–34] or in the form of ash in an unfired clay material [34]. Lightweight concrete with
rice husk has also been explored in a few studies [35–38]. Chabannes et al. [35] developed a bio-
based concrete, in the same way as for hemp concrete, with a lime-based binder. The thermal and
mechanical properties of rice husk concrete and hemp concrete are comparable. However, hemp-
based composites present a slightly better performance. An application of rice husk ash in unfired
earth material was studied by Muntohar [39], who investigated the addition of rice husk ash and
lime in compressed stabilized earth bricks. This addition enhanced the soil bearing capacity, with
the optimal ratio of lime to rice husk ash being 1:1.

The present study explores some durability properties of bio-based earth products. The main
focus of this paper is on several test procedures to assess the durability of unstabilized
compressed earthen materials produced using vegetal waste. The durability depends on many
parameters, environments, and types of degradation. Flammability is one critical aspect, while
another is biological development. However, there is very limited information regarding earth
building materials. One of the reasons is that the protection of the earth is achieved when a low
natural fiber content is used [40, 41].

The major drawback of the earth materials is their poor water resistance, and hence, the aging
and degradation of the organic material are not the main focus. Several recent reviews have
focused on the assessment of their durability [42-44]. Beckett et al. [43] reviewed 60 articles about
the durability of earthen materials. Ten different tests were considered in this review, which
highlights the lack of universally accepted testing methodologies for testing the durability of earth
materials. Most of the tests focus on water resistance, and shrinkage is also assessed as the cracks
can create preferential seepage paths. As stated by Van Damme and Houben [45], an increasing
number of researchers focus on the stabilized earth material to pass the severe tests available
instead of adapting the architectural practice and developing new tests that are closer to real
environmental conditions. Consequently, Medvey and Dobszay [42] reviewed exclusive papers on
stabilized earth durability. They referenced three categories of tests: accelerated erosion tests,
indirect tests, and outdoor natural weathering experiments. Cid-Falceto et al. [44] reviewed the
international durability tests to assess the durability of compressed earth blocks against rain. The
authors compared different spray and drip erosion tests according to different standards and
technical documents. These tests were realized on earth blocks containing no plant aggregates,
with some of them being stabilized by the addition of a binder.

Few specific standardized procedures currently exist in this regard, apart from the German
Standard DIN 18945 [46] and the New-Zealand Standard 4298 [47]. The German Standard [46]
presents three water resistance tests: the immersion test, the capillary absorption test, and the
contact test. Similarly, the New-Zealand Standard also presents three water resistance tests: the
wet/dry appraisal test, the erosion test by spraying, and the Geelong test; the latter being less
aggressive was performed in this investigation. Some durability tests from the literature that could
be used on unstabilized earthen materials were also used, such as low-pressure water absorption
with Karsten tubes [10] or an impact resistance test using the Martinet-Baronnie apparatus [12].
Most of these tests should be conducted on the render applied on earth bricks-based masonry
walls, as the outdoor parts of the walls are often coated with a render. However, the objective of
this study is to discuss the relevance of some durability tests on the unstabilized earth material
and compare the plant aggregates. In order to profit from the contribution of earthen materials to
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the indoor hygrothermal equilibrium, the indoor surface of the wall may not be plastered, and the
earthen bricks are left exposed. In order to allow for a window to be left open when it rains and to
support the daily cleaning activities, durability for water and usage is important. The focus will,
hence, be on the earth bricks only. In this study, 3% weight content of barley straw, hemp shiv,
and rice husk were incorporated into the earth composites to improve their durability properties.
The influence of the type of plant aggregate on ultrasound velocity, dry abrasion resistance, water
absorption under low-pressure, wet erosion resistance, and impact resistance was also analyzed.

2. Materials and Methods

2.1 RawMaterials

We used quarry fines from the washing aggregate sludge as earth, the reference material (RF).
These fines are the waste formed by the washing of limestone aggregates produced for the
concrete industry, where the sludge created is left to dry in the sedimentation basins. This waste is
then reduced to powder and used later. The properties of the earth, determined in a previous
study [48], are presented in Table 1.

