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Highlights
e Cob mechanical properties are determined using monotonic and cyclic testing.
e Young’s modulus is calculated through different methods: Ecyce, Etan, Emono and Egyn.
e PDFs are obtained for compressive and tensile strengths, and Young's modulus.
e  Standard deviation, COV, Q;, Q. and Qs quartiles, IQR, outliers, fs, are established.
e Eqee is the most significant and increases with applied stress.
e Value of Eyy is higher than Ecyce.

Abstract

Mechanical property data for earthen materials are currently lacking. Usually, only average values are available.
This study investigates the mechanical properties (tensile and compressive strength, Young's modulus) of cob.
The results obtained for different cob mixes with and without fibres are analysed. Four different moduli — Ecyce,
Etan, Emono @and Eqy, — are examined. Probability density functions, mean, standard deviation and percentiles are
determined for each mechanical property. Value dispersion for all the properties studied is large and the
difference between mean value and 5" percentile is 82%, 81% and 77% for tensile strength, compressive
strength and Young’s modulus, respectively.

Modulus values are highly dependent on the calculation method used. E... obtained during the unloading phase
of the cyclic compression test is more relevant than E.., and Enono because only elastic deformations occur. The
modulus increases with applied stress (from 120 to 327 MPa for specimens without fibres and from 70 to 232
MPa for specimens with fibres) highlighting the evolution of material microstructure during loading. En. is higher
than E.e: the average dynamic Young's modulus is 6917MPa without fibres and 2088MPa with fibres.
Keywords: earthen composites, fibre, compressive and tensile strength, Young's Modulus
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1. Introduction

Earth has been used as building material for a very long time [1]. Over the last century, this raw material has
been gradually replaced with modern standardised materials in developed countries. However, in the last 20
years, there has been a resurgence of interest for the use of earth in construction, which may be explained by the
perception of earth as a building material with very low environmental impact [2].

The use of uncompressed non-stabilised earth with or without the addition of fibres is generally associated with
the idea of locally available materials [3]. Earth composition and earth composite formulation can vary
significantly depending on the site. As shown by Verron et al. [3], Rojat et al. [4] or Hamard et al. [5], various test
parameters are found in the literature:

- Soil composition: some studies [6-9] address the usability of different soils for different construction
techniques, whereas others [10-12] conclude that soil composition alone (silt, clay and sand content) is
not relevant for assessing material usability and strength.

- Water content: as demonstrated by Champiré et al. [11], this parameter affects mechanical strength.
Three soil types have been analysed for water contents between 25%-95%. The results show that
compressive strength decreases with higher water contents for all the soils considered (sandy, loamy
and clayey soils).

- Fibres are traditionally used in adobes and cob [13] because they reduce shrinkage [14] and improve
material mechanical behaviour. An increase in strength is observed with the increase in fibre percentage
[15-18]. However, strength starts decreasing above a certain content value. This threshold depends on
fibre type.

For all these reasons, raw earth properties are highly variable [19-21].

Despite this widely recognised variability, many recent studies investigating earth mechanical properties are still
based on a limited number of specimens. Moreover, results cannot be directly compared because specimen size
and testing methods are different. Consequently, results differ significantly as underlined by Champiré et al. [11],
lllampas et al. [22] and Rodriguez-Mariscal et al. [23]. While most studies are based on specimens made in the
laboratory, some are based on samples taken from existing buildings. The study conducted by Azil et al. [24]
shows that significant differences are observed between properties measured on-site and results obtained in the
laboratory.

Among the different studies considered, some findings are discussed in the next paragraph. The discussion
focuses particularly on:

e compressive strength (Table Al);
e tensile strength (Table A2);
e Young’s modulus (Table A3).

The tables in the appendix present the published results discussed in this paper, with a special emphasis on
number and size of specimens and coefficient of variation.

Regarding compressive strength, the published results found in [3,11,14-16,18,22-23,25-29] are analysed and
summarised in Table Al. Although all values given relate to compressive strength, results are not directly
comparable since tests have been carried out on cylindrical, cubic or prismatic specimens of different sizes. Most
studies propose an average value based on test results for only 3 or 4 specimens. The coefficient of variation
(CV) is not always calculated and, when it is, few values are given and sometimes only as figures. Reported CV
may vary widely between studies and even within one given study. Miccoli et al. [25], for instance, report a CV of
2% for tests performed on cob, a material characterized by its variability. At the upper end of the range, the tests
performed on samples extracted from existing buildings [26] give CV values as high as 95%. In [22], tests have
been carried out on adobes from a local traditional producer and the CV values obtained range from 3 to 77%.
The authors explain that the variability in test results may be accounted for by large differences in material
composition between batches.

Regarding tensile strength, few studies are available and most studies carried out on earth-based materials are
dedicated to the examination of compressive strength as in the study by Cardenas-Haro et al. [19]. A number of
studies [3,14,18,27,29-31], in which tensile strength has been calculated using bending testing, are examined
and results summarised in Table A2. It is observed that a general small number of tests has been conducted. CV
values are very often not reported or given in the form of figures. Yet, these values range from 13% to 36% for
laboratory specimens [3,30] and from 24% to 51% for samples taken from existing buildings [27].

We also note that, when compression tests are carried out, Young's modulus is often calculated. The results
presented in [3,11,15,22-23,25-29,32] are examined and summarised in Table A3. No consistent methodology
for the determination of Young's modulus and the interpretation of results has been found.

In [25], the specimens tested vary in size, while Young's modulus is calculated according to DIN 1048-5 [33], a
German standard that is normally used for concrete elements. Depending on specimen size and mix



composition, values are between 650-2200 Mpa. Regarding CV, the calculated value is only 3% for earth blocks,
but reaches 68% for cob specimens.

In [15], tests are carried out on specimens of two different sizes for various earth compositions. Values are then
between 98-211 MPa and 58-94 MPa, respectively for the smallest and the largest specimens. CV, calculated
from eight specimens for each mix, ranges between 17% and 45%. The highest value is obtained for earth
specimens with no fibres. They also have the highest modulus value. Although values are provided here, the way
Young's modulus has been calculated from the stress-strain curves is not specified.

In [23], the tests to determine Young's modulus have been carried out on cubes, prisms and cylinders. Regarding
cubes, displacements are measured using a loading device, while prisms and cylinders have been equipped with
probes. Consequently, two different stress-strain curves are plotted and three different modulus values are
obtained from each stress-strain curve: Eis, Ezs and En:

e Eis and Ezs represent the secant modulus obtained at 1/3 and 2/3 of compressive strength,
respectively;

e E,isthe slope of the chord between 1/3 and 2/3 of maximum compressive strength.

Young's modulus values displayed by the loading device are within the range 21-60 MPa for cubes, 77-132 Mpa
for prisms and 78-195 MPa for cylinders. When displayed by sensors, modulus values are much higher between
557-1081 MPa for prisms and 802-1539 MPa for cylinders. Regarding variability, calculated CV ranges from 11%
to 72%. This study is of relevance in terms of number of prismatic specimens tested (22 specimens, a much
larger number than most studies). Nevertheless, CV values still range between 32%-60% (depending on Young’s
calculation methods).

In [26], an average of five samples from existing buildings has been tested for each building. The modulus
calculation method is not specified. The values proposed are between 51-448 MPa. CV values do not appear,
but the standard deviation appears in the figures. From these figures, we calculate the corresponding CV values.
They range between 7%-139%, most being greater than 70%.

Samples from existing houses have also been tested by Silveira et al. [27]. Two values of Young’'s modulus
based on stress-strain curves obtained with cylindrical specimens during monotonic loading: secant modulus,
Eis at 1/3 of peak stress and secant modulus, E,ea at peak stress.

Calculated values are between 1500-2500 MPa for Egea and 9000-17500 MPa for Eys. These values are high
(compared with published data) because deformations are measured directly on specimens, not with the
measuring device. Given the shape of the stress-strain curves, Young’s modulus calculation as the secant
modulus at peak stress appears inconsistent. Regarding variability, CV values are between 28%-45%, a range,
however, obtained with very few data.

In [22], Young’s modulus has been calculated from strain-stress curves as the secant modulus between 5% and
50% of the maximum stress during monotonic loading. This choice assumes that most specimens have a linear
behaviour in this displacement range. This study focuses on the results obtained with cylindrical, prismatic and
cubic adobe specimens using different testing methods (load-control and displacement-control). The average
values for the two types of adobes considered are 32 and 37 MPa, respectively. CV values are 72% and 45%,
respectively. According to the authors, the high CV values may be due to significant differences between soil
batches.

