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Abstract 
The need to reduce greenhouse gases emission produced by the building sector leads to the 
research of renewable and less impacting materials that can replace traditional ones. This study 
focuses on development of a new sustainable building material using hemp and natural clay. 
In this work, experimental investigation was carried out to study the mechanical performance of 
hemp clay composite. The composites are made with different Hemp to Binder mass ratio. The 
hemp to Binder ratio is estimated regarding traditional mix proportioning of hemp concrete used 
for floor, wall and roof. Firstly, hemp shiv was characterized in term of density, particle size 
distribution and water absorption. Then, the mechanical properties are determined to compare 
the mechanical behavior of the hemp clay composites with hemp concrete. The results show that 
the density of the composite materials varies with the H/B ratio. The density range between 373 
kg/m3 and 510 kg/m3. It is shown that mechanical properties depend strongly on the Hemp to 
Binder ratio and on density. The tensile strength ranges from 0.021 to 0.026 MPa and the 
compressive strength ranges from 0.39 to 0.48 MPa. 
The results show that the mechanical performance of produced composite materials meets the 
requirements of the intended use. 
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1 INTRODUCTION 
In a context of sustainable development, bio-based 
building materials are developed to replace 
conventional products in order to reduce the impact on 
environment. Bio-based materials are relevant 
because they are made from renewable raw materials 
and allow carbon storage during their growing 
[Amziane 2013]. Among them, hemp based materials 
have been studied a lot these last years because 
hemp shiv have many advantages (renewal, carbon 
sequestration…) [Amziane 2013]; [Pretot 2014]; 
[Boutin 2005]; [Cerezo 2005]; [Collet 2012]; [Collet 
2014]; [Evrard 2006]; [Tran Le 2010]. Up to now, many 
researches have been conducted on hemp concrete 
[Laurent 2012]; [Collet 2013]. This material is usually 
made of hemp shiv and lime based binder. In such 
material, the LCA exhibit that the lime is the more 
impacting component during the production phase 
[Pretot 2014]. 

In order to reduce the environmental impact of hemp 
composite, this study aims to replace lime based 
binder by natural clay. Actually, the overall 
environmental impact of natural clay is low: the 
resource is available in large quantities, the energy 

required to extract, transform and produce materials 
from earth is extremely low and it is a recyclable 
material.  

The use of earth as a construction material is not new. 
It has been used for several thousand years in various 
regions of the world [Montgomery 2002]. Several 
researches have studied the effect of plant particle 
addition on the mechanical properties of earth-based 
composites. Bouhicha et al., showed that the strength 
of the most clayey earth (between 28 and 40% of clay) 
was improved by 10–20% by adding 1.5% of barley 
straw [Bouhicha 2005]. Another study has been 
conducted by Millogo [Millogo 2014] on two fibers 
lengths and different proportions. The optimum 
determined was a fiber content of 0.4%, which 
increased the strength by around 16% for short fibers 
(3 cm) and 8% for the longest fibers (6 cm). This 
increase of compressive strength was correlated with 
the characteristics of the plant used. But other authors 
reported that adding natural fiber reduce compressive 
strength. [Algin 2008] showed that the dry compressive 
strength was inversely proportional to the cotton 
content: a decrease of 71% was reached for an 
addition of 7% of cotton. 
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This study aims to developing a novel sustainable 
building material by coupling bio-based aggregate with 
a mineral binder. For environmental reason, natural 
clay was used. Such mineral matrix is highly 
interesting on hygric point of view, due to its capacity 
to regulate ambient relative humidity [Cagnon 2014]. 
On thermal point of view, clay is not a good thermal 
insulator due to its high density. For this purpose, the 
natural clay was coupled with hemp shiv for different 
hemp to binder ratio in order to reduce the composite 
thermal conductivity. The hemp to Binder ratio is 
estimated regarding traditional mix proportioning of 
hemp concrete used for floor, wall and roof.  

In this study, we are interested in the mechanical 
properties of developed composites. The 
characterization is based on the measurement of 
compressive strength, tensile strength and elastic 
modulus. The effect of H/B ratio on these properties is 
also investigated. Optimization of clay-hemp composite 
formulation is then discussed. 