Table 1 Physical and mineralogical properties of the earth and plant aggregates.

Earth properties
Atterberg limits
wL (%) 30
wP (%) 21
PI (%) 9
D50a (µm) 6.5
Mineralogical composition
Calcite (%) 63
Dolomite (%) 3
Kaolinite (%) 11
Quartz (%) 10
Illite (%) 9
Goethite (%) 3
Plant aggregate properties
Material Barley straw [49] Hemp shiv [49] Rice husk
Bulk density (kg.m–3) 57.4 ±1.2 153.0 ±2.4 97.2 ±1.1
Water absorption (%) 414 ±4 380 ±11 198 ±7
Diameterb (mm) 2.3 ±1.5 2.0 ±1.2 2.1 ±0.7
Lengthc (mm) 7.6 ±4.4 5.6 ±2.6 7.9 ±1.6
Thermal conductivityd (W.m–1.K–1) 0.044 ±0.001 0.051 ±0.002 0.047 ±0.001

a Diameter by sedimentation
b Corresponding to the average minor axis by image analysis
cCorresponding to the average major axis by image analysis
d Dry state
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We studied three plant aggregates in this work: barley straw, hemp shiv, and rice husk (Figure
1). Some of the physical properties of these plant aggregates are recapitulated in Table 1. These
three plant aggregates were studied for their availability and low thermal conductivity. Barley
straw and hemp shiv were collected in France; their properties were determined in a previous
study [49] on plant aggregates, coming from the same batch as the present study. The rice husk
was collected in Portugal, and its properties were measured specifically for the present study using
the procedures from the RILEM TC 236-BBM [50].

Figure 1 Pictures of plant aggregates: a) cut barley straw, b) cut hemp shiv, and c) rice
husk.

2.2 Earthen Specimen Production and Preliminary Characterization

In order to perform various tests, the following four different composite formulations were
prepared to be used as the testing specimens: one reference (RF), made with earth only, and three
composites, each containing 3% by weight of one of the three plant aggregates. The 3% weight
content of the plant aggregate, representing the ratio of the plant aggregates to the total dry mass
(earth and plant aggregates), was chosen because it is possible to manufacture earthen bricks by
extrusion up to this content, as proven in a previous study [51], which is useful in reducing the
thermal conductivity and could be interesting for the industrialization of the process. However,
their volume fraction was also calculated to facilitate the analysis of the results (Table 2). This
volume content was calculated considering the density of the RF specimen and the density and
mass proportion of plant aggregates for each composite. The optimum water content (wopt) of the
formulations was determined by the Proctor test, as described elsewhere [51]. In order to prepare
these composites, the earth and plant aggregate fractions were poured into a blender and mixed
by hand before adding water. The raw materials were mixed a day before molding.

Table 2 Proportions and water content, density, compressive strength, and thermal
conductivity of the composites.

Formulation RF B H R
Plant aggregate - Barley straw Hemp shiv Rice husk
Weight fraction (%) 0 3 3 3
Volume fraction (%) 0 26 22 14
wopt (%) 14 19 17 17
ρd (kg.m–3) 1995 ±0 1519 ±1 1603 ±57 1769 ±21
σc (MPa) 4.0 ±0.4 3.3 ±0.2 2.4 ±0.2 3.1 ±0.1
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λ (W.m–1.K–1) 1.1 ±0.04 0.36 ±0.02 0.45 ±0.02 0.60 ±0.05

We manufactured rectangular prismatic specimens with dimensions 150 mm x 150 mm x 50
mm, and cylindrical specimens 5 cm in diameter and 5 cm high by static compression at the
Proctor density. The cylindrical specimens were made only for the compressive strength tests.

