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Abstract
This study presents the elaboration and characterization of a composite material based on Typha australis and clay for the use 
of an innovative building material in construction. For this purpose, various percentages ranging from 0 to 55% with a pitch 
of 15 were used. The aim is to find a better compromise between the thermal and mechanical properties of this composite 
material. According to this, the influence of the length of the 1 cm and 3 cm fibers was studied. As Typha australis is very 
porous, the hydric properties of the material studied in this work show that its porosity increases the rate of water absorp‑
tion following a logarithmic law and the mass loss of the composite material evolves exponentially as a function of time. 
The mass increases when the percentage of fibers is low. The thermophysical property of Typha australis is 0.06 W/m K. 
That property allows us to state that Typha australis can be used for thermal insulation. The thermophysical properties of 
the composite material show that the thermal conductivity decreases as the percentage and length of fibers increase. In 
fact, the thermal conductivity of the clay is 1.03 W/m K while the mixture of clay with 55% of 1 cm fibers gave a thermal 
conductivity of 0.146 W/m K. The mixture of clay with the same percentage of 3 cm fibers gave a thermal conductivity of 
0.113 W/m K. Nevertheless, the fibers have a negative effect on the mechanical properties and the increase in the length of 
the fibers improves the flexural strength.
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Statement of Novelty

• Valorization of an invasive plant called Typha australis 
as a building material.

• Design of a new bio‑based material (mixture of clay 
and Typha australis)

• Thermal and mechanical characterization of this mate‑
rial

• Influence of the length and percentage of these fibres 
on thermal and mechanical properties

Introduction

The building sector is one of the largest consumers of 
energy. It consumes 40% of the world’s energy, and this is 
due to building materials and energy systems (Air Condi‑
tioning–Ventilation–Heating). In line with the “Paris Agree‑
ment”, the Low Carbon Strategy, induced by the Energy 
Transition Law, plans to reduce GHG emissions by 50% by 
2030. To achieve this objective, it’s necessary to reduce the 
energy needs of buildings while limiting the carbon footprint 
of materials and equivalents [1].
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Materials of plant origin such as hemp, straw, flax, 
Kenaf…etc. have several advantages: Low grey energy, 
renewable resources, reduction of greenhouse gases.

These materials are developing as the most successful 
bio‑based building materials in France [1]. Several geo‑
source materials can be used as binders with these bio‑based 
materials, including raw earth. Raw earth has been and 
remains one of the main building materials used by mankind 
for centuries. Today still more than 1/3 of the world’s inhab‑
itants live in earthen buildings and in developing countries; 
this proportion rises to 50% of the rural population and at 
least 20% of the urban and semi‑urban population [2]. In 
Europe (Sweden, England, Spain and Portugal), this type 
of building in rural areas is part of the cultural heritage. 
Those buildings built by the huge (earth–fibers mixture) is 
a traditional earth construction technique used for thousands 
of years all over the world and in all climates [3]. Generally, 
current buildings are designed without taking into account 
their climatic environment, the building materials used in 
these buildings are polluting and there is a high emission of 
greenhouse gases during the manufacturing process. Unlike 
traditional and vernacular buildings, which were well inte‑
grated into their environment and more sustainable, thanks 
to local and natural materials. The advantages of sustain‑
able buildings are resource availability, recyclability, low 
environmental cost, no toxicity, biodegradability and good 
thermo mechanical performance [4–6]. The use of those 
fibers are interesting from an economic and environmental 
point of view [7]. By using them as a bio‑based material, 
those fibers help to stabilize the soil [8]. Daher et al. [9] 
have conducted an experimental study on the effect of the 
moisture and drying cycle on the physico‑mechanical prop‑
erties of rapeseed straw used as a building material. Lachheb 
et al. [10] have shown that the addition of alpha fibers to 
gypsum improves the thermal conductivity of the material. 
Studies have also shown that mixing clay with sunflower 
and rapeseed straw as well as gypsum‑based bio‑composites 
can reduce the thermal conductivity value. As the density 
decreases, the thermal conductivity decreases, which has 
a negative influence on the mechanical properties [11]. 
Ground coffee can also be considered as a bio‑based mate‑
rial. Indeed, Lachheb et al. [12] have shown in their article 
that the mixture of plaster and ground coffee has a good 
energy performance. Other bio‑based materials are studied 
in the literature. Sibiath et al. [13] studied matrices based on 
cement and coconut fibers and a good thermal performance 
was found with the addition of 4% of coconut fibers. The 
bio‑based materials studied by Elhamdouni et al. [14] are 
based on straw and alpha fibers that have been mixed with 
clay or those studied by Palumbo et al. [15] which consist in 
adding maize fibers and fibers to compressed soils artificially 
made from Kaolinite. These materials have demonstrated 
their ability to decrease the value of thermal conductivity 