In [28], Young's modulus is measured on the linear part of the strain-stress curves. However, the corresponding
stress or strain range is not specified. Values are between 31-134 MPa for the specimens with fibres. A 502 MPa
average value is proposed for raw earth specimens. Regarding variability, CV values for specimens with fibres
are low (3% to 8%). CV is 34% for raw earth specimens, a value, however, obtained from three specimens only.

In [11], a loading protocol including successive loading-unloading cycles with 20%, 40%, 60%, and 80%
increasing stress levels up to the expected maximum stress level was applied (one loop for each cycle). In order
to estimate this expected maximum value, some preliminary tests have been conducted with monotonic loading.
Cycle choice is based on the consideration that only elastic strain occurs during the unloading phase. Young'’s
modulus decreases with successive loading cycles from 2460 to 2000 MPa depending on the earth material.
These results, however, have been obtained with only three samples from existing rammed earth century-old
buildings.

In [32], the mean value obtained from double flat jack tests performed on cob specimens is 176 MPa for slope
modulus and 203 MPa for secant modulus. CV values are 49% and 43%, respectively.

2. Objectives and approach

The literature reviewed for this paper reveals that there is no consensus on test methods or specimen size for the
assessment of earth composite mechanical properties, Young’s modulus in particular. In addition, focusing only
on average values, the current approach could be misleading as to the actual properties of materials possibly
used in building construction. This is particularly true because standardised modern material design is based on
the characterisation and not on the average values of properties.

This paper presents the results obtained for raw earth composites prepared according formulations traditionally
used for cob (earth mixed with natural fibres), but produced like adobes in the laboratory. Compressive and
tensile strengths, and Young's modulus are determined by compression and bending testing. Comparisons are
made between Young's modulus and dynamic modulus obtained by non-destructive testing. In addition, different



approaches used to determine Young’s modulus using monotonic or cyclic compression testing methods are also
discussed. Finally, a statistical analysis of the results is conducted and the distribution functions for these
parameters are determined.

For the purpose of the present analysis, the focus is not on average values obtained for material properties. As
mentioned above, different soil compositions, different fibre types and contents, different moisture levels and
different construction techniques will result in some mean values that may vary substantially. The objective of this
research is to examine the general approach in terms of sampling, test methods and data treatment, with a
particular emphasis on result variability.

3. Materials and Methods
3.1. Materials

3.1.1. Earth

The soil used for the study is a waste material collected at the “Maison Neuve” eco-district in Guérande, France.
Soil particle size distribution (Figure 2-a) is determined according to NF EN ISO 17892 [34] using:

e wet sieving for particle diameter greater than 80um

e sedimentation for the other particles.
The soil is a sandy loam composed of 8% clay, 47% silt and 45% sand. Because earthen material assessment is
commonly based on the textural triangle diagram [4,5], Figure 2-b presents soil classification according to the
French soil science organisation “GEPPA” [35]. On the GEPPA diagram, silt fraction upper diameter limit is
50pum, which is lower than the 60um limit considered in [34]. Thus, silt content is 44% and sand content is 48%.
On the texture triangle:

e grey areas are mentioned in [4] as generally considered suitable for rammed earth;

e green dots are values obtained for samples taken from existing rammed earth houses [4];

e green areas correspond to textures observed by [5] on cob buildings in Brittany (France);

e red dot corresponds to the soil studied.

Atterberg limits are determined according to NF EN ISO 17892-12 [36]. Plastic limit is We=17% and liquid limit is
W =34%. Plasticity index is 1p=17. Methylene blue value is 1.9 and determined according to NF EN 933-
3+A1 [37].
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Figure 1: Particle size distribution of studied soil (a) and textural triangle diagram (b) -red dot corresponds
to the soil taken in Guérande (sandy loam)

3.1.2. Fibres

In this paper, the word “fibres” refers to any part of the plant stems (whole stem, fibre or woody parts). The fibres
used are hemp shives (commercial product Chanvribat — Figure 2-a) and reeds produced locally (Figure 2-b).
Both types of fibres appear in the literature as traditionally used for earthen constructions [13]. The length and
width of hemp shive particles have been determined using 2D image analysis in a previous study [38]: hemp
particles average 8.9 mm in length and 2.0 mm in width. Reed, with an average diameter of 3.5 mm, is cut into
approximately 200mm sections then mixed using a kneading hook (Figure 2.a). This 200-mm length is commonly



used for craft cob constructions. However, during mixing, the reed fibre length decreases. Length reduction is
assessed by measuring the length after different mixing times (number of revolutions of the kneading hook —
Figure 3.b). The final reed average length is 20mm. In this study, formulations including natural fibres are chosen
with 8% fibre content by mass (Figure 2-c). This percentage is traditionally used in the Loire-Atlantique area
(France) for cob buildings and has been chosen after discussion with experts involved in earth building
construction with practical skills. The high fibre content makes it possible to differentiate between raw earth and
fibre mixes for all properties measured.

L % o

a) b

Figure 2: Different materials used in the study a) hemp shives — b) reed — c) picture of a specimen
with fibres where earthen matrix, reed and hemp shives can be clearly seen
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3.1.3. Specimen preparation and curing

The amount of material in the mix is established according to the knowledge of local experts. A 2:2:1 volume ratio
of raw earth, hemp shives and reed is used. Fibres represent 8% by mass on the total mass of the mix (7% hemp
and 1% reed). Raw materials are placed into a large steel bowl and are mechanically mixed using a kneading
hook at low speed (30 rpm) while gradually adding water to the mix until desired consistency is reached (Figure
2.a). Initial water content is checked after drying the specimens in the oven (50°C) until the mass has stabilised.
Water content obtained is 23% for raw earth material and 24% for the raw earth and fibres mix.

The specimens are cast into 31x19x5.3cm parallelepipedal wooden moulds placed on a wooden tray (Figure 4).
Earth is thrown into the mould one handful at a time. For each mix, with and without fibres, three slabs are made.
After demoulding, the earthen slabs are cut into six pieces with average dimensions of 5.17x5.3x19cm (Figure
2). Eighteen specimens without fibres and eighteen with fibres are obtained.

After casting, the specimens are dried naturally to constant mass in a climate chamber where temperature (20°C)
and relative humidity (50%) are kept constant. In spite of the initially high water content, no cracks formed during
the period of slow drying.

a)




Figure 4: Preparation (a) and cutting of the fresh slabs to obtain six specimens (b)

Because water content significantly affects earthen material properties [11], [39], tests are carried out at 20°C
and with 50% relative humidity. At the time of testing, the water content is 3.1% for earth specimens and 3.3% for
earth-fibres specimens, corresponding to the equilibrium water content at 20°C and 50% RH.

3.2. Mechanical characterisation

3.2.1. Bending and compression tests

In order to address soil behaviour during bending and determine tensile strength, the specimens are subjected to
3-point bending tests using a Zwick Z50 press (50kN maximum load — Figure 5). Tests are conducted at

prescribed speed of 10mm/min. Stress 0 is obtained from Equation (1), where F is the force (N), L the distance
between supports (100 mm), a the specimen width (m) and b the specimen height (m), as:

3FL
6= ®
' - 3 | Steel square
used for compression tests plates 4x4cm?
]
v
I ' 40mm
100mm
b)
Figure 5: Experimental setup for three-points bending testing (a) for monotonic or cyclic compression
testing (b)

Compression tests are carried out using the same Z50 Zwick press. During the bending test, the specimen has
broken in two. Both pieces are then tested for compression strength. Two 40x40mm steel square plates are

placed between the two parallel sides of the specimen and the press plates (Figure 5b). The applied stress 0, is
obtained from Equation (2), where F is the applied load (N) and d the square plate length (d = 0.040 m), as:

_F
0= )
For both bending and compression tests, longitudinal displacements are recorded during the loading phase.
Flexural strain is calculated according to the following formula:

_6bs

Iz ®)

&
where s is the measured displacement (m).

Tensile strength R; and Compressive strength R. are defined as maximum tensile and compressive stress
values, respectively.