The specimens were first dried at 40 °C for 24 h; the temperature was then increased slowly to
100 °C and maintained at 100 °C until the weight remained constant (weight variation less than
0.1% between two weighing measurements 24 h apart). This rise in temperature, although
potentially leading to a transformation of the material microstructure, was inspired by the
industrial process of drying bricks before firing them. The specimens were stored in a room at
20 °C and 65% relative humidity (RH) and were tested from the moment they were in equilibrium
with the environment (about one week later). Table 2 recapitulates the various proportions
(weight and volume fractions in %), and properties of the specimens studied. We measured the
density of the specimens by the quotient of the sample mass by its volume. The mass was
assessed with a scale of 10–2 g precision, and the volume was assessed using a digital caliper with
10–4 m precision [50]. Their compressive strength was assessed on cylindrical specimens, 5 cm high
and 5 cm in diameter, as described in a previous study [50], using a 100 kN–capacity hydraulic
press, by applying a load at a constant deflection rate of 3 mm.min–1, with the specimens in direct
contact with the steel plates. We tested the thermal conductivity with a heat transfer analyzer
(Isomet 2104) and a 60-mm-diameter API 210412 contact probe. The tests were done in sets of
three.

The volume proportions differed between barley straw (26%), hemp shiv (22%), and rice husk
(14%) because of the different types of bioaggregates with different loose bulk densities. Rice
husks are like a shell. These volume fractions are not proportional to the respective bulk densities
of the plant particles (Table 1), a feature that might be linked to their different compressibility.
Bulk density (ρd) and compressive strength (σc) of RF, B, and H specimens were measured in a
previous study [51] while the values for R specimens are new. The compressive strength of RF
specimens was the highest, followed by B, R, and finally, H specimens. The lower the dry density of
the composites, the lower was their thermal conductivity.

2.3 Ultrasound Velocity

This non-destructive technology is helpful in estimating several characteristics of a material,
such as homogeneity, dynamic elastic modulus, and presence of cracks. This test is interesting in
the durability approach as it characterizes some degradation inside the material. For example,
ultrasound velocity measurements were used by Barbera et al. [52] to assess the durability of the
stone, specifically during accelerated aging tests. This approach had already been used by Aubert
and Gasc-Barbier [53] to evaluate the effects of freezing-thawing cycles on clayey soil bricks.

We obtained ultrasound velocity using a Pundit Lab-Proceq device and tested three times for
each of the three specimens of the same type. The measurements were performed by a direct
method, meaning that the two probes (transmitter and receiver) were facing each other on either
side of the specimen. Eight measurements were carried out on each specimen, four for each
direction under consideration (perpendicular to side A and side B), as presented in Figure 2.
Toothpaste, a viscoelastic material, was used to ensure fine contacts between the transducers and
the specimen. The device gave the time of propagation, and the velocity was deduced from this
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value and also the distance between the transducers. The dynamic modulus can be calculated
from the following equation (1):

� =
��2 1 + � 1 − 2�

1 − � # 1

where ρ is the density in kg.m–3, V is the ultrasound velocity in m.s–1, and ν is the Poisson's
coefficient. However, Poisson's coefficient was not measured in this study because of its unknown
correct value. The findings were thus discussed only concerning the ultrasound velocity linked with
the porosity or the dry density of the material.

Figure 2 Positioning of test points for ultrasound velocity test.

2.4 Dry Abrasion Resistance

This test was carried out on different earth-building elements, such as plasters [10], bricks [12,
54], or bahareque (a technique similar to wattle and daub) [55]. It helps assess the surface
resistance to mechanical erosion due to the repetitive friction of the occupants' activities or to
solid particles blown by the wind.

We evaluated the dry abrasion resistance according to the German Standard DIN 18947 [56] for
unstabilized plastering mortars by measuring the quantity of material removed from the
specimens after 20 rotations with a hard plastic brush. A 65-mm diameter brush was pressed
against the surface of the specimen by a mass of 2 kg (Figure 3). Three tests were performed on
each of the three specimens per formulation. The coefficient of abrasion in g.cm–2 was then
calculated with equation (2), according to Millogo et al. [54]:

�� =
�1 −�2

� # 2

where m1 and m2 are the masses before and after brushing in g, and S is the brushed area in cm2.
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Figure 3 Dry abrasion test.