in the matrices, which confers good thermal performance. 
Labouda et al. [16] reviewed the issues of bio‑based materi‑
als on thermal performance by conducting a comparative 
study of bio‑based materials. This review focused in par‑
ticular on Typha australis. Indeed, Typha australis is one of 
the aquatic plants of the family of Typhaceae [17, 18]. It is 
a plant that can be found in different continents with various 
applications. In India, this plant is considered a weed with 
a low nitrogen supply [19]. In Iran, studies on the physico‑
chemical properties of natural fibers extracted from Typha 
australis have been carried out [20]. In Chile, this plant is 
used in medicine against tumour diseases [21]. In Benin, the 
proliferation of this plant is a real problem for the rivers in 
the valley. This plant has been valorized into bioethanol pro‑
duced by enzymatic hydrolysis and bio‑fermentation, which 
can be used as a biofuel substitute for gasoline, reducing 
 CO2 by 90% [22]. A limited number of researchers have 
studied the hydric, thermal and mechanical characterization 
of Typha australis using clay or cement as a binder.

Dieye et al. [23] showed in their paper that the addition 
of Typha australis on clay decreased the value of thermal 
conductivity but did not improve the mechanical strength. 
With proportions of Typha australis between 15.1 and 22. 
9% were mixed with clay. That study showed that when 
the percentage of Typha australis increased the thermal 
conductivity value decreased from 0.163 to 0.127 W/m K, 
however the mechanical strength decreased (for compres‑
sive strength from 0.98 to 0.32 MPa and for tensile strength 
from 0.79 to 0.28 MPa) [23]. Niang et al. [24] studied the 
hygrothermal properties of Typha australis using earth as 
a binder and also studied the influence of fibers cutting on 
thermal performance, two cuts were made the transverse 
cut and the longitudinal cut and 20% (in volume concentra‑
tion) of Typha australis was studied for each cut and 33% (in 
volume concentration) of Typha australis for the transverse 
cut. The result showed that the transverse cut with 20% of 
Typha australis showed a better thermal performance with 
a thermal conductivity of 0.115 W/m K, the longitudinal cut 
with 20% of Typha australis gave a thermal conductivity of 
0.131 W/m K and the transverse cut with 33% of Typha aus-
tralis gave a thermal conductivity of 0.164 W/m K [24]. Dia‑
tta et al. [25] studied the mixing of cement, sand and Typha 
australis. The percentage of Typha australis ranged from 
0 to 3.5%. The addition of Typha australis to the mixture 
resulted in a decrease in thermal conductivity and also in 
mechanical strength. The mechanical characteristics would 
have been improved by the addition of Typha domingens 
natural fibers in polymer matrix composites [26]. An incor‑
poration of Typha with percentages (0 to 3.5% with a 0.5% 
pitch) in a cement mortar was made by Abdelhakh et al. 
[27] in order to analyse its influence on the thermal and 
mechanical behaviour. The results of this experiment show 
that Typha is a very light material with a bulk density of 
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51.6 kg/m3 and an absolute density of 144.95 kg/m3, the den‑
sity of the mixture is higher in the wet state than in the dry 
state and it decreases with the increase of the proportions of 
Typha which allows the value of the thermal conductivity 
to decrease [27].

With the aim of contributing to studies in the literature, 
this paper presents our experimental results concerning the 
valorisation of Typha australis in the design of bio‑sourced 
building materials, using clay as a binder. These results 
should make it possible to highlight the influence of the 
variation in length and percentage of Typha australis on the 
hydric and thermomechanical properties of these types of 
materials. The percentages studied haven’t been treated in 
the literature before.