2 MATERIALS AND METHODS 
2.1 Binder 

The used natural clay corresponds to a washing mud 
taken from a gravels production site. After decanting, 
the mud is dried in an oven at 100°C. After drying, the 
material is milled with a knife mill. The powder is then 
sieved with a square mesh of 2 mm side to remove the 
larger particles. For this material, the particle-size 
distribution curve determined by laser technique is 
shown in Fig. 1 and the main physical characteristics 
are summarized in Tab. 1. This material is mainly 
composed of silt (2 µm < D < 63 µm) with a medium 
value of the Atterberg liquid limit. 

 
Fig. 1: Particle size distributions of clay 

Fig. 2: X-ray diffractograph of clay 

Fig. 2 gives the X-Ray diffractograph of the tested clay. 
The clay is composed of quartz, muscovite and 
kaolinite. 

Tab. 24: Physical characteristics of natural clay 

 Parameters Clay  

Density s (g/cm3) 2.57 

Atterberg 
limit 

WL 36 

WP 26 

IP 10 

Grain size 
distribution 

% < 2 µm (clay) 14.06 

2 µm < % < 63 µm (silt) 85.72 

63 µm < % (sand) 0.22 

D50 (µm) 9.7 

2.2 Hemp shiv 

The used shiv are commercial products Biofibat 
(from CAVAC France). Different characterization tests 
were performed in laboratories; they include among 
others: bulk density, water absorption and particle size 
distribution by two methods: mechanical sieving and 
image analysis. The characterization is performed 
following the recommendation of RILEM Technical 
Committee 236 Bio-aggregate based Building 
Materials [Amziane 2017]. 

Bulk density 

The tests of bulk density were conducted according to 
the experimental protocol defined by RILEM TC 236. 
Before the test, the hemp shiv is dried in an oven at 60 
°C until the mass change is less than 0.1% in 24 h. 
The bulk density of hemp shiv was measured at room 
temperature (21 ± 2°C) after cooling in sealed 
container. A glass cylinder of 10 cm in diameter and 20 
cm in height and a balance accurate to 0.04g were 
used. The glass cylinder was filled with dry shiv (to 
about half the height of cylinder), the level was marked 
after up-ending the glass cylinder ten times, and the 
corresponding volume was measured with water. 

The bulk density of the hemp shiv is determined by the 
equation (1): ρHS = MSMW ρW (1) 

ρHS: Bulk density of Hemp shiv (kg/m3) 

MS: Mass of dry hemp shiv (g) 

MW: Mass of water corresponding to the dry hemp shiv 
(g) 

ρW: Density of water (1000kg/m3) 

The bulk density of hemp shiv was the mean value of 
the measurements made on five different dry samples. 

The bulk density of hemp shiv is about 107± 3.3 kg/m3. 
This value is within range of values found in the 
literature [Arnaud 2012] [Nozahic 2012b]. 

Particle size distribution 

The particle size distributions of hemp shiv are 
analysed by using two methods: mechanical sieving 
and image analysis [Amziane 2017].  

The mechanical sieving method is the reference 
technique when dealing with characterization of 
mineral aggregates [AFNOR 1996]. For the analysis of 
vegetal origin aggregates, square mesh sieves are 
inappropriate because they do not take into account 
the elongation of aggregates [Igathinathane 2009]. 
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Hence, the image analysis method was performed 
using a color scanner and ImageJ software to analyse 
scanned at 600 DPI images. This method was carried 
out on the hemp shiv sample weighing around 6g. 

Fig. 3: Particle size distribution of shiv 

Fig. 3 shows the particle size distribution of hemp shiv 
obtained with mechanical sieving and image analysis 
using ImageJ software. This figure indicates that the 
size distribution of hemp particles according to the 
width is very close to the distribution obtained by the 
sieve method. This result is in accordance with the 
literature [Nguyen 2010] [Nozahic 2012a] [Picandet 
2012].  