2.5 Low-pressure Water Absorption

We performed this test to measure the water absorption of a porous wall under low pressure,
which was taken to simulate the action of rain combined with wind. The Karsten tube penetration
test [57] was performed using a glass tube filled with water and sealed to the specimen with
water-resistant plasticine (see Figure 4). The tube was graded to measure the volume of water
that penetrated the material, and the time of absorption was measured (EN 16302 [58]). Vertical
tubes were sealed on the horizontal surface of the specimens because it is easier than sealing
them on the vertical surfaces of the materials under investigation. Two measurements were done
at different points for each of the three specimens tested per formulation.

Figure 4 Schematic representation of the test of water absorption under low pressure.

The absorption times were different according to the mixture tested. It was, thus, chosen to
measure the time taken for each 0.5 mL of water to be absorbed for the graphic representation of
the results. The water absorption coefficient (CA in g.m–2.s–1) was also calculated between the
water uptake of 3 mL and 2 mL according to equation (3):

�� =
�3�� −�2��

� × �3�� − �2��
# 3

where m3 mL and m2 mL are the masses corresponding to the water uptake of 3 mL and 2 ml,
respectively, A is the contact area between the Karsten tube and the earthen specimens in m², and
t3 mL and t2 mL are the times in s corresponding to the water uptake of 3 mL and 2 mL, respectively.
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This equation was adapted from Stazi et al. [59] and Hendrickx [60], where the difference in water
absorption between 15 min and 5 min was used. For different materials, the period for the water
to be absorbed is too broad to use these original equations.

2.6 Wet Erosion Resistance

We performed the wet erosion test to simulate rain or accidental water droplets when the
unstabilized earth composites are unprotected outdoors or used indoors in contact with liquid
water. This test was first studied by Cid-Falceto et al. [44], who concluded that it was more
suitable for unstabilized compressed earth bricks than the water spray tests. The test was carried
out according to the New-Zealand Standard NZS 4298 [47], intended for unstabilized adobes,
possibly containing straw and pressed bricks, based on the Geelong method. A volume of 100 mL
of water was allowed to drip from a height of 400 mm onto the specimen inclined at 27° (see
Figure 5). We tested four specimens per formulation. The duration of the test ranged between 15
to 25 min (adapted from the standard, from 20 to 60 min). The pit depth was measured with a
digital caliper. The erodibility index, between 3 and 5 (fail), was deduced from this value according
to NZS 4298 [47]. A material with a pit depth between 5 and 10 mm and erosion class 3 was
considered as erosive. With a pit depth between 10 and 15 mm corresponding to class 4, the
material was considered very erosive. Finally, if the pit depth exceeded 15 mm, the class was 5,
and the material was considered to have failed the test.

Figure 5 Schematic representation of the Geelong water drop erosion test (based on
NZS 4298 [47])

2.7 Sphere Impact Test

The walls of buildings may be subjected to different kinds of stimuli, such as a stone thrown at
the wall or some impulse by people or furniture. In this study, to evaluate the resistance to such
stimuli, the Martinet-Baronnie impact apparatus was used, and the test was carried out on the
specimens that had already been tested by all the previous methods (ultrasound, thermal
conductivity, dry abrasion, erosion, and low-pressure absorption). As a representative, this test
should be realized on a real scale material: full brick for a load-bearing wall or with render applied
on a substrate or thin material in case of a partition wall (current case). This test was inspired by
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ISO 7892 with a small hard impact body [61], currently used for testing External Thermal Insulation
Composite Systems (ETICS) following EN 13497 [62] as well as for renders [63, 64]. The test device
consisted of a spherical metallic mass of 500 g on a metallic stalk that was attached to the wall. It
was dropped from the horizontal position onto the specimen located vertically underneath (Figure
6), in contact with a very rigid wall. The energy generated by the test was 3 joules. The number of
impacts was between 1 and 4, depending on the impact resistance (formed cracks). The test was
conducted on four specimens of each composition as it was very quick and easy to perform. The
properties of the specimens found after the test provided interesting qualitative information. The
diameter of the visible impact area was measured with a digital caliper, and the cracking and
general behavior of the specimens were assessed.

Figure 6 Schematic representation of the impact resistance test.

3. Results

3.1 Ultrasound Velocity

The time of ultrasound propagation was measured in 2 directions of the prismatic specimens;
the ultrasound velocity values are presented in Figure 7.