Materials and Methods

Materials

Typha australis and clay were sampled at the same site. The 
sampling site is the Diawling National Park which was cre‑
ated in 1991 in the lower Mauritanian delta of the Senegal 
River. This dam was created in response to environmental 
and socio‑economic degradation following the construction 
of the Diama downstream and Manantali upstream dams 
[28]. This site is located in the lower delta of the Senegal 
River on the right bank between 16° 35′ 00 and 16° 30′ 00 N 
[29]. Typha australis is taken from the site as a plant about 
170 cm high, dried in the sun and cut transversely, Typha is 
shown below (Fig. 1).

The clay taken from the site was dried in the sun, then 
ground into powder and sieved with a 5 mm sieve, the ready 
clay sample is shown in the Fig. 2.

The characteristics of these materials namely: bulk and 
absolute density, porosity, grain size and Atterberg limit are 
represented in this section.

Table 1 gives the values for porosity, bulk density and 
absolute density. The last two are determined respectively 
according to the following standards NF P 94‑053 and NF 
P 18‑554.

Figure 3 gives the grain size of the clay, the percentage 
of passage ways as a function of the diameter of the sieve.

Table 2 represents the Atterberg limit and the optimum 
water content which, at the same time, makes it possible to 
determine the dry density.

We had determined the geotechnical characteristics of 
these materials, which will be used in the formulation of 
the specimens. The last one will be detailed in the experi‑
mental protocol.

Fig. 1  Typha australis

Fig. 2  Clay

Table 1  Material characteristics

Materials Bulk density 
(kg/m3)

Absolute density 
(kg/m3)

Porosity (%)

Clay 1120 2151.9 48
Typha australis 60 461.53 87

Fig. 3  Clay grain size

Table 2  Atterberg limit

Optimum water content = 22.55%
Dry density = 1.62 g/cm3

Liquidity limit (LL) 43.5%
Plasticity limit (PL) 22.99%
Plasticity index (IP) 20.51%

Author's personal copy
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Experimental Protocol

In this part, we will show the methodology followed for 
the implementation of the specimens as well as the experi‑
mental protocols that have been adopted for the characteri‑
zations: hydric, thermal and mechanical.

Specimen’s Elaboration

The specimens have been elaborated from the materials 
presented in the previous section. Different formulations 
were studied by varying the percentage and length of fib‑
ers while keeping the water/clay ratio (by mass) constant.

For each formulation, several specimens of two differ‑
ent size ranges were manufactured, of which 130 speci‑
mens in total (Table 3).

The percentage of fibers varies between 0 and 55% with 
a 15% step. This choice was made in order to distinguish 
it from previous work done on typha‑based materials 
whose percentage ranges varied from 0 to 3.5% and 20 
to 30%. Not seeing a great impact by choosing percent‑
ages between 0 and 3.5% (Table 4), we opted for percent‑
ages between 0 and 55% in order to show the real impact 
of these fibers on a clay matrix. For the length of fibers, 
being a porous material (porosity of Typha australis is 
87%), we considered interesting to vary the length of fibers 
in order to evaluate its impact on the thermomechanical 
characteristics of the material. For this, two lengths were 
chosen 1 cm adapted to the one studied in the literature 
and increasing three times this length (3 cm). The diameter 
of fibers is 0.8 cm

where l: length in cm, d: diameter in cm.
The mass of the water was determined by the following 

formula:

(1)The aspect ratio∶ � =
1

d

where LL: liquidity limit, LP: plasticity limit, me ∶ water 
mass, ma∶ clay mass.

The masses of clay and typha were determined by the 
law of mixture according to the volumes of the specimens.

Table 5 brings together the formulations studied:
Procedure for the manufacture of specimens:

• Due to the high absorption coefficient of fibers, they 
were immersed in water until they were saturated (The 
water absorption coefficient of Typha australis is 350% 
and is reached at the 120th min.) [30].

• This pre‑wetting avoids water competition during the 
mixture [31] gives the rapid water absorption of fibers, 
which allow the pulp to absorb the necessary water to 
improve the water‑pulp interaction.