The first 16 (2x8) specimens of each mix (with and without fibres) are tested in compression through a monotonic
displacement increment until failure. Cyclic load testing is carried out on the remaining 20 (2x10) specimens of
each formulation. These tests apply a series of five stress loops (loading and unloading) for five different stress
values (Figure 7-a). Each loading phase is followed by a full unloading phase down to 0 kN. After the last loading
loop at the maximum stress value is applied, compressive stress is increased until the specimen fails. As
compressive strength is obviously not known a priori for each specimen, the stress values for cyclic testing are



set at respectively 3.75%, 7.5%, 15%, 30%, 60% of the mean compressive strength obtained during monotonic
testing performed on the previous 16 specimens of the same formulation. The value of the compressive strength
is assumed to be independent of loading mode (monotonic or cyclic) and will be discussed in Section 4.

3.2.2. Young's modulus determination

As explained in [40] and [41], different methods can be used to determine Young's modulus for hemp concrete. In
these papers, the authors mention different values Young's modulus calculated on different parts of the
stress/strain curve or examine different approaches, like initial modulus Ej;, secant modulus Es., tangent
modulus E:a, or cycle modulus Egce. These works show that hemp concrete presents a non-linear behaviour with
varying Young's modulus values during compression. They also highlight the fact that, given this complex
behaviour and the lack of common methodology for the determination of Young's modulus regarding hemp
concrete materials, studying how methodology affects this mechanical parameter is necessary. In fact, for
materials with complex mechanical behaviour, the slope value of the stress/strain curves measured during
compression tests cannot be considered as the material Young's modulus value. Several effects, indeed, may
combine during compression, like elastic and plastic deformations, damaging or density evolution. Consequently,
the only time Young's modulus can be determined is during the unloading phase when only elastic deformations
occur. This justifies the choice of cyclic compression testing.

Similar observations can be made about earthen composite non-linear behaviour [42]. In the present study,
Young's modulus E is determined using different methods. During the monotonic tests on the first specimens
(Figure 6), a non-linear relationship between applied stress and strain has been established. In order to analyse
loading protocol impact on behaviour under compressive loading, both monotonic and cyclic protocols are used.
Young's modulus is thus obtained from the stress-strain curves using different methods:

e From monotonic compression testing (Emons): Young's modulus Emno is the slope of the stress-strain
curve on the most linear part of the curve (Figure 6) estimated by least squares approximation. Sixteen
Young's modulus values are obtained for each formulation;

e From cyclic compression testing (Ew=n): Young's modulus is calculated on the ramp before the cycle at
the highest stress level is applied (E:w» in Figure 7-a) as the slope of the stress-strain curve called the
ramp Young's modulus.

e From cyclic compression testing (Ece): Young's modulus Ege is obtained from the stress-strain curve
during the unloading phase of each loop (five values for each stress level) as the slope of the curve
calculated using 50% of the central values recorded during unloading using the least squares method
(Figure 7-b). Young's modulus is determined only for the unloading phase because only elastic
deformations occur, as mentioned above. For all the formulations (with and without fibres), 100 Young's
modulus values (5 loops x 20 specimens) are obtained for the five different stress levels.
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Figure 6: Example of stress-strain curves obtained during monotonic compression testing and
method used for the determination of Young's modulus: specimens E2.1.4a (without fibres, in brown)
and E1.2.1b (with fibres, in green)
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Figure 7: Cyclic compression testing and determination of Young's modulus for the fibred specimen E1.2.4a
from the ramp slope before the highest stress level loops (a) -dotted line represents the assumed stress-strain
curve corresponding to monotonic compression testing - and from the slope of the loop unloading phase
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3.2.3. Dynamic modulus

The dynamic modulus Eg, is determined using Impulse Excitation Technique (Grindo Sonic). This non-
destructive measurement method has already proved very simple and highly accurate [43]. The Grindo Sonic
instrument records vibrations, performs time domain analysis and measures the natural frequency of the
dominant vibration mode against a precision reference oscillator. The dynamic modulus is calculated from
dimensions, mass and frequency measured for each specimen using Equation (4) in accordance with
ASTM E1876-01 [44].

In Equation (4), Ean is Young’s modulus (Pa), m is the bar mass (g), b the bar width (mm), L the bar length (mm),

t the bar thickness (mm), f; fundamental resonant frequency of the bar in flexion (Hz) and T; a correction factor
that accounts for the bar finite thickness, Poisson’s ratio, and so forth. We obtain:

m_f?)(L_B'

E
b "¢

=0.9465( )T, @)

dyn

3.3. statistical analysis
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3.3.1. Mean and standard deviation

Mean m and standard deviation s of a measured parameter &, can be calculated directly from the N experimental data as
follows:

1 N
mzﬁ; Dgyi )
1< 2
S:F; D(ey,—m) (6)

3.3.2. statistical indicators

For the statistical data description, both average value p and standard deviation g are calculated from the experimental
data. The coefficient of variation (CV), defined as the ratio of i to @', is also calculated. The three quartiles Qi, Q. (median)

and Q; are determined to display boxplots using Matplotlib. This Python plotting library also displays outlier values (Figure
8), i.e., values outside the range [Q:-1.5 IQR; Qs+1.5 IQR], where IQR=Q5-Q; is the interquartile range.
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Figure 8: Boxplot statistical description of parameter € , -statistical indicators are determined by discarding
values outside the interval [Q;-1.5 IQR; Qs+1.5 IQR], where IQR is the interquartile range

3.3.3. Determination of the distribution functions

The parameter values obtained from the experiment (compressive strength, tensile strength, static Young's
modulus, dynamic Young's modulus) are analysed to determine the probability density functions (PDFs). The
range of the experimental data is determined and divided into an optimal number of intervals n; defined by
Sturges’ law [45] and based on the total number of values N:

n;=1+3.322log (N) )

This method is particularly suitable for data with a small number of values. Moreover, it assumes normality of
data, a hypothesis that can be verified with the experimental data of one parameter. Then, PDFs are calculated
using the Python module scipy.stats. The scipy.optimize module is used to calculate the parameters of the fitted

normal law, i.e., the mean [ and the standard deviation ¢ as:

f(x; 1,0)=—— exp| ®
o/

271 20°

This solution is used to determine an estimate of the value f's.,, which represents the value for which only 5% of
the values will be lower, as:

fsq,=H—1.6450 9

The choice of fs reflects the fact that this value is considered as a “characteristic” value for the structural design
of building elements [46].
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4. Results and discussion
4.1. Mechanical properties
4.1.1. Bending tests

The stress-strain curves obtained from bending testing are plotted in Figure 9. For clarity, the raw data for the 18
specimens tested are displayed in Figure 9-a. Figure 9-b shows a focus on two specimens to highlight the
characteristic curve shape for two representative specimens and underline the differences in tensile behaviour
between both formulations.

Tensile strength is greater for specimens without fibres than for those with fibres, which demonstrates that adding
fibres has a negative impact on it. Regarding maximum tensile strength, it is 2 MPa for raw earth and 1.20 MPa
for the fibre mix. The addition of fibres, therefore, induces a decrease by about 45% compared to the average
value obtained for reference earth. This is not consistent with the results obtained in [16,17] for tests carried out
on compressed earth blocks with low fibre content (0, 0.25%, 0.5%, 0.75% and 1%) for three different fibre types
(coconut, palm oil and bagasse). The authors, indeed, conclude that fibre content and soil type do not affect
tensile strength. In [31], tests have been conducted on hemp specimens with different fibre contents (2% and
3%) and fibre lengths (10, 20 and 30mm). Results show that tensile strength is higher with a 3% fibre content,
and that, for this amount, specimens made with 30-mm long fibres have the highest tensile strength. Similarly,
the analysis in [47] concludes that fibre content has a positive influence on the mechanical properties of
compressed earth blocks made of raw earth and kenaf fibres of various lengths and fibre contents. It can be
noticed, that in all three studies, fibres used are very thin (diameter lower than 1mm before mixing) and fibre
contents are low. Consequently, the fibres are well distributed in the mixture, resulting in a homogeneous
material with no defects or weak bonds between the fibres and the earthen matrix. Bouhicha et al. [14] also
stress the positive influence of fibre addition with a tensile strength increase of 20 to 25% for specimens made of
raw earth and 3.5% straw. However, the length of straw fibres is not uniform (from 10 to 500mm) whereas
whether the longest fibres broke or not during mixing is not specified.

In the present study, fibres are thicker and may be considered as coarse plant aggregates more than thin fibres.
Fibre content is high (8%), and the technique used is different (cob versus compressed earth blocks). This may
account for the differences regarding the impact of fibre content on tensile strength. With coarse aggregates,
bonds between earthen matrix and fibres:

e are weaker due to the aggregate higher porosity at the fibre/matrix interface (voids);
e are less: contact surface between fibres and matrix is smaller.