Figure 7 Ultrasound velocity of the composites according to the two directions A and B.
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The velocity differed slightly with the direction of propagation: perpendicular to the molding
pressure (side A) or parallel to the molding pressure (side B) (Figure 7). In the case of B, H, and R
results, the ultrasound velocity was higher. The ultrasound velocity decreased with the addition of
plant aggregates compared to the reference material. This decrease was due to the increase in
porosity and, thus, a decrease in the mechanical strength [65]. It is not only an indirect
quantification of their cracking and porous structure but also external. Compared to the RF
specimen, the decrease in velocity measured between sides A and B in specimens B, H, and R was
65%, 63%, and 56%, respectively. Thus, the ultrasound velocity decreased with density and an
increase in the volume fraction of the plant aggregates. For the RF specimens, velocity was higher
than that of the rammed earth, as studied by Faria et al. [66]; it was 928 m.s–1, although the
specimens with plant aggregates presented velocities closer to that of the lime-earth render, as
studied in Faria's paper [66] (between 551 and 775 m.s–1). Comparing the VA velocity of the R
compacted composite with gypsum, and air lime stabilized casted one using earth and rice husk
[38], a similar value of approximately 750 m.s–1 was achieved for the casted composites with 15%
volume of rice husk. Although these uncompressed stabilized earth-rice composites presented a
density of 1022 kg.m–3, much lower in comparison to the compressed ones in the present study
(Table 2), a similar performance of rice-earth composites, in terms of ultrasound velocity, was
achieved probably due to the balance between the composition and production technology. The
addition of a binder may have densified the earthen matrix of cast rice husk specimens (with high
rice husk volume), while in the present study, the compaction of unstabilized ones may have
densified the composites. Based on a study by Brás et al. [67], the length and orientation of the
bio-sources (which also depend on the composites being just cast or compressed) could also have
influenced the ultrasound propagation velocity results.

3.2 Dry Abrasion Resistance

The results of abrasion are shown in Figure 8. It was found that the smaller the coefficient of
erosion, the higher was the dry abrasion resistance of the composite.

Figure 8 Dry abrasion coefficient of the composites.
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H and RF were the mixtures with the lowest abrasion coefficient (0.04 ±0.01 g.cm–2), followed
by R with 0.05 ±0.01 g.cm–2 and B with 0.06 ±0.01 g.cm–2. Considering the standard deviations, the
differences in the dry abrasion resistances among the various formulations were not particularly
marked. The high abrasion coefficient of B could be because of the length of the straw particles,
which are longer than hemp shiv and closer in length to rice husks but with a higher discrepancy,
thus allow more earth to be removed.

Usually, the abrasion results for different mixtures are compared according to the quantity of
earth removed during the test [55, 68], and the material is classified according to the standard [56];
however, this applies only to the case of mortars. Here, it was chosen to express the result as a
coefficient, depending on the surface under test, to compare the results with others from the
literature. The values obtained in this study were slightly higher than those from the study by
Millogo et al. [54] for pressed adobe blocks and lie between 0.015 and 0.04 g.cm–2. However, their
maximum fiber content was 0.8% by weight, which explains the difference. Moreover, it is
important to note that the abrasion coefficients can also be influenced by the hardness of the
brush, which makes it difficult to compare the results from different laboratories [68]. Using the
same brush and test, Antunes et al. [38] found a much higher abrasion coefficient (0.125 g.cm–2)
for gypsum and air lime stabilized uncompressed earth-rice composites. This difference shows the
impact that the lower content on rice husk (9% instead of 15%, in volume) and the compression
may have on the bio-sourced earthen composites, which compensates the effect of stabilization,
providing alternatives for unstabilized composites.

3.3 Low-pressure Water Absorption

The results of the low-pressure absorption test are presented in Figure 9; the graph shows the
water absorbed per unit of surface (ml.mm–2) as a function of time (min).

Figure 9 Low-pressure water absorption curves of the composites.