• The mixing method in the mortar mixer has been 
adapted to the NF ISO 18650 standard, which consists 
to put the mixture (binder + fibers in this case) in the 
bowl of the mixture and melt it in1minute in order to 
avoid that the fibers are crushed. We reduced the mix‑
ture to 30 s at slow speed and the quantity of water was 

(2)
me

ma

=
(LL + LP)

2

Table 3  Specimen shape and 
size

Tests Thermal properties Mechanical properties Hydricproperties

Types of specimens Cylindrical (Diameter 
11 cm, Height 5 cm)

Prismatic 
(4 cm*4 cm*16 cm)

Prismatic 
(4 cm*4 cm*16 cm)

Number of specimens 40 60 30

Table 4  Thermal and 
mechanical properties of some 
materials based on Typha 
australis 

Binder Percentage of 
fibers (%)

Thermal conduc‑
tivity (W/m K)

Compressive 
strength (MPa)

Authors

Cement + sand + water 0 to 3 1 to 0.126 4 to 0.89 Diata et al. [25]
Cement + sand + aggregate 0 to 3.5 1 to 0.430 7.8 to 0.1 Abdelhakh et al. [27]

Table 5  Specimen composition

The formulations are named  ATi
j

i: percentage of Typha australis 
j: the percentage of Clay in the matrix

Formulation Water/clay (in 
mass)

Typha australis 
(%)

Clay (%)

AT0
100 0.33 0 100

AT15
85 0.33 15 85

AT30
70 0.33 30 70

AT45
55 0.33 45 55

AT45
55 0.33 55 45

Author's personal copy
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added and mixed at 30 s at slow speed was followed by 
mixing at 1minute at fast speed.

• Metal moulds were used with half‑filled and then com‑
pacted with 60 shocks by the shaking table with the other 
half which was filled to the same carried out operation.

Figure  4 is an example of a specimen manufactured 
before demoulding and drying:

After demoulding, the specimens were placed in an oven 
at a temperature of 45 °C for 7 days and they were stored in 
a room with a temperature of 23 °C and 50% relative humid‑
ity. The tests were carried out on 30 days after demoulding.

Experimental Method for Hydric Characterization

In this study, part of the hydric characterization on these 
formulated materials was carried out. The hydric charac‑
terizations implemented are: the water absorption coefficient 
of fibers, the drying kinetics and the moisture content. The 
following sub‑sections show the methodology followed to 
carry out these characterizations.

Coefficient of Water Absorption of Typha australis

Typha australis is immersed in water for a period t and then 
wrung out with absorbent paper. The mass after immersion 
is measured in order to calculate the absorption rate by the 
following relationship:

m1 : dry fiber mass, m2 : mass of the fiber after immersion 
in water.

Drying Kinetics (Mass Loss)

The mass loss was evaluated on 4 cm*4 cm*16 cm speci‑
mens for the 5 formulations (3 specimens for each formula‑
tion). In this step, the test specimens were placed in an oven 

(3)a(%) =
m2 − m1

m2

∗ 100

at 45 °C after remoulding and the mass of the test speci‑
mens was taken at time intervals t until a constant mass was 
obtained following the protocol shown in Fig. 5 and formula 
4 was applied:

mi : Initial mass in grams, mt : Mass after drying at time t in 
grams.

Humidity Ratio

The humidity ratio is determined according to the NF P94‑
050 standard. Clay soils easily absorb water (imbibition 
water) at the surface of the clay minerals.

This water disappears when drying at a temperature of 
105 °C. The humidity ratio makes it possible to quantify 
the total quantity of water contained in a material and pro‑
vides information on its state of hydration. It is expressed 
as a percentage of the mass of dry matter. Humidity ratio is 
evaluated by the following relationship:

ω(%) : humidity ratio, M1 : Mass of the sample before drying, 
M2 : Mass of the sample after drying at 105 °C.

In the following section, we will spread out the experi‑
mental method used to complete the thermophysical char‑
acteristics of the matrices.

Experimental Method for Thermophysical Characterization

This section highlights the established methodology for 
determining the thermophysical characteristics of compos‑
ites. Thermal properties are the material‑specific charac‑
teristics that will allow us to define its insulating capacity. 
Among the thermal properties of materials, we have: thermal 

(4)Mass loss(%) =
mi − mt

mi

∗ 100

(5)�(% ) =
M1 −M2

M1

∗100

Fig. 4  Manufacturing specimens

Measure initial 
mass mi(g)

Put in the oven at 
45°C

Measure the mass 
after drying mt (g)

Fig. 5  Mass loss measurement protocol
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conductivity, mass heat, thermal diffusivity and thermal 
effusivity.

In our case, we will focus more on the thermal conductiv‑
ity of the specimens.