However, the addition of fibres results in a change in the mechanical behaviour of earthen composites, which
then exhibit ductile behaviour. Whereas raw earth shows complete failure at maximum stress (around 2% strain),
the specimens with fibres present large deformation capacities after the peak is reached (up to 5% strain as
shown in Figure 8). Fibres can resist and delay failure by keeping the specimen in one piece thanks to adhesion
properties between fibres and earth. Even though the addition of fibres causes a decrease in tensile strength due
to the weak bonds between the fibres and the earthen matrix, fibres form bridges across cracks, which may have
appeared during the failure phase. However, in order to have fibres resisting tension and well anchored into
earth, the necessary anchor length, is provided by long fibres, and particularly by reed fibres in the present mix.
Fibre content and length appear to affect flexural behaviour: when fibres have good tensile strength, good
adhesion with the soil matrix and are long enough to remain anchored, they tend to delay cracking and hold the
specimen together after cracking starts.

In Figure 9, maximum tensile stress and ensuing strain values are significantly scattered, ranging from 1 to 3%
for specimens without fibres and from 2 to 6% for specimens with fibres. Fibres, on the one hand, have a
significant impact on the shift in the strain value at which maximum peak occurs, but, on the other hand,
significantly affect material behaviour on peak downslope. The results obtained by different authors for maximum
strength are summarised with mean values and variation coefficients, when they are determined, in the appendix
(Table A2).
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a) b)
Figure 9: Bending testing— experimental data obtained for 18 specimens (a) — focus on two
representative curves to highlight differences between formulations with and without fibres (b)

4.1.2. Compression tests

Monotonic compression test results are presented in Figure 10-a for the 16 specimens tested. A focus has been
placed on characteristic curve shape for both formulations in Figure 6 for specimens E2.1.4a (without fibres) and
E1.2.1b (with fibres). During testing, compressive stress increases monotonically for the specimens with fibres
and without fibres. The curves are fairly similar and non-linear in shape, which suggests that the behaviour of
materials with or without fibres is not accurately elastic within the strain range tested here. This may be due to
plastic deformation, damaged material and microstructural change caused by compression. Some specimens
without fibres present non-monotonic stress variations for large strains, which may be explained by the presence
of defects in the specimen, which then breaks, causing a sharp drop in stress and an increase in the strain up to
1.5%. After such events, compressive stress begins to rise again with the same slope than before, gained strain,
however, is kept.

Figure 7-a presents the representative stress-strain curve obtained during cyclic compression testing for the
specimen with fibres E1.2.4a. The curve shows the different stress levels applied during the different cycles. The
envelope curve corresponds to the assumed monotonic compression test results. Before each cycle, a
monotonic compression phase is applied, during which stress changes linearly with strain. Stress is then lowered
to zero. During the unloading phase, strain also decreases but not according to the previous monotonic loading
phase. During the last stage of the unloading phase, stress approaches 0. The slope value of the unloading
phase is always higher than that of the loading phase. Stress is then increased to the prescribed value,
increasing strain.

The 36 maximal compressive strength values (2 values for each specimen) obtained with both protocols
(monotonic and cyclic) are displayed in Figures 10.b and 10.c.

Data analysis (Table 2) does not reveal any significant difference between the results obtained for specimens
from the different slabs. The average value differences between both protocols are very small: 15% for raw earth
specimens (3.2 MPa monotonic versus 2.7 MPa cyclic) and 10% for specimens with fibres (2.3 MPa monotonic
versus 2.5 MPa cyclic). The lower compressive strength values obtained during cyclic compression testing may
be accounted for by fatigue or damage, which may appear over successive loading/unloading loops and
weakened material. The calculated CV is 20% for raw earth specimens (for both cyclic and monotonic protocols),
whereas, regarding fibred specimens, it is 11% for the monotonic protocol and 33% for the cyclic one.
Considering the small differences in CV between both protocols, it can therefore be concluded that compressive
strength is not significantly affected by loading type (monotonic or cyclic). Given the consistency of data, it is
decided to include all the results in the statistical analysis.

Similarly to tensile strength (but to a lesser extent), compressive strength values for specimens with fibres are
lower than for specimens without fibres (2.4 MPa with fibres versus 2.9 MPa without fibres). Adding fibres
reduces specimen strength but, as shown in Section 4.1.1, increases ductility. The findings presented in [28] for a
high 3% to 6% mass ratios of barley and lavender straw fibres, show a reduction in compressive strength for
fibred mixes. The results obtained in [14] show that compressive strength increases for up to 1.5% fibre content
and decreases for higher fibre contents.
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Figure 10: Monotonic loading curves (a) and compressive strength for raw earth specimens (b) and earth
specimens with fibres (c) -specimen light-coloured results correspond to monotonic loading protocol

4.2. statistical description

4.2.1. Compressive and tensile strengths

As shown in Figure 7, box plots have been used to illustrate the distribution of values over the variation range. In
Figures 11 to 13, “S” values correspond to raw earth (soil only) specimens and “SF” values to composite (soil and
fibres) specimens. Box plots obtained for tensile and compressive strengths are displayed in Figure 11-a and 11-
b. The first three box plots correspond to data for specimens obtained from the three slabs (Slab 1, 2 and 3). The
fourth box plot combines results for the three slabs (Slabs 1+2+3). Whatever the strength parameter considered
(compressive or tensile), box plots reveal few outliers (1 for Slab2 S and Slab3 SF for tensile strength and 1 for
Slab3 SF for compressive strength). For convenience, these outliers are not included in the calculation of the
statistical indicators.

Regarding compressive strength, the variation range (excluding outliers) is larger for specimens without fibres
than for specimens with fibres. Regarding tensile strength, on the other hand, the relative variation range is
almost identical for both formulations. Yet, one could expect that fibre addition would increase material
heterogeneousness and, thus, induce greater data dispersion around the average value, instead the opposite is
observed. This observation can therefore be generalized as outliers are few for specimens with and without

fibres.
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g 25 :“-—1' 5 B .
s .
» S e -
= - = =T
g 0.5 z % |
0 = 0
OSlabl S ®Slab2S  ®WSlab3S  WS1+243 S S YNSFTYYFTTTIYEFT™
OSlabl SF @Slab2 SF @Slab3 SF WS142+3 SF OSlabl S OSlab2SF WSlab3 SF WS1+2+3 SF

Figure 11: Box plots determined for tensile (a) and compressive (b) strengths for formulations with (green box
plots) and without fibres (brown box plots) - dots correspond to outlier data

4.2.2. Young's modulus
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This section presents the results obtained for:
e Young's modulus Enqno calculated from monotonic compression test data;

e Young's modulus E:, calculated from cyclic compression test data on the ramp before the fifth stress
level (approximately 60% of the specimen compressive strength);

e Young's modulus E.e calculated from cyclic compression test data for the different stress levels during
loop unloading phase;

e Dynamic Young's modulus Eg4, measured with the Grindosonic apparatus, a non-destructive test device
used for specimen measurements before bending testing begins.

Figure 12 presents the box plots corresponding to the Young's modulus determined during cyclic compression
testing for both formulations and for the five different stress levels (cf. Section 8 for stress levels). Recall that
each box plot processes 100 values (5 loops x 20 specimens). Material stiffness depends on loading
characteristic history because Young's modulus evolves according to the stress level at which it is determined.
Whatever the formulation, only two outlier values are measured at all the stress levels. Moreover, the scattering
of values remains low. Because the Young's modulus of specimens with fibres is lower than that of specimens
without fibres at all stress levels, the addition of fibres decreases material stiffness. Material stiffness could be
expected to decrease during the loading phase where the material is damaged; on the contrary, it increases. This
may be explained by a decrease in material porosity that counteracts defect initiation by increasing the number of
contacts between soil aggregates and fibres and rearranging the grains.

450
400
350 -
= 300
£ 250 ‘
S 200 . -
0 i
S 150 1
s 1

100
50
0S-¢c1BS-c2B8S-c38S-¢c4 BS-¢c508F-¢cl OSF-¢c2B0SF-¢3 BSF-¢c4 BSF-¢5

Figure 12: Evolution of statistical indicators for Young's modulus calculated during unloading phase for the
different loops of cycles 1 to 5 (different stress levels) and for formulations with (green box plots) and without
fibres (brown box plots)

Figure 13 presents box plots values for Young's modulus calculated from data obtained from:
e monotonic compression testing;
e the ramp before last cycle of cyclic compression testing;
e the different cycle loops for the highest stress level;
e Grindosonic testing (dynamic modulus).