The result shows that hemp particle size was 
distributed from 0.14 mm to 6.8 mm, from 0.6 mm to 
40.6 mm and from 0.36 mm to 12.48 mm according to 
the width, length and equivalent diameter respectively. 

The mean width of particles (w50) is 2.9 mm and the 
mean length is 11.5 mm. 

Water absorption 

The tests of water absorption were conducted 
according to the experimental protocol developed by 
the RILEM TC 236.  

Before test, the shiv is dried in an oven at 60 °C until a 
mass change less than 0.1% in 24 h. The water 
absorption of hemp shiv was determined on five 
samples. The quantity of each dry sample is around 
25g. The samples were immersed in water in a 
synthetic permeable bag and the mass was measured 
after 1, 15, 60, 240 minutes, and 48 hours. Before 
each weighting, the material was quickly dried with a 
salad spinner (100 rounds at approximately 2 rounds 
per second). The aim of this step was to eliminate the 
water adsorbed at the surface of plant particles or 
located among them.  

The water absorption of the hemp shiv is calculated 
gravimetrically by the equation (2): W(t) = m(t) − m0m0 ×100 (2) 

Where W (t) is the water absorption ratio at time t, m(t) 
the soaked hemp shiv aggregate mass at time t, and 
m0 is the initial mass after oven drying. The weighing is 
performed with a balance accurate to 0.04 g. 

The variation of water absorption W versus time is 
fitted with the equation (3):  W(t) = IRA + K1. Log(t) (2) 

Where K1 is a kind of diffusion rate in shiv cells (which 
correspond to the slope of the curve W (t) in function of 
logarithmic time), IRA represents the characteristic 
factor of the external water adsorption on the shiv 

surface, and is related to the first minute measurement 
(which correspond to W (1min)). 

Fig. 4 shows the water absorption capacity of hemp 
shiv. Obtained results are similar to the one produced 
in previous studies [Cérézo 2005] [Nguyen 2009] 
[Nozahic 2012b]. 

 
Fig. 4: Water absorption test of hemp shiv 

We can observe two phases of absorption. The first 
one is a surface absorption phase which causes an 
almost instantaneous increase of the aggregates 
mass. It highlights the rapid nature of the wetting of 
hemp particles. The second phase is the slow 
absorption into the vegetable structure. This 
demonstrates the diffusive behavior of the water 
propagation in the structure up to 48 hours. 

It can be seen that hemp shiv is able to absorb a large 
amount of water in a short period of time. Within 15 
minutes of submersion, all five samples had absorbed 
around 200 % of their own weight in water. At the end 
of the test after 2 days of submersion, the all five 
samples had absorbed around 300 % of their own 
weight in water. These results confirm the high water 
absorption and retention capacity of hemp shiv, 
attributed to their high porosity and capillary structure 
in previous studies [Arnaud 2012], [Nozahic 2012b]. 

2.3 Formulations and specimens production 

In this study, different composites were produced by 
mixing hemp shiv with natural clay binder with four 
Hemp/Binder ratios (0.4, 0.455, 0.5 and 0.75). The 
hemp to Binder ratio is estimated regarding traditional 
mix proportioning of hemp concrete used for floor, wall 
and roof [CEC 2007]. 

The hemp shiv was weighed and mixed by hand for 
about 2 min in a container with water to hemp mass 
ratio of 0.4.  

At the same time, binder powder and water are mixed 
with the mixer to form a binder paste. In order to reach 
the same consistency of the mixtures for the 
production of the manufactured samples the W/B ratio 
was adjusted. The different ratios and mix 
compositions are summarized in Tab. 2. 

The moist hemp was progressively added to the binder 
paste and mixing is continued for approximately 5 min 
until a homogeneous mix is obtained.  