Figures 6, 7 and 8 show the experimental devices used for 
thermal characterization. The transient plane source thermal 
characterization (TPS) technique is becoming an important 
tool for determining the thermal properties of a variety of 
materials because of its robust design, fast characterization 
time and ability to simultaneously measure the thermal con‑
ductivity and thermal diffusivity of complex materials, such 
as nanocomposites [32].

The TPS method is based on a transiently heated planar 
sensor procedure, and its most common adaptation is called 
the Hot Disk Thermal Constants Analyzer. The hot disk (the 
sensor) consists of a double spiral electrically conductive 
pattern, which has been etched into a thin sheet of metal 
(Nickel) (see Fig. 6). This spiral is sandwiched between 
two thin sheets of insulating material (Kapton, Mica, etc.) 
(Fig. 7). During a measurement, a flat hot disk sensor is 
placed between two pieces of the sample, each with a flat 
surface facing the sensor (Fig. 8). By passing an electric 
current, strong enough to raise the temperature of the sen‑
sor by a fraction of a degree to several degrees, and at the 
same time recording the increase in resistance (temperature) 
as a function of time, the hot disk sensor is used both as a 
heat source and as a dynamic temperature sensor [30, 31]. 
Using the TPS method, we measure thermal conductivity, 
which is defined as the property of a material to conduct 
heat. More precisely, it is the amount of heat per unit time 
and per unit area that can be conducted through a plate of 
unit thickness [30].

The advantages of using a TPS instrument are: non‑
destructive method, contact resistance between sensor and 
sample does not influence the measurement results, porous 
and transparent samples are easy to test without modifi‑
cation, surface roughness or color does not influence the 
measurement results. To obtain very good results, it is very 
important to fix the sample during the test and to choose an 
appropriate sensor, output power and measuring time [30].

Experimental Method for Mechanical Characterization

The specimens were subjected to single compression and 
three‑point bending tests using the 3R presses shown in 
the Figs. 9 and 10.

The compressive strength is determined from the fol‑
lowing formula:

F: the maximum load, S: the section of the specimen.
The flexural strength by 3‑point bending is determined 

from the following formula:

F: the maximum load recorded by the test machine (N), l: the 
span length (cm), b: the mean thickness of the specimen on 
the plane of fracture (cm), h: the mean depth of the specimen 
on the plane of fracture (cm).

This part showed all the experimental protocols that 
have allowed the design and characterization of these 
materials based on Typha australis . In the next part we 
will present the results obtained.

(6)�r =
F(KN)

S
(

cm2
)∗10 (MPA)

(7)�f =
3Fl

2bh2
∗ 10 (MPA)

Fig. 6  Hot disc with bonding wire

Fig. 7  Sample holder

Fig. 8  Sandwich sample

Author's personal copy



 Waste and Biomass Valorization

1 3

Results and Discussion

Hydric Properties

The following sub‑sections represent the results of the 
hydric characterizations determined from the established 
experimental protocol.

Coefficient of Water Absorption of Typha australis

The initial mass was set at 3 g and formula 3 was applied 
at each time t. The following curve represents the evolu‑
tion of water absorption coefficient of Typha australis as 
a function of time.

Two phenomena are observed on the evolution of water 
absorption:

The first phenomenon is the phase of surface absorption 
which lasts about 15 min. This phenomenon is due to the 
smooth epidermis of the fibres (Fig. 18) which prevents 
water penetration. After this time, a rapid increase of the 
water absorption coefficient was observed. It was charac‑
terized Typha australis being hydrophilic.

The second phenomenon is characterized by the slow 
evolution of the water absorption coefficient. This phase 
highlights the diffusivity of the water propagation in the 
plant fibres until saturation (after 120  min of immer‑
sion, the water absorption coefficient varies slightly and 
becomes constant from the 180th min). The coefficient of 
water absorption at saturation is 350%.

This absorption rate varies from one fiber to another, 
this could be due to the microstructure of the fibers. Just 
like the Kenaf studied in the thesis of Laibi Babatoundé 
[33], typha also obeys the logarithmic type law as shown 
in Fig. 11.Saturation is reached at 363.33% absorption 
from the 250th min, this high absorption is due to the 
porosity of the material. The speed and importance of 

Fig. 9  3R press for compression

Fig. 10  3R press for bending Fig. 11  Evolution of water absorption coefficient
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absorption increase with the material porosity. Typha 
australis is more porous than hemp straw, which has an 
absorption of 130% per minute, whereas Typha australis 
has an absorption of 166.7% under the same conditions 
[33]. The aggregates have a hydrophilic behaviour, espe‑
cially since pore size and microstructural changes play a 
role in water absorption [11].