The first striking result of this test was that the absorption velocities were very different
according to the materials tested. The time required to absorb the same volume of water was
much shorter for bio-sourced composites than that for the earth-alone specimens. The total



Recent Progress in Materials 2021; 3(2), doi:10.21926/rpm.2102016

Page 13/23

amount of water, 4 ml, was absorbed in 6.4 ±5.4, 11.9 ±4.2, 31.2 ±8.3, and 66.5 ±10.5 min for B, H,
R, and RF specimens, respectively.

The increase in the absorption rate or liquid water permeability of the bio-sourced composites
is due to the presence of the plant aggregates and their high absorption capacity [55]. The
interfacial zone between the earth matrix and the plant aggregate may also be an important
reason. The absorption rate, expressed by the absorption coefficient CA, varied considerably
among the specimen formulations (Table 3): from 1.85 g.m–2.s–1 for RF specimens to 21.98 g.m–2.s–
1 for B composites. The CA can then be generally related to the density of the composite (Table 2).
The lower the density of the composite, the higher is its water absorption capacity. With a water
absorption coefficient of 3.82 g.m–2.s–1, R is an earthen composite with plant aggregates that is the
most interesting in terms of resistance to liquid water ingress. Its coefficient is quite close to that
of RF, 1.85 g.m–2.s–1, and can be explained by the lower volume content of the plant aggregates
than that in B or H specimens for the same weight content (Table 2).

Table 3 Low-pressure water absorption coefficient CA for each composite.

References CA (g.m–2.s–1)
RF 1.85
B 21.98
H 10.44
R 3.82

These results are comparable with some absorption coefficients obtained by Stazi et al. [59]. A
water absorption coefficient of 2.33 g.m–2.s–1 was obtained for a basic plaster with barley straw,
and a value of 0.50 g.m–2.s–1 was obtained for a rammed earth wall. Nevertheless, in that study,
the barley straw content was much lower than the 3% by mass used for plant aggregates in the
present study, which explains the big difference between the absorption rates of this plaster and
that of the B composites. The absorption rate of the RF specimens is quite close to that of the
basic plaster found by Stazi et al. [59]; some differences may be due to the difference in clay
content and type. High clay content can reduce liquid water permeability [59]. Moreover, the type
of clay may influence the water permeability. Another comparison can be made with a study by
Faria et al. [66]; the absorption observed in the present study for the rammed earth is lower than
that observed by Faria’s study, which shows the absorption of around 15 mL of water in 5 min.
Here, the maximum absorption for B was 4 mL in 6 min. However, the tests were performed with
the Karsten tubes applied horizontally in the present study and vertically in the study by Faria et al.
[66], which may also have introduced the differences.

At the end of the test, each part of the composites in direct contact with water had taken a
plastic state. This behavior, expected because of the characteristics of chemically unstabilized clay,
has been already observed by Mattone et al. [55], from the sixth minute, in a similar test.

3.4 Wet Erosion Resistance

The results of the erosion test are presented in Figure 10.
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Figure 10 Erosion depth of the composites after the Geelong test.

The erosion depth for each type of specimen is presented in Figure 10, and the erodibility index
is added to see the class of erosion of the composites directly. The least erosive composite was B,
with a pit depth of 6.9 ±1.4 mm, followed by R with 9.4 ±0.9 mm, H with 10.3 ±1.2 mm, and RF
with 14.2 ±2.2 mm. According to the erodibility index, B and R specimens belonged to class 3, i.e.,
they are erosive according to Frencham [69] (cited by Heathcote [70]), and H and RF specimens
belonged to class 4, i.e., they are very erosive. According to the New Zealand standard [47], these
formulations are suitable for adobe bricks for building constructions.

For each test performed, the water that dripped was absorbed by the composites. Higher
resistance upon addition of plant aggregates was also observed by Ashour and Wu [71] with barley
straw, wheat straw, and wood shavings. According to Ashour and Wu [71], the improvement of
the resistance could be attributed to the uniform distribution of water among the particles. The
erosion depth was also measured by Bui et al. [72] on the walls exposed to weather and by Cid-
Falceto et al. [44] with a similar test on the bricks. In both studies, for the unstabilized earth walls
and bricks, the average depth of erosion was around 6 mm. This value is lower than the values
observed in this study. However, in the first study, it was explored in the south-east of France,
where rainfall is low, and in the second study, the test lasted for only 10 min, which clarifies the
better performance.