Values for Ew, and Enono are similar. However, scattering of values is larger for Ew,. As shown in Figure 7-b, the
stress-strain curves recorded during cyclic compression testing are assumed to follow the envelope curves
measured during monotonic compression testing and just adding cycle loops for prescribed stress levels. Outside
the loops, curves are assumed to superimpose, although this cannot be proven because:

e  Tests are destructive;

e Material characteristics change during testing and specimens cannot be reused after being subjected to
heavy loading and high mechanical stress.

Nevertheless, Young's modulus close values obtained confirm that both methods provide similar information
regarding material stiffness.

However, values obtained during the loop unloading phase of cyclic compression testing provide more reliable
information. During monotonic compression or ramp testing, indeed, the material is subjected to compression
strains, during which elastic and plastic deformations can combine. On the contrary, during the loop unloading
phase within a given cycle, deformations are only elastic. Values of E..e, therefore, correspond to the material
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elastic behaviour. They are greater and less scattered than E., and Emono (lOwer interquartile range), which can
probably be explained by the large amount of data. For the specimens with fibres, the median value of Eg.ce is
approximately twice that of Ew, and Emeno, While it is about three times greater for specimens without fibres.
Material stiffness for cyclic compression testing is thus higher than for monotonic compression testing. This result
reflects material compaction due to loading, which reduces porosity and increases stiffness. Consequently,
loading at 60% of the ultimate strength would not damage specimens, but rather reinforce them.
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Figure 13: Young's modulus: monotonic, cyclic - ramp, cyclic - unloading during 5™ cycle (highest stress level),
dynamic modulus

Figure 13 shows a comparison between Young's modulus obtained from cyclic compression test results and
dynamic Young's modulus.

The values obtained from the mechanical tests are not of the same order of magnitude as those obtained from
the non-destructive tests:

e Without fibres, the estimated average value is 6917MPa for dynamic Young's modulus and 327MPa for
Young's modulus (approximately one twentieth of the dynamic value);

e  With fibres, the estimated average value is 2088MPa for the dynamic Young's modulus and 232MPa for
Young's modulus (approximately one ninth of the dynamic value).

The difference in value can be explained by differences in strain levels between press and Grindosonic testing.
With the method using the Grindosonic device, strain levels are very low. As previously stated, soil behaviour is
different at small or large strain levels [51].

In the literature, different correlations between dynamic and static moduli for concrete specimens and for rocks
are discussed [52], [53]. Regarding soil, some correlations between Young's modulus and compressive strength
are proposed in [54]. A survey of the literature reveals that no studies have been conducted to examine the
correlation between dynamic and Young's moduli for earthen specimens used as building material. The
relationship found in this analysis is linear and dependent on the presence of fibres (see figure 14). The slopes of
the linear relationships between both moduli are not the same for the two formulations, which proves that
differences cannot be represented by a single conversion coefficient related to the technique used, but may
indicate some intrinsic behaviour differences of the material to wave propagation during Grindosonic testing.
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Figure 14: Comparison between dynamic and static Young's moduli

4.3. Probability Density Functions (PDFs)

In this section, probability density functions for the different parameters studied are discussed. PDFs for each
data set are determined according to procedures described in Section 12. A normal law fitted to each PDF is
used to obtain values for mean p and standard deviation o. The resulting 5% percentile is also calculated.
Depending on data scattering, the value obtained can be very different from the average value.

For all formulations and parameters tested, the tables presented in the following sections summarise:
e the mean value m calculated as experimental value simple mean;

e the coefficient of variation CV calculated as the ratio of experimental value standard deviation to mean
value;

e the parameters of the fitted distribution law (v and o);
e the coefficient of variation calculated as the g-to-u ratio of the fitted distribution law;

e the 5" percentile value fs; and the ratio of the fifth percentile to y used to quantify the difference
between fs and p (when standard deviation is small, this value should be close to 100%, and close to
0% for highly scattered values).

4.3.1. Tensile strength

Figure 15 shows the PDFs determined for the tensile strength of specimens without fibres (a) and with fibres (b).
Table 1 summarises the statistical indicators described above. Figure 16-b shows a comparison of the statistical
indicators.

PDF for specimens without fibres, unlike those with fibres, is symmetrical and can be well described by a normal
law. This may be explained by the fact that the number of specimens tested, although higher than most published
articles, is not sufficient to obtain a Gaussian distribution. Indeed, according to the central limit theorem, the
distribution of a large set of data for a given parameter, subject to multiple sources of random errors, as is the
case for all the parameters here, must approximate a Gaussian distribution.

As mentioned previously, the mean value is higher for specimens with fibres and has a lower CV value. m and u
values are close for both formulations. CV calculated directly from experimental values and derived from PDF
parameters is below 20%. The value for fs is 1.67MPa for specimens without fibres and 0.84MPa for specimens
with fibres, i.e., 82% and 69% of the mean value, respectively. These values are slightly higher than the results
obtained for adobe bricks reinforced with 0.64% cut straw [3], where fs/R; reaches 50%
(fs0/R=0.28MPa/0.56MPa = 50%).
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Figure 15: PDF-s vs. tensile strength - specimens without fibres (a) and with fibres (b)

Table 1 - PDF parameters for tensile strength

Tensile strength

th H

Parameters of the fitted 5 . Ratio
Results T percentile
distribution law
value
Composite

M’e:n cv H g cv f5% fs%/IJ

MPa % MPa MPa % MPa %

W.'thOUt 2.00 16 2.05 0.23 11 1.67 82

fibres
With fibres 1.20 19 1.22 0.23 19 0.84 69

4.3.2. Compressive strength

Figures 17 to 19 display PDFs determined for compressive strength of specimens without fibres (a) and with
fibres (b), and for the different test protocols (monotonic, cyclic) or for all the acquired data (monotonic+cyclic
compression tests). Table 2 summarises the different statistical indicators calculated. Figure 16-a shows a
comparison of the statistical indicators.

According to Sturges’ law, the PDF pin number is higher than for tensile strength because the number of
specimens tested is greater (twice the number). Regardless of the loading method used (monotonic or cyclic),
compressive strength results summarised in Table 2 are lower when determined through PDF parameter
optimization than when calculated from experimental data. Thus, using raw experimental data to derive mean
and standard deviation could lead to an overestimate of both parameters. It is therefore advised to consider the
relevance of PDF for the accurate estimate of both the mean and the standard deviation.

Moreover, the method (monotonic or cyclic) does not seem to have much influence on compressive strength
values. However, it should be noted that the cyclic protocol is more relevant as it provides much more information
about material mechanical behaviour and behaviour changes during testing. In addition, compressive strength
determined for specimens without fibres presents an average value 20% higher when calculated using the
monotonic instead of the cyclic protocol.

The published data discussed in Section 1 have CV values within the range 13%-51% for tensile

strength, and 2%-95% for compressive strength. Variability is very high.

Calculated CV values presented in Table 2 are very close to those for hemp concrete compressive strength [40],
and within the same range than those obtained for the thermal properties of earthen composites [20-21]. Yet, the
results are higher than the values measured for mechanical and durability properties of cementitious materials
(approximately 10%-18%) [48-49]. CV values can be used to assess measurement reliability [50]. Regarding
concrete compressive strength variability, the authors in [50] propose accepted limits as a function of quality
control between 10%-20%. The findings discussed here suggest that handmade earthen specimens are as
homogeneous as on-site cast concrete specimens and that measured values can be considered reliable.