Drying Kinetics and Moisture Content

Figure 12 shows the variation in mass loss as a function of 
time and fibers percentage for composites composed of the 
1 cm length of fibers with the different formulations. Fig‑
ure 13 shows the evolution of the humidity ratio as a func‑
tion of the percentages of 1 cm length of fibers.

We can observe in Fig. 12 the variation of mass loss 
as a function of time for the different formulations. The 
result shows an exponential growth of the drying kinetics 
as a function of time. We can see that the percentage of 
fibers increase causes a mass loss. This evolution could 

be assimilated to the water absorption rates of the fibers 
(Fig. 11) which also evolves rapidly. Indeed, the drying of 
the material consists of evaporating the water in the mate‑
rial, which reflects the transfer of water vapour. The addition 
of the fibers in the composite increases the porosity, which 
allows for easier moisture transport [24], resulting in rapid 
mass loss in the material. In accordance with the drying 
kinetics and water absorption rates of fibers, the humidity 
ratio of the material increases exponentially as a function of 
the fibers percentages.

Thermophysical Properties

Table 6 shows the thermo‑physical characteristics of typha 
alone. We observed the low apparent density as well as the 
low thermal conductivity. The latter is 0.061 W/m K which 
is less than 0.07 W/m K and which will allow the new com‑
posites to be considered as insulators [34].

Table 7 shows the thermo‑physical properties of the com‑
posites for the different formulations.

Figure 14 shows the decrease in thermal conductivity 
with the addition of Typha australis fibers. This curve is 
exponential in shape. We can also see that the increase in 
the length of fibers (3 times the initial length) has a positive 
effect on the theoretical conductivity, which has decreased. 
The increase of fibers length decreases the bulk density of 
the composites (Table 7), and as the bulk density decreases, 
the thermal conductivity also decreases (Eq. 8).

�app : bulk density, � : thermal conductivity (W/m K), D: ther‑
mal diffusivity  (mm2/s), Cp: heat capacity (J/kg K).

Figure 14 shows a slight decrease of the thermal conduc‑
tivity from 30% of fibers for composites with 3 cm fibres 
compared to that of 1 cm fibres which decrease significantly 
(The decrease in thermal conductivity from 30% fibre to 
55% fibre is 56.41% for 1 cm length fibres and 31.51% for 
3 cm length fibres.). This variation in thermal conductivity 
could be due to the voids that are created when the percent‑
ages and length of fibers increase and to the poor adhesion 
between the binder and the 3 cm fibers. This poor adhesion 
is caused by the smooth outer part of fibers. Then, it should 

(8)�app =
�

D ∗ Cp

Fig. 12  Variation in mass loss with time

Fig. 13  Evolution of the humidity ratio according to the percentages 
of fibers

Table 6  Thermal properties of Typha australis alone

Formula‑
tion

Bulk 
density (kg/
m3)

Thermal 
conductivity 
(W/m K)

Thermal 
diffusivity 
 (mm2/s)

Volume 
capacity (MJ/
m3 K)

Typha 
australis 
alone

60 0.061 0.931 0.0348
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be notified that morphology plays a primordial role on heat 
transfer in the composite.

The thermal conductivity at 30% of Typha australis is 
almost identical to the one that Niang et al. [24] found 
which is about 0.16 W/m K and also the one from Dieye 
et al. [23] for a percentage of the typha between 15.1 and 
22.87%. The thermal conductivity varies between 0.155 
and 0.115 W/m K; therefore, Dieye et al. has adopted the 
hot plate method induce small errors due to the presence 
of air when the specimen is in contact with hot plate. 
Indeed, the greater quantity of fibers, the more poros‑
ity is generated in the matrix, which reduces the thermal 
conductivity.

These results are confirmed by several studies, Omrani 
et al. [35] showed that the addition of 20% Juncus acutus 
fibers decreased the thermal conductivity from 0.902 W/m K 
for the reference sample (without fibers) to a value of 
0.327 W/m K. The incorporation of biomass fibers (cork) 
into an earthen material resulted in a thermal conductivity 

varying around 0.35 to 0.55 W/m K [34]. Brzyski et al. [36] 
incorporated hemp shives and flax straw in a mixture that 
also included lime and cement, reaching values of about 
0.112 W/m K.