This test is, however, appropriate if the rainfall is less than 500 mm per year [70]. In France, the
rainfall is between 800 and 900 mm per year on average, which is considerably higher. In such a
case, Frencham [69] recommends considering the category of erosion to be one or two classes
higher. A protective coating can also be envisioned.

3.5 Sphere Impact Test

The impact diameters of the specimens tested are presented in Figure 11. The pictures of the
specimens after the test are shown in Figure 12. The occurrence of cracking observed visually
denotes lower deformability, the value of which is negative, while the capacity to recover shape
indicates resilience, which in turn has a very positive value.
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Figure 11 Impact diameter of the composites.

Figure 12 Different specimens after the sphere impact test.

As can be seen in Figure 11, the impact diameters were 13.2 ±0.5, 16.4 ±0.6, 16.7 ±1.7, and
12.9 ±1.8 mm for RF, B, H, and R specimens, respectively. R composites, with the lowest impact
diameter, were the most resistant material with some deformability: there were no cracks, even
after 3 or 4 impacts on the same specimen. B specimens had the second-highest diameter, but the
impact was hardly discernible, and there were only small cracks, except for a bigger one in one
specimen. H specimens showed a huge contrast in behavior after the impact: one specimen was
totally broken, another one had a big crack, and the last one had only a small crack. The worst
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resistance was shown by the RF specimens, which were very brittle, and every specimen was
cracked or broken after the first and the only impact. Thus, the effect of the plant fibers can be
differentiated clearly in Figure 12.

4. Discussion

Three plant aggregates were tested as the components of earth composites: barley straw,
hemp shiv, and rice husk. Their influence on the ultrasound velocity and durability properties was
studied. The main results are presented in a radar chart (Figure 13) that indicates the most
interesting (100%) formulation and the least advantageous (0%) formulation, according to a
certain property: ultrasound velocity, dry abrasion, water absorption, erosion depth, or impact
resistance. The intermediate outcome, calculated in percentage, is proportional to the best and
the worst value. For the impact behavior, the values were arbitrary, depending only on the
material behavior and not on the diameter of the impact. Material behavior, after an impact, is
undoubtedly the most defining factor when considering a building material. The comparison
between the formulations is based on the same weight content of 3% as it is easily available and
facilitates fabrication, although the different properties are more likely to be related to the
volume fraction of the plant aggregates in the material.

Figure 13 Diagram qualitatively comparing the various composites according to the
property.

The properties presented in the chart can be distinguished as follows: ultrasound velocity
represents usefulness, whereas the other four are durability properties.

Choosing one formulation over another requires a compromise among the different properties
and should also consider the place of application of the unstabilized earthen composites, i.e.,
more exposed or more protected locations. The merits and demerits of the different composite
formulations tested in this work are summarized below.

• Composites without plant aggregates (RF) present the highest ultrasound velocity or
stiffness, but this property leads to very low impact resistance; the specimens are easily breakable.
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This formulation is best for water absorption resistance (Karsten tubes) and dry abrasion
resistance (equal to H specimens). However, it should be noted that the dry abrasion results were
very close to each other for all the materials (bearing in mind that Figure 13 does not take the
uncertainties into account). The RF specimens are the least resistant to erosion (Geelong test).

• Composites with barley straw (B) are resistant to erosion and impact. Their dry abrasion
resistance was less than that of RF, H, and R but still competitive. Moreover, their stiffness and
water absorption resistance values are very low.

• Composites with hemp shiv (H) present a behavior quite similar to that of B, with a slightly
better dry abrasion resistance and better resistance to water absorption but lower resistance to
erosion.

• Composites with rice husk (R) present the best behavior. These are very good with respect
to the durability property, although the stiffness is much lower than that of the specimens made
of earth alone. The stiffness of R was, however, the highest of the composites with plant
aggregates.