The results of fs/t are between 59%-80%. The lower values are obtained for specimens without fibres, which
indicate that scattering is greater than for specimens with fibres, as noted above. This means that there is a large
difference between the value engineers should use when assessing structural risk fss, and mean value p.
Considering u for this calculation instead of fs,, would result in an overestimation of structural stability.
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Figure 16: Comparison between the mean value m and p for compressive strength (a) and for tensile
strength (b) - the error bars represent standard deviation
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Figure 17: PDF-s of compressive strength (monotonic testing protocol) - specimens without fibres (a) and with
fibres (b)
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Figure 18: PDF-s for compressive strength (testing protocol including cycles) - specimens without fibres (a) and
with fibres (b)
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Figure 19: PDF-s for compressive strength (all specimens) - specimens without fibres (a) and with fibres (b)
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Table 2 — PDF parameters for compressive strength

Compressive strength

th
Parameters of the fitted S . .
Results s percentil Ratio
distribution law

Testin e value
rotocgl Composite Mean
P m Ccv H o cv f5% fs%/l.l
MPa % MPa MPa % MPa %
without 518 59 295 072 25 1.77 60
. fibres
Monotonic
With fibres 2.33 11 2.32 0.27 12 1.88 81
W.lthOUt 2.63 19 2.46 0.59 24 1.49 61
. fibres
With cycles
With fibres 2.52 28 2.31 0.44 19 1.59 69
without 59 55 266  0.66 25 1.57 59
All fibres
specimens o
With fibres 2.45 27 2.25 0.36 16 1.66 74

4.3.3. Young's modulus

Published Young’s modulus data discussed in Section 1 are between 3%-139%. Yet, values found in the
literature range from 21 to more than 10000 Mpa and differ widely. One must recall that, depending on the
method used to determine Young's modulus, results within the same study (e.g., [23]) may show considerable
disparities (by a factor of about 50).

Figure 20 displays PDFs for Eq.no. Table 3 summarizes the parameters derived from the experimental data sets.
Figure 23 presents a comparison of statistical indicators.

As previously mentioned, the average values of Ew,and Enono are similar for both formulations. Ecce, On the other
hand, is higher by 144% for specimens without fibres and 303% for specimens with fibres. This substantial
difference has already been discussed above.

It is essential to know which value structural designers should consider for calculations. Epmono Or Eian have similar
values and can be easily obtained because monotonic compression testing is usually easy to perform. However,
for reasons explained above, these results cannot fully be considered as Young's modulus values. However, it
may be better to consider fs; determined from Egon OF Eian, because values are lower than for cyclic protocol
(E¢ee) @and would be regarded as an unfavourable case.
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Figure 20: PDF-s for Young's modulus based on monotonic protocol - specimens without fibres (a) and with
fibres (b)

Table 3 - PDF parameters for Young's modulus based on monotonic protocol

Young's modulus based onh monotonic protocol

th

Parameters of the fitted 5 . .

Results P percentile Ratio
distribution law
value
Composite

Mean — cv u o cv o Fosdil

MPa % MPa MPa % MPa %

W.'thOUt 131 37 129 52 41 43 34

fibres
With fibres 46 24 35 5 15 27 77

Figure 21 displays PDFs for E., and Table 4 summarises corresponding parameters.

The distribution around the PDF mean value for Young’'s modulus is considerable. Coefficient of variation CV
reaches values as high as 47% for specimens without fibres and 59% for specimens with fibres. Thus,
experimental data and PDF corresponding values are similar for the formulation without fibres only.

The values of m and u can also be very different. Considering m as the reference value, the relative difference
between m and u is 47% for specimens without fibres and 9% for specimens with fibres. The significant
difference observed for raw earth specimens can be explained by the high peak appearing on the PDF curves
around 50-75MPa (low values), on which the parameter optimization procedure centres PDFs. Calculation of m
does not take into consideration the PDF shape.

Moreover, fsq results can be very low compared to mean value u: up to 17MPa for specimens without fibres and
2MPa for specimens with fibres, the standard deviation of the latter being particularly high. The large scatter
observed may be due to the inaccuracy of the method or to the lack of relevance of Eu, for the description of
material elastic behaviour, for the reasons explained above (elastic+plastic deformations).
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Figure 21: PDF-s for Young's modulus E;,, based on cyclic protocol - calculated on ramp - specimens without

fibres (a) and with fibres (b)

Table 4 - PDF parameters for Young's modulus based on cyclic protocol - calculated on ramp

Young's modulus based on cyclic protocol - calculated on ramp

th

Parameters of the fitted 5 . .

Results s percentile Ratio
distribution law
value
Composite

M’er?n Ccv H [e) cv fs% fs%/ﬂ

MPa % MPa MPa % MPa %

Without 137 49 73 34 47 17 23

fibres
With fibres 69 48 63 37 59 2 3

Figure 22 displays PDFs for E.e and Table 5 summarises corresponding parameters. The number of values
used to determine PDFs is high because they are calculated on the five loops of the last cycles (at 60% of total
compressive strength) of the compression test carried out on 20 specimens for each formulation. Each PDF is
thus determined from 100 values (the highest number of experimental values among the different parameters
studied). This gives a good estimate of normal law parameters (u and ). The relative difference between m and
uis 1.8% for specimens without fibres and 5.7% for specimens with fibres. These results are the lowest among
the different parameters studied. CV values are low (around 16-17% for both formulations). This low distribution
gives a value of fs equal to 73-74% of the mean value u for both formulations. The dispersion of Ecye is
therefore lower than for Ew, or Eneno. Furthermore, as already shown, the values of E.. are greater than E, or

Emono-
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Figure 22: PDF-s for Young's modulus based on cyclic protocol -

(a) and with fibres (b)
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Figure 23: Comparison of Young’s modulus values determined according to the different test protocols static
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Table 5 - PDF parameters for Young's modulus based on cyclic protocol - calculated on cycle

Young's modulus based on cyclic protocol - calculated on cycle

th

Parameters of the fitted 5 . .

Results s percentile Ratio
distribution law
value
Composite

Mean — cv u o cv o oot

MPa % MPa MPa % MPa %

Without 335 14 329 55 17 239 73

fibres
With fibres 245 18 231 36 16 172 74

Figure 24 displays PDFs for E4, and Table 6 summarises corresponding parameters. As mentioned above,
dynamic Young's modulus values are much higher than those obtained with the different protocols (Ewn, Ecyce,
Emono). CV values are of the same order of magnitude as those observed for Egee (14% for formulation without
fibres and 15% for formulation with fibres).
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Figure 24: PDF-s for dynamic modulus Eg,,
Table 6 - PDF parameters for dynamic modulus
Dynamic modulus Egy,
5th
Parameters of the fitted . .
Results s percentile Ratio
distribution law
value
Composite
M,e;qan cv H (o) cv fs% f5%/l1
MPa % MPa MPa % MPa %
without — gq17 43 6518 907 14 5026 77
fibres
With fibres 2088 23 2103 325 15 1568 75
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5. Conclusions

Nowadays, the use of earthen composites seems an appropriate alternative to improve the environmental impact
of the construction sector. Earth, indeed, is a locally-extracted and little processed material. However, even
though this material is good choice for building construction, we need to improve our understanding of earth
behaviour. In fact, there are no generally accepted regulations or standards available and there is no consensus
on test methods for material property assessment, especially mechanical properties. On the basis of the results
obtained, the following conclusions can be drawn:

e In the literature, the number of specimens tested is generally low and does not provide relevant

statistical information on the different properties of earthen materials;

e Cyclic compression testing is recommended for the study of the earthen composite mechanical
behaviour as this material exhibits non linear behaviour (elastic and plastic deformations, damage and
porosity changes occur);

e Young's modulus E..e oObtained during the unloading phase of the cyclic compression tests is more
relevant than E.., and Enono, as it is determined during a phase when only elastic deformations occur;

e Young's modulus E.e increases as a function of applied stress, which confirms micro-structure changes
within the material, likely due to a decrease in porosity;

e Egn is several orders of magnitude higher than Ec.e, probably because the strain levels induced using
Grindosonic method are very low compared with those applied during compression testing;

e Testing carried out on a large number of specimen makes it possible to obtain average values and
PDFs, from which various statistical indicators can be determined (standard deviation, COV, Q, Q. and
Qsquatrtiles, IQR, outliers values, fsy,. . .);

e Results show that the value distribution can be considerable and that the difference between mean
value and 5" percentile can be as high as 70%. This means that the risk of failure of earthen structures
can be underestimated if building design is based on mean values.
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Appendix

