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gives an average damping of 4°C and 5.8°C in the insulated house interior
environment respectively for cold and hot cases compared to the outside envi-
ronment and the uninsulated house interior environment. The current study
highlights that this mixture gives the new composite thermal insulation proper-
ties applicable in the eco-construction of habitats in tropical environments.

Keywords

Fibres, Plaster, Thermal Test, Mechanical Test, Insulating Material, Indoor
Comfort

1. Introduction

The promotion of sustainable development must be taken into account by each
sector of activity while maintaining responsible energy consumption at a mini-
mum threshold in order to protect the environment. Energy consumption in
building project comes from all steps of the construction life cycle. The con-
struction sector accounts for a significant portion of world’s global energy con-
sumption and a third of the world’s total carbon dioxide (CO,) emissions, thus
impacting the environment. Almost half of the energy loss occurs through the
building envelope due to heat transfer to and from the surroundings [1] and nearly
50% of the resources extracted from the ground [2] [3]. The development of green
building allows at the same time to minimize energy consumption, to reduce the
natural resources exploitation and the harmful effects on the environment. For
this, one way is to use new thermal insulation and sound-absorbing materials for
buildings replacing the synthetic or petrochemical insulation materials [4] [5] and
the reuse of end-of-life materials [6]. In addition, it enhances the use of local
materials and secondary resources providing good thermal insulation [7] while
ensuring the building indoor comfort. The use of agro, renewable and environ-
mentally friendly materials as insulation materials for building walls will share in
energy saving [8] and low environment impact [4] [9]. Indeed, the design of an
energy-efficient envelope aims to reduce the building energy consumption, as
studied by [10] and to ensure the thermal comfort of the occupants by taking
into account several design variables such as geometry, material properties and
the envelope dimensions, the air conditioning system and the internal load. How-
ever, these variables are inextricably linked from the perspective of the building
envelope thermal optimization [1]. Therefore, it is necessary to design an optimal
building envelope to reduce energy consumption in buildings that depend on sev-
eral parameters, by studying the properties of building materials in which solar
absorptivity, moisture permeability and insulation type are the most influential
thermal variables [1]. Several researches provide an approach to evaluate the most
appropriate building system to be selected in the early stages of design, leading to
the use of a more environmentally, economically and socially sustainable building

material [11] and new application model to regulate energy consumption in
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building [12]. Faced with these constraints, we have seen in recent years, re-
search efforts in the development of new construction methods using local ma-
terials in order to provide an adequate response to this crisis in developing coun-
tries. As such, we can note the tendency to use natural fibres as an ecological filler
in the manufacture of polymer composites is increasing and constitutes an inter-
esting research subject because of their availability, their good environmental
properties [13] [14] and their competitiveness when used in large quantities [3].
There are many types of natural fibres or cellulose fibres such as date palm and hi-
biscus fibres, rice husks, Agave fibres, wheat straw fibres, fonio straw, Bamboo or-
ganosolv pulp, recycled waste carton pulp, etc. Althout, they have lately gained
popularity as an alternative component for composite material among researcher,
engineers and scientist [15]. The use of natural fibres is note hazardous to human
beings [16] [17]. For example, the Eucalyptus Globulus leaves as a new thermal
insulating and sound absorbing material for buildings [18]. These materials have
low environmental impact by using renewable natural resources for thermal in-
sulation in buildings rather than the synthetic insulation materials.

With this in perspective, we directed our research into the thermal insulation
in building with a composite material of plaster and raffia vinifera. Natural fiber
composites are considered low cost composite products that can impart struc-
tural properties, and can be considered as alternative fillers to replace synthetic
fibres in the manufacture of composites [13] [19] and which meet the require-
ments of the circular economy [3] [20].

Plaster is an available and coveted material for various uses thanks to its many
advantages in the field of the building’s thermal insulation with a thermal con-
ductivity between 0.30 to 0.40 (W/m-K) [4]. However, it is fragile and sensitive
to humidity, and it does not resist to flexural stresses. Therefore, for an efficient
use of this material, it is necessary to reinforce it, hence the use of bamboo par-
ticles of palm of raffia vinifera. As far as raffia vinifera is concerned, its anatomy
allows it to be classified in the category of soft and light woods. It is used in the
fields of crafts industry [5]. The valorization of raffia vinifera fibres in insulating
construction materials could be interesting for economic (diversification of the
value chain) and durability reasons because of their availability, renewability and
low cost in some tropical countries. Improving the properties of natural mate-
rials, manufactured and industrial and agricultural by-products constitutes an
alternative to have adequate and ecological construction materials. We can men-
tion the addition of salt [21] sand [22], date palm fibres, [13] of glass powder
[23], biopolymer [3] and composites [24]. Indeed, in 2005 the content of a natu-
ral insulation represents around 5% in insulating materials used in the construc-
tion area [7] and this indicates how insulating material are important in our
daily life [16]. The current tests indicate the feasibility of using such hybrid sam-