Table 7  Thermo‑physical properties of the composites

Fiber length Formulation Bulk density (kg/m3) Thermal conductiv‑
ity (W/m K)

Thermal diffusiv‑
ity  (mm2/s)

Volume 
capacity (MJ/
m3 K)

Clay without fibers AT0
100 1300.00 ± 6.54 1.03 ± 0.020 0.671 ± 0.015 1.541 ± 0.011

Fiber 1 cm (Clay + Typha australis ) AT15
85 1061.11 ± 4.51 0.546 ± 0.015 0.850 ± 0.015 0.637 ± 0.012

AT30
70 842.89 ± 19.66 0.335 ± 0.018 0.903 ± 0.013 0.370 ± 0.010

AT45
55 712.23 ± 11.93 0.199 ± 0.019 0.431 ± 0.014 0.463 ± 0.011

AT45 465.62 ± 16.26 0.146 ± 0.012 0.784 ± 0.017 0.187 ± 0.011
Fiber 3 cm (Clay + Typha australis) AT15

85 948.6 ± 24.08 0.280 ± 0.020 0.345 ± 0.012 0.812 ± 0.015
AT30

70 761.43 ± 10.93 0.165 ± 0.010 0.300 ± 0.013 0.55 ± 20.010
AT45

55 665.57 ± 17.63 0.143 ± 0.012 0.434 ± 0.012 0.328 ± 0.015
AT55

45 365.18 ± 20.49 0.113 ± 0.010 0.638 ± 0.011 0.178 ± 0.010

Fig. 14  Thermal conductivity of the composites

Table 8  Mechanical properties

Fibers length Formulation Compressive 
strength (MPa)

Flexural strength 
(MPa)

Clay without 
fibers

AT100
0 4.63 ± 0.047 1.51 ±  0.020

Fibers 1 cm (Clay
 + Typha australis )

AT85
15 4.45 ±  0.041 1.32 ±  0.030

AT70
30 4.36 ±  0.026 1.02 ±  0.030

AT55
45 4.03 ±  0.032 0.81 ±  0.035

AT45
55 3.89 ±  0.052 0.75 ±  0.020

Fibers 3 cm (Clay
 + Typha australis )

AT85
15 4.27 ±  0.025 1.40 ±  0.020

AT70
30 4.09 ±  0.040 1.21 ±  0.026

AT55
45 3.93 ±  0.032 1.05 ±  0.015

AT45
55 3.62 ±  0.032 1.00 ±  0.020

Fig. 15  Compressive strength as a function of fibers percentage
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Mechanical Properties

Table 8 shows the mechanical properties of the following 
composites of different formulations.

The curves in Fig. 15 represents the variation of compres‑
sive strength as a function of the percentage of fibers.

We can observe that the increase of fibers in the materials 
by substitution decreases of the compressive strength. This 
case confirms our previous observations that the addition of 
fibers by substitution in the composite increases the poros‑
ity of the materials which decreases the density. Therefore, 
the compressive strength decreases. In fact, in Fig. 15 the 
matrix composed of 3 cm fibers has a lower strength than 
the matrix composed of 1 cm fibers, Hence the correlation 
between the matrix composition, the thermal conductivity 
and the compressive strength (Fig. 20). The compressive 
strength values show that the fibers are well coated with the 
binder (this will be confirmed by the microscopic pictures). 
It should be noted that poor adhesion could lead to degrada‑
tion of Typha australis over time in the composite.

The following curve represents the variation in flexural 
strength as a function of the percentage of fibers in each 
formulation.

The curves in Fig. 16 show the flexural strengths of the 
matrices. We can see that the flexural strength of the matrix 
composed of 3 cm fibers is higher than that composed of 
1 cm fibers. This is explained by the fact that the flexural 
strength of fibers governs the flexural strength of the matrix. 
Indeed, the increase in the length of the fibers increases the 
flexural strength of the matrix, hence the higher flexural 
strength. Composites have ductile properties due to the pres‑
ence of the fibers. The tensile strength of Typha alone can 
be up to 21 MPa at a density of 1 g/cm3 [37]. Marques et al. 
[38] have shown that composites with a higher percentage 
of rice husk are less rigid and have a lower internal bond 
strength [38]. However, some studies such as Wang et al. 