Table Al - Published compressive strength values
Compressi
Fibr | Fibre ve
Type e lengt | Sample size strength
Reference specimen of h Mean

number fibres value Ccv

% | mm | MM-MM- | vpa | %

mm

] 34 straw 0.6 70 70-70-70 1.02 36
10 wheat straw 3 74 145-140-100 2.7 nd

e 10 hal‘:ggﬁsis 3 99 145-140-100 3.2 nd
10 pinea 3 118 145-140-100 3.3 nd

10 pinaster 3 127 145-140-100 24 Nd

10 straw nd 300 115-420-420 1.59 2

[23] 10 none - - 240-115-72 5.21 3
10 none - - 110-500-500 3.28 12

2 none - - 310-460-130 5.2 nd

2 wheat straw 2 50 310-460-130 7.4 nd

2 wheat straw 3 50 310-460-130 5.5 nd

2 wheat straw 4 50 310-460-130 7.5 nd

2 wheat straw 2 50 310-460-130 4.6 nd

2 wheat straw 3 50 310-460-130 6.6 nd

2 wheat straw 4 50 310-460-130 7.9 nd

2 wheat straw 1 50 310-460-130 75 nd

2 wheat straw 2 50 310-460-130 5.6 nd

2 wheat straw 3 50 310-460-130 8.3 nd

(3] 8 none - - 150-230-130 2.9 17
8 wheat straw 2 50 150-230-130 2.7 21

8 wheat straw 3 50 150-230-130 2.5 11

8 wheat straw 4 50 150-230-130 2.6 15

8 wheat straw 2 50 150-230-130 2.6 11

8 wheat straw 3 50 150-230-130 2.4 26

8 wheat straw 4 50 150-230-130 2.8 9

8 wheat straw 1 50 150-230-130 2.1 19

8 wheat straw 2 50 150-230-130 2.4 16

8 wheat straw 3 50 150-230-130 2.5 12

7 none _ _ 80-80-80 0.98 11

7 none _ _ 80-80-80 1.13 17

21] 29 none _ _ 80-80-160 1.06 16
5 none _ _ ®150-300 1.33 12
5 nd nd nd ®90-160 124 | 20*
[24] 5 nd nd nd ®90-160 1 50*
5 nd nd nd ®90-160 0.75 | 40*
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5 nd nd nd ®90-160 0.66 45*
5 nd nd nd ®90-160 2.15 81*
5 nd nd nd ©90-160 0.7 57+
5 nd nd nd ®90-160 198 | 61*
5 nd nd nd ®90-160 1.08 | 46*
5 nd nd nd ©90-160 094 | 53*
5 nd nd nd ®90-160 0.83 | 72*
5 nd nd nd ®90-160 0.99 | 40*
5 nd nd nd ®90-160 1.72 35*
5 nd nd nd ®90-160 1.25 48*
5 nd nd nd ©90-160 0.8 50*
5 nd nd nd ®90-160 1.05 | 95+
5 nd nd nd ®90-160 098 | 41*
7 nd nd nd ©90-160 078 | 24
15 nd nd nd ®90-160 056 | 47
6 nd nd nd ®90-160 041 | 28
[25]
7 nd nd nd 110-110-110 0.9 31
16 nd nd nd 100-100-100 042 | 29
9 nd nd nd 100-100-100 0.47 16
4 none - - D64-140 4 11*
3 none - - D64-140 29 9*
4 none - - ©64-140 14 12+
4 none - - ®64-140 47 13*
[9] 3 none - - D64-140 1 29*
4 none - - $64-140 22 30*
4 none - - ®64-140 3.15 3
3 none - . ©64-140 19 12+
4 none - - Dd64-140 1.25 20*
coconut
5 husk L 40 290-140-100 135 | 3
(14] 5 bagasse 1 80 290-140-100 1.1 3
5 oil palm 1 38 290-140-100 1.14 2
3 none - - ®50-50 4.8 19
3 barley straw 3 10 ®50-50 3.3 6
[26] 3 barley straw 6 10 $50-50 3.8 8
3 'a‘s’ﬁg\‘,’ver 3 8 ®50-50 3.7 3
3 'a‘s’terg\‘,’ver 6 8 ®50-50 3.9 8
20] 8 Chs‘t’g\’;d 3 65 50-50-50 1.39 11
chopped
8 oty 3 65 50-50-50 066 | 77
8 chopped 3 65 50-100-100 204 | 17
straw
5 Chs?gf,‘;d 3 65 50-100-100 0.45 4
chopped .
6 straw 3 65 ®50-50 0.85 3
5 chopped 3 65 ®50-50 1.02 17
straw
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chopped

5 straw 5 25 50-50-50 1.75 12
5 chopped 5 25 50-50-50 147 | 22
straw
6 chopped 5 25 50-100-100 073 | 27
straw
8 chopped 5 25 50-100-100 188 | 13
straw
8 chopped 5 25 ®50-50 134 | 28
straw
8 chopped 5 25 ®50-50 141 | 21
straw
4 none - - 220-107-60 41 | nd
4 barley straw 1 35 220-107-60 4.6 nd
4 barley straw 15 35 220-107-60 4.9 nd
4 barley straw 2 35 220-107-60 3.3 nd
4 barley straw 25 35 220-107-60 2.9 nd
4 barley straw 3 35 220-107-60 2.4 nd
4 barley straw 35 35 220-107-60 2.2 nd
4 none - - 220-107-60 51 nd
4 barley straw 1 35 220-107-60 5.4 nd
4 barley straw 15 35 220-107-60 5.6 nd
4 barley straw 2 35 220-107-60 4.1 nd
4 barley straw 25 35 220-107-60 3.7 nd
4 barley straw 3 35 220-107-60 2.9 nd
1 4 barley straw 35 35 220-107-60 2.7 nd
. 4 none - - 220-107-60 45 | nd
4 barley straw 1 35 220-107-60 3.6 nd
4 barley straw 15 35 220-107-60 3.1 nd
4 barley straw 2 35 220-107-60 3 nd
4 barley straw 25 35 220-107-60 2.3 nd
4 barley straw 3 35 220-107-60 2.25 nd
4 barley straw 35 35 220-107-60 2.2 nd
4 none - - 220-107-60 4.2 nd
4 barley straw 1 35 220-107-60 4.3 nd
4 barley straw 15 35 220-107-60 4 nd
4 barley straw 2 35 220-107-60 3.6 nd
4 barley straw 25 35 220-107-60 3 nd
4 barley straw 3 35 220-107-60 2.7 nd
4 barley straw 3.5 35 220-107-60 2.6 nd
(271 5 ‘f’hic"e“ 0 15 50-50-50 388 | nd
eather
5 ?hic"e” 1 15 50-50-50 345 | nd
eather
5 ‘fzggﬁi? 3 15 50-50-50 298 | nd
5 ?2;';‘;? 5 15 50-50-50 305 | nd
5 ‘f’:ﬁ‘;’r‘ 7 15 50-50-50 414 | nd
5 ?Qgﬁz? 9 15 50-50-50 291 | nd
5 chicken 11 15 50-50-50 2.02 nd
feather
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5 bagasse 0 15 50-50-50 3.88 nd
5 bagasse 1 15 50-50-50 3.21 nd
5 bagasse 3 15 50-50-50 3.18 nd
5 bagasse 5 15 50-50-50 3.9 nd
5 bagasse 7 15 50-50-50 3.09 nd
5 bagasse 9 15 50-50-50 2.92 nd
5 bagasse 11 15 50-50-50 2.78 nd

*Computed by us from figures in the original paper
** Only values from tests at 180 days are shown in table. Tests were also performed at 14, 28, 56 and 90 days.
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Table A2 - Published tensile strength values resulting from bending testing

Tensile
strength
. . 3-point
Fibr | Fibre Icleneiin
specime Type e lengt | Sample size Mea 9
Reference n of h n c
number fibres
valu | V
e
mm - mm -
% mm MPa | %
mm
straw . -160- .
1 36 0.6 70 40-160-40 0.56 36
5 wheat straw 3 74 290-140-100 0.14 nd
a6 5 h ag‘;‘gisis 3 99 290-140-100 022 | nd
5 pinea 3 118 290-140-100 0.17 nd
5 pinaster 3 127 290-140-100 0.1 nd
4 wool 2 10 360-75-75 0.21 18*
4 wool 2 20 360-75-75 0.23 16*
woo -75- .
4 | 2 30 360-75-75 0.27 18*
[28]
4 wool 3 10 360-75-75 0.24 13*
4 wool 3 20 360-75-75 0.25 18*
4 wool 3 30 360-75-75 0.28 25*
5 hemp 2 10 160x70x70 0.27 nd
5 hemp 2 20 160x70x70 0.51 nd
5 hemp 2 30 160x70x70 0.55 nd
[29]
5 hemp 3 10 160x70x70 0.72 nd
5 hemp 3 20 160x70x70 0.84 nd
5 hemp 3 30 160x70x70 1.18 nd
4 none ) ) 280-70-70 25 | nd
4 barley straw 15 150 280-70-70 26 nd
4 barley straw 2.5 150 280-70-70 27 nd
4 barley straw 35 150 280-70-70 29 nd
4 none ] ] 280-70-70 2 nd
4 barley straw 15 150 280-70-70 1.9 nd
2.5 150
4 barley straw 280-70-70 2.4 nd
35 150
[12] 4 barley straw 280-70-70 25 nd
4 none ] ] 280-70-70 11 | nd
4 barley straw 15 150 280-70-70 1.2 nd
4 barley straw 25 150 280-70-70 1.7 nd
3.5 150
4 barley straw 280-70-70 1.8 nd
4 none ] ] 280-70-70 15 | nd
4 barley straw 15 150 280-70-70 15 nd
2.5 150
4 barley straw 280-70-70 1.7 nd
4 barley straw 3.5 150 280-70-70 21 nd
7 nd nd nd 410-240-120 072 | 35
[25]
5 nd nd nd 460-240-110 048 | 51