The mixture is then placed in cylindrical moulds of 10 
cm of diameter and 20 cm in 4 layers: each layer is 
compacted at 0.1 MPa using a compressive testing 
machine [CEC 2007](Fig. 5). The moulds are oiled to 
facilitate sample extraction from the mould. 
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Fig. 5: Production process: a) Binder mixing; b) Hemp 
mixing by hand; c) Addition of the moist hemp and 

mixing; d) Compaction 

A cover is put and the specimens are kept for a period 
of at least 5 days after which the specimens were 
removed from the mould. The specimens are then kept 
at 23 °C and 50% of relative humidity until the day of 
the mechanical test. The mass was regularly 
measured after removing the specimens from the 
moulds. 

Tab.2: Composition of the studied materials 

 Ratio Mass percentage (%) 

 
H/B W/B Binder Hemp Water 

HCC-0.4 0.4 0.56 51.0 20.4 28.6 

HCC-0.455 0.455 0.58 49.1 22.3 28.6 

HCC-0.5 0.5 0.60 47.6 23.8 28.6 

HCC-0.75 0.75 0.80 39.2 29.4 31.4 

2.4 Specimen preparation 

Saw-cutting the specimen ends for surface preparation 
was tried but proved unsuccessful; the cohesion of 
material is insufficient for the cutting. Specimens are 
prepared with a fast-hardening plaster to cap both 
ends in order to ensure flat and parallel end surfaces, 
and to ensure homogeneous distribution of loading 
(Fig. 10). Although this introduces a small amount of 
water to the ends of the specimens, this was found to 
be the best technique. 

 

Fig. 6: specimen preparation 

2.5 Mechanical properties 

Mechanical tests are made with a universal machine 
(Instron®) of capacity 400 kN controlled in 
displacement (cyclic loading) with a data recording at 
0.10 Hz. Displacement control tests were conducted 
with a loading rate of 10 mm/min. 

For compressive strength three cylinders per 
formulation were tested. The test protocol includes two 
loading unloading cycles. The first unloading is started 
when the load reaches 1KN and the second unloading 
is started when the displacement reaches 10 cm. 
Cyclic loading allows the analysis of the effect of 
loading and unloading on elastic behavior. 

The identification of compressive strength in the case 
of compacting behavior is not defined by the 
community. Wood industry uses the strength obtained 
for 10% of strain. In our case, compressive strength is 
understand as the transition between reversible 
behavior and compacting behavior. Then the 
compressive strength was established as the slope 
change stress on the curves strain-stress. 

Three moduli are determined, which can be calculated 
as shown in Fig. 7. The initial apparent modulus Ea1 
corresponds to the slope at the beginning of loading in 
the strain-stress curve. The elastic modulus Ee 
corresponds to the slope of linear portion of unloading 
cycle. The second apparent modulus Ea2 corresponds 
to the slope of linear portion at the second cycle of 
loading in the strain-stress curve. 

For tensile strength by splitting, two cylinders per mix 
were tested by applying a linear load onto the 
specimen generator. Splitting tensile strength, T, in 
MPa was calculated using Eq. (4). T = 2Fmaxπdl  (4) 

Fig. 7: Identification of apparent and elastic modulus 

3 RESULTS AND DISCUSSION 
3.1 Density of formulations 

The variation of the specimen density with different 
H/B ratios was measured as a function of drying time 
(Fig. 8). The density of each formulation was the mean 
value of the measurements made on five different 
specimens. The typical drying time is about 35 days 
whatever the H/B ratio (the stabilization time is 
reached when the change in density of the sample was 
less than 0.1% in 24 h). This result is in line with the 
observation realized in a previous study [Nguyen 2010] 
and [Nozahic 2012a], which show that the mass 
stabilization is reached after around 40 days. The 
variations are the most intense during the first week of 
drying and these variations were insignificant after 25 
day. 

 

Fig. 8: Variation of the specimen’s density as a 
function of drying time 
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Fig. 9 shows the variation of density at 23 °C and 50% 
RH versus H/B ratio. It can be observed that this 
density decreases logarithmically with H/B ratio. The 
correlation coefficient is very close to 1. In fact, the 
density ranges between 373 kg/m3 and 510 kg/m3. The 
decreases of density can be explained by the lower 
hemp density itself and by higher water content. 