[39] have shown that the addition of jutes fibres in expansive 
soil increases the tensile strength, since the addition of fibres 
with a density of the same order as the binder with good 
tensile strength strengthens the composite and improves the 
mechanical properties [39].

Microscopic Images

The following images represent the optical microscope 
images of the specimens after compression. Optical micro‑
scope images have a resolution of 2560*1920 with an 
enlargement factor × 5.

• Clay and fibre
• with a length of 1 cm fibers
• with a length of 3 cm fibers

On Fig. 17, the presence of elements other than clay was 
observed. On Fig. 18 we can observe that Typha australis 
has a smooth external part.

On Fig. 19, the fibres are covered with clay and they are 
arranged in several directions. A low adherence is observed 
in the figure with the increase of the percentages of the fibres 
as well as the creation of voids.

These results are consistent with the literature. Olacia 
et al. [40] studied the thermomechanical characterization 

Fig. 16  Flexural strength as a function of fibers percentage

Fig. 17  Clay without fibers

Fig. 18  External part of the Typha australis  
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of adobes reinforced with marine fibers at two differ‑
ent lengths 1 cm and 3 cm and a comparison with straw 
fibers, the results showed that from a given percentage 
(from 1.5 to 3%) the 1 cm length had a better compres‑
sive strength than the 3  cm length for straw and the 
opposite for marine fibers. Flexural strength showed a 
decrease when more fibers are included in the adobes 
[40]. Marques et al. [38] claim that composites with a 
higher percentage of rice husk are less rigid and have a 
lower internal bond strength [38].

Variation of Thermal Conductivity as a Function 
of Compressive Strength

The following curves represent the thermal conductivity as 
a function of compressive strength:

Figures 20 and 21 show the variation of thermal conduc‑
tivity as a function of compressive strength. We see from the 
curve that there is a relationship between them, because both 
(thermal conductivity and compressive strength) depend 
simultaneously on the same parameters such as: poros‑
ity, apparent density, adhesion between the matrix and the 
fibers…etc. When the thermal conductivity increases, the 

Fig. 19  Clay with fiber

Fig. 20  Thermal conductivity as a function of compressive strength 
with fiber 1 cm

Fig. 21  Thermal conductivity as a function of compressive strength 
with fiber 3 cm
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compressive strength also increases, this is due to the adhe‑
sion between the matrix and the fibers (and intragranular) 
which decreases the porosity, hence the increase in density. 
It’s a good compromise between thermal conductivity and 
compressive strength for fibrous matrices. Indeed, based on 
the RILEM classification (Table 9), the studied fibrous com‑
posites can all be classified in class II. They can be used as 
structural and insulating.

Conclusion

This work aimed a design and characterization of a clay 
material reinforced with Typha australis and to evaluate 
the influence of the percentages and length of this fibre on 
the thermal and mechanical properties. Some conclusions 
can be drawn from the results:

• The hydric properties studied showed that Typha aus-
tralis plays a role in the evacuation of water in clay 
composites and that the smooth epidermis of Typha 
austarlis partly influences the water absorption coef‑
ficient of fibres.

• Thermal properties showed that the thermal conduc‑
tivity of Typha australis alone is 0.06 W/m K. This 
fibre can be considered as an insulator. As the percent‑
ages, the length of the fibres increase in the compos‑
ite, the values of the thermal conductivity of these 
composites decrease. For a fibre length of 1 cm with 
percentages varying from 0 to 55% the thermal con‑
ductivity decreases from 1.03 to 0.146 W/m K. For a 
length of 3 cm with percentages also varying from 0 to 
55% the thermal conductivity decreases from 1.03 to 
0.113 W/m K.

• As thermophysical properties, the percentage of fibres 
and the length of the fibres play a role in the mechani‑
cal properties. As the percentage of fibres increases, 
the compressive and flexural strengths decrease. The 

same effects were observed on the influence of fib‑
ers length on compressive strength. Nevertheless, 
flexural strength was improved as the length of the 
fibres increases. This is due to the flexural strength of 
the fibres, which governs the flexural strength of the 
matrix, and to a ductility effect that has been observed 
with the fibres.

According to these results and RILEM’s classification, 
the mixture of clay and Typha australis is a promising 
composite, especially in terms of thermal insulation in 
buildings. It would be available to take into consideration 
the length and percentage of fibers.
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