34



430-220-120

nd nd nd 0.41 24

5 chicken 0 15 40-160-40 18 | nd
feather

5 chicken 1 15 40-160-40 165 | nd
feather

5 chicken 3 15 40-160-40 198 | nd
feather

5 chicken 5 15 40-160-40 23 | nd
feather

5 chicken 7 15 40-160-40 251 | nd
feather

5 chicken 9 15 40-160-40 24 | nd
feather

[27]+ 5 chicken 11 15 40-160-40 218 | nd
feather

5 bagasse 0 15 40-160-40 1.8 nd

5 bagasse 1 15 40-160-40 1.55 nd

5 bagasse 3 15 40-160-40 1.75 nd

5 bagasse 5 15 40-160-40 2.15 nd

5 bagasse 7 15 40-160-40 1.89 nd

5 bagasse 9 15 40-160-40 1.68 nd

5 bagasse 11 15 40-160-40 1.62 nd

*Computed by us from figures in the original paper

** Only values from tests at 180 days are shown in table. Tests were also performed at 14, 28, 56 and 90

days.
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Table A3 - Published modulus values based on different testing methodologies

Modulus
_ Fibr :=|bre Sample Mea
Method for specime Type € engt size n cV
Reference . n of h valu
determining E .
number fibres e
mm X mm
% mm MPa %
X mm
Secant modulus at one-
third of peak strength 34 straw 0.6 70 70-70-70 145 37
[1] Eus
ngcgg;kmgﬂg'n“;ﬁga” 34 straw 0.6 70 70-70-70 143 40
2
c DIN }0‘:8'? 10 straw nd 300 420-420-115 | 651 68
oncrete testing;
[23] testing of hardened 10 none - - 240-115-72 2197 3
concrete - specimens
prepared in mould) 10 none - - 110-500-500 | 803 25
2 none - - 310-460-130 94 nd
wheat 2
2 polon 50 310-460-130 | 71 nd
2 wheat 3 50 310-460-130 71 nd
straw
2 wheat 4 50 | 310-460-130 | 59 nd
straw
2 wheat 2 50 | 310-460-130 | 66 nd
straw
wheat 3
2 polon 50 310-460-130 | 58 nd
2 wheat 4 50 310-460-130 73 nd
straw
2 wheat 1 50 | 310-460-130 | 74 nd
straw
2 wheat 2 50 | 310-460-130 | 80 nd
straw
2 VSV::Z\?VI 3 50 | 310-460-130 | 66 nd
[13] Not specified
8 none - - 150-230-130 211 45
8 wheat 2 50 | 150-230-130 | 112 19
straw
8 wheat 3 50 | 150-230-130 | 108 21
straw
8 wheat 4 50 150-230-130 | 98 30
straw
8 bt 2 50 150-230-130 | 119 29
straw
8 wheat 3 50 | 150-230-130 | 132 23
straw
8 wheat 4 50 | 150-230-130 | 108 43
straw
8 wheat 1 50 150-230-130 | 155 23
straw
8 bt 2 50 150-230-130 | 139 25
straw
8 wheat 3 50 | 150-230-130 | 139 17
straw
[21] _ j 80-80-80
Between 1/3 and 2/3 of ! hone 60 16
the compressive 7 none - - 80-80-80 33 34
strength (En),
displacement measured 22 none - - 80-80-160 132 35
on the machine 5 none i i ©150-300 195 11
Between 0 and 1/3 of 7 none _ _ 80-80-80 47 72
the compressive
strength (Ews), 7 none - - 80-80-80 21 29
d'SP';‘If‘:&emaTﬁiZ“md 22 none - - 80-80-160 77 34
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©150-300

5 none - - 78 28
- R 80-80-80
Between 0 and 2/3 of ! none 47 2
the compressive 7 none ; R 80-80-80 25 31
strength (Ezzs),
displacement measured 22 none - - 80-80-160 95 32
on the machine 5 none _ i ®150-300 111 57
Between 1/3 and 2/3 of 22 none _ _ 80-80-160 195 28
the compressive
strength (En), ®150-300
displacement measured 5 none - - 802 24
on the specimens
Between 0 and 1/3 of 22 none _ _ 80-80-160 1081 56
the compressive
strength (Euws), ©150-300
displacement measured 5 none - - 1539 52
on the specimens
Between 0 and 2/3 of 22 none ; . 80-80-160 722 60
the compressive
strength (Ezzs),
displacement measured 5 none - - ®150-300 1005 24
on the specimens
5 nd nd nd ®90-160 273 43*
5 nd nd nd ®90-160 203 70+
5 nd nd nd ®90-160 97 7%
5 nd nd nd ®90-160 51 21*
5 nd nd nd ®90-160 448 78*
5 nd nd nd ®90-160 87 76+
5 nd nd nd $90-160 334 85+
5 nd nd nd ®90-160 143 56*
[24] Not specified
5 nd nd nd ®90-160 168 61*
5 nd nd nd ®90-160 117 g1+
5 nd nd nd ®90-160 200 70*
5 nd nd nd ®90-160 340 13+
5 nd nd nd ®90-160 209 o5+
5 nd nd nd ®90-160 94 78*
5 nd nd nd $90-160 114 139*
5 nd nd nd ®90-160 127 110*
Secant modu|us at one- 4 nd nd nd ®90-160 9000 28
third of peak stress, 3 nd nd nd ®90-160 | 15000 45
deformations measured
on specimens 3 nd nd nd ®90-160 17500 36
[25]
4 nd nd nd ®90-160 1500 24
Secant modulus at peak
stress, deformations 3 nd nd nd ®90-160 2500 33
measured on specimens
3 nd nd nd ®90-160 2000 35
3 none - - $50-50 502 34
From the linear part of barley
the stress-strain curves, 3 straw 3 10 ®50-50 62 5
not specified if barley
[26] displacements 3 straw 6 10 ®50-50 31 3
measured on the
| d
machine or on the 3 i 3 8 ®50-50 134 8
specimen
3 lavender 6 8 ®50-50 64 5
straw
Secant modulus chopped .
[20] between 5% and 50% of 94 straw 3 65 50-50-50 32 2
maximum stress, chopped
deformations measured 48 straw 5 25 50-50-50 s7 45
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Londg masigg
cycles at 20% of

maximum expected none
stress level, 3 (rammed - - ®64-140 2460 nd
displacements earth)
measured on specimen
Loading-reloading
cycles at 40% of none
maxhem K/‘;‘de 3 (rammed - - ©64-140 | 2230 nd
displacements earth)
[9] measured on specimen
Loading-reloading
cycles at 60% of none
maxmem %F:de 3 (rammed - - ©64-140 | 2110 nd
displacements earth)
measured on specimen
Loading-reloading
cycles at 80% of none
maxmem ﬁ?’xaed 3 (rammed - - ©64-140 | 2000 nd
displacements earth)
measured on specimen
Double flat jack tests,
slope of the elastic
range of the material 5 wheat 1.5 400 400-1000- 176 49
stress/ straw 1000
[30] strain curves
Double flat jack tests,
secant modulus wheat 400-1000-
computed in accordance 5 straw 15 400 1000 203 43
with ASTM C1197
chicken
271 Secant modulus at 1/3 nd feather nd nd 50-50-50 1055 47
or the peak strength nd bagasse nd nd 50-50-50 881 38

*Computed by us from figures in the original paper
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