The relation between the density and the H/B ratio can 
be presented by the following Eq. (5) for H/B ratio 
between 0.4 and 0.75: ρHCC =  −212.8 ×ln (HB) + 310.22 (5) 

Fig. 9: Variation of density at 23 °C and 50% RH 
versus H/B ratio 

3.2 Compressive strength 

To characterize the influence of H/B ratio on 
mechanical properties of hemp clay composite (HCC), 
five specimens of each formulation were manufactured 
and tested after 3 months of setting and drying. 

Fig. 10 shows typical compressive stress-strain curves 
for hemp clay composite with different H/B ratio. 

For HCC formulations with H/B ratio equal to 0.4, 
0.455 and 0.5 the failure of specimen is between 25% 
and 30% of strain. For the formulation with H/B ratio 
equal to 0.75, the compression does not lead to the 
failure of specimen, but induces a continuous 
compaction with increase of the stress. This 
compaction phenomenon is similar to what is observed 
in some highly porous materials under compression, 
constrained compression or indentation [Arnaud 2012] 
and [Nguyen 2009]. 

The compressive strength was established as the 
slope change stress as mentioned on each curve on 
Fig. 10. The different mechanical properties obtained 
are summarized in Tab. 3.  

The variation of the compressive strength of the 
composite as a function of H/B ratio is shown in Fig. 
11. The results show that the average compressive 
strength of all formulations ranges between 0.39 MPa 
and 0.48 MPa. For the lime–hemp concrete, the 
average compressive strength varies from 0.1 MPa to 
0.8 MPa [Arnaud 2012] and [Elfordy 2008]. It can be 
seen that the compressive strength of all the produced 
composite materials meets the requirements of the 
intended use recommended by the French 
professional rules for hemp concrete structures [CEC 
2010].  

It can be seen that the compressive strength 
decreases with H/B ratio. Actually, the compressive 
strength decrease by 17% when the H/B ratio varied 
from 0.4 to 0.75. The decrease of compressive 

strength with H/B ratio can be explained by the 
increasing of porosity, which agrees with some 
previous works [Jorillo, 1992] and [Mac Vicara et al., 
1999]. 

In fact, the compressive strength of the studied 
materials is greatly influenced by the variation of the 
density (Fig. 12). The resistance of the composites is 
improved when the density increases. The relation 
between the compressive strength and density can be 
presented by the following Eq. (6): σHCC =  0.0006×ρ + 0.1539 (6) 

Similar relationship between mechanical resistance 
and density are found for lime–hemp concrete [Arnaud 
2012] [Elfordy 2008]. 

Fig. 10: Compressive strength tests on the hemp clay 
composite after 3 month with curing at 23°C and 50% 

RH 

 
Fig. 61: variation of compressive strength versus H/B 

ratio 

Fig. 12: variation of compressive strength versus 
density 
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Tab. 3: Mechanical properties of different formulations 

Formulations ρ (kg/m3) σC (MPa) σT (KPa) Ea1 (MPa) Ee (MPa) Ea2 (MPa) 

HCC-0.4 509.48 0.48±0.01 26.24±2.30 3.27±0.24 26.12±0.67 4.04±0.14 

HCC-0.455 477.36 0.47±0.01 25.99±1.00 2.80±0.14 23.52±0.84 3.74±0.16 

HCC-0.5 451.51 0.43±0.01 21.63±0.87 2.76±0.04 20.19±0.61 3.73±0.05 

HCC-0.75 373.71 0.39±0.001 20.61±1.76 2.62±0.09 16.25±0.09 3.64±0.1 
 

3.3 Tensile strength 

The variation of the tensile strength of the composite 
as a function of H/B ratio is shown in Fig. 13. The 
tensile strength is strongly influenced by the H/B ratio. 
In fact, it decreases by 17% when the H/B ratio varied 
from 0.4 to 0.75. Like for compressive strength, the 
tensile strength increases quite linearly with density 
(Fig. 14). 

The tensile strength increases when compressive 
strength increases. This evolves according to 
exponential function with very good correlation as 
shown in Fig. 15 (yielding correlation coefficient of R2 = 
0.9869). The relation between the compressive 
strength and the tensile strength can be presented by 
the following Eq. (7): σT =  0.0058×𝑒(3.1806×𝜎𝑐) (7) 

 

Fig. 13: variation of tensile strength versus H/B ratio 

 
Fig. 14: variation of tensile strength versus density 

 
Fig. 15: variation of tensile strength versus 

compressive strength 

3.4 Elastic modulus 

Fig. 16 shows the variation of elastic modulus of the 
composites as a function of H/B ratio. 

The elastic modulus decreases with H/B ratio. This 
result is in agreement with other studies incorporating 
hemp Fibers [Quagliarini et al., 2010]. The relation 
between the elasticity modulus and H/B ratio can be 
given by Eq. (10): Ee =  12.878 × (HB)−.0742

 (8) 

Fig. 16: variation of elastic modulus versus H/B ratio 

Fig.17 presents the variation of elastic modulus in 
function of density. The results show a linear relation. 

The linear evolution of elastic modulus and 
compressive strength with density lead to highlight a 
linear relation between elastic modus and compressive 
strength. This relation is presented in 18 with very 
good correlation. 
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Fig. 17: variation of elastic modulus versus density 

 
Fig. 18: variation of elastic modulus versus 

compressive strength 

3.5 Apparent modulus 

The effect of H/B ratio on apparent modulus is shown 
in Fig. 19. As it can be seen, the apparent modulus 
decreased as the hemp content increased, in 
accordance with other studies incorporating hemp 
fibers in lime [Del Valle-Zermeño 2016] [Tronet 2016]. 
The apparent modulus Ea1 decrease by 20 % when 
H/B ratio varied from 0.4 to 0.75.  

 
Fig. 19: variation of apparent modulus versus H/B ratio 

It can be clearly seen that Ea2 is higher than Ea1 by 
24–39% depending on the H/B ratio used. In fact, the 
cycle loading unloading enhances the apparent 
modulus due to little compaction effect. 

The effect of density on apparent modulus Ea1 and 
Ea2 is shown in Fig. 20. It appears that the influence of 
density is negligible on Ea1 and Ea2 which are quite 
constant. The composite with H/B ratio equal to 0.5 

have lower apparent modulus (Ea2) than the minimum 
apparent modulus for wall recommended by the 
French professional rules for hemp concrete structures 
[CEC 2010], which equal to 15 MPa. However, the roof 
formulation of composite have higher value than the 
minimum apparent modulus for  roof recommended by 
the French professional rules for hemp concrete 
structures [CEC 2010], which equal to 3 MPa. 

 
Fig. 20: variation of apparent modulus versus density 

4 CONCLUSION 
This study investigates the use of clay as binder for 
hemp composite with several hemp to binder ratios 
and studies their effect on mechanical properties. 

The density of the hemp composites decreases with 
H/B ratio. The composite materials shows similar 
density as traditional hemp-lime concrete which ranges 
generally between 350 kg/m3 and 550 kg/m3. 

The mechanical properties depend strongly on the H/B 
ratio. The compressive strength ranges from 0.39 to 
0.48 MPa and the tensile strength ranges from 0.021 
to 0.026 MPa for hemp clay composite when H/B ratio 
ranges between 0.4 and 0.75. 

The experimental results show that all formulations 
have ductile behavior. Note that formulations with 
highest H/B ratio show steadily increasing strength 
with deformation. Since the force–displacement curve 
does not show a peak in this case. 

The results show that the hemp clay composites have 
an apparent modulus lower than the requirements of 
the intended use [CEC 2010]. The apparent modulus is 
not very representative of the real elastoplastic 
behavior of this kind of material. For this reason, we 
will take the elastic modulus, which is determined on 
loading/unloading cycles as representative value of 
these materials that satisfies the value recommended 
by the French professional rules for hemp concrete 
structures [CEC 2010]. 

The mechanical strength drops with a decrease in 
density. But, the ductility increases, which could induce 
settlement of the wall and reduce the crack 
occurrence. 

The results show that the mechanical performance of 
produced composite materials meets the requirements 
of the intended use. 
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