The relevance of some tests can also be discussed. The Karsten tubes would determine
durability against rainfall if the test is performed on a vertical specimen (equivalent to an exposed
wall, which is not the common case for unstabilized earthen composites). However, the conditions
of this test can include the case of a window left open and the rainwater coming in contact with a
surface. Moreover, the tube with the specimen is delicate to seal, particularly with the specimens
containing plant aggregates. The ultrasound velocity test used to evaluate the stiffness or the
damage caused by freezing-thawing cycles, in some studies, is easy to perform and has the
advantage of being non-destructive. However, no correlation could be found between the
measured velocity and the durability properties from the present investigation.

The drawbacks of the test can be noted as follows. The analysis of the results of the impact
resistance test is not fully reliable. The impact diameter, quite difficult to measure, is not sufficient
to describe the behavior after impact. The impact behavior itself is very subjective. Nevertheless,
this test can simulate the impact of furniture used indoors on the unplastered earthen composite
masonry. Concerning the dry abrasion resistance, the test is quite useful for comparing results
within one study, but it becomes complicated to obtain a real value for comparison with those of
other studies. Nevertheless, this test can simulate abrasion by building users indoors when in
contact with an unplastered earthen composite masonry. As mentioned in the results section, the
material removed during the test depends on the hardness of the brush used. Nonetheless, impact
resistance, dry abrasion, and erosion resistance tests are representative of the real potential
conditions. Here, only the wet erosion resistance is compared to the thresholds. This threshold is,
however, not adapted to all local climates. The comparison between the thresholds should be
assessed once relevant and standardized tests are universally accepted and would be
representative of natural aging. The thresholds would then be determined according to the test,
environmental conditions, geography, and use of the material (load-bearing or not,
plastered/rendered or not, indoor/outdoor).

5. Conclusions

The present study focuses on some durability properties of the earthen composites containing
one of the following plant aggregates: barley straw, hemp shiv, or rice husk.
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The first objective was to characterize the influence, on some durability properties, of adding
these three types of plant aggregates in an earth construction material. The main findings are
summarized here. The addition of these bioaggregates decreased the stiffness, estimated by
ultrasound velocity, up to 53%, in the case of specimens with barley straw. It improved resistance
to impact, particularly with the addition of rice husk and barley straw, and also improved
resistance to erosion by water, from class 4 to class 3, in the case of rice husk and barley straw.
However, these vegetal additions led to an increase of water absorption, under low pressure, due
to the high hygroscopicity of the plant matter and to a slight decrease of the dry abrasion
resistance. From the durability point of view, the tests showed compatibility between earth and
straw, hemp shiv, or rice husk. The formulation containing rice husk (R) seems to be most
interesting. It presented a good result for each durability property tested, i.e., water absorption
under low-pressure, dry abrasion, water drop erosion, and impact, and is thus the best
compromise. Deeper knowledge of rice husk composite, especially concerning its mechanical
resistance, fracture behavior, and hygroscopic buffering ability, would allow an interesting
sustainable product to be developed.

The study also aimed to investigate and discuss the relevance of various test procedures to
assess the durability of bio-based earth construction materials. For example, the impact test,
which is a standardized test, allows the characterization of the material only with the impact
diameter. However, it was shown in this study that this parameter alone is not sufficient to
characterize the material behavior after an impact, specifically with the addition of bioaggregates.
Moreover, as discussed before, the tests presented here, which were the tests intended for earth
materials without any bioaggregates, are sometimes difficult to adapt to bio-based materials, such
as the sealing of the Karsten tubes or the determination of the absorption coefficient. Further
studies are necessary to adapt these procedures to earth construction materials containing
bioaggregates.

Other complementary tests could also be performed on earthen materials to assess other
durability properties, such as the compressive strength in humid conditions, flammability, and
susceptibility for biological development. However, many existing tests, better suited for
outdoors-exposed masonry units, can only be used for binder-stabilized earth, such as the water
immersion test or the accelerated wet spray erosion test. New tests should, thus, be developed in
parallel to indoor and outdoor experiments to be representative of real environmental conditions,
thereby contributing to the wider use of these eco-friendly composites by the building industry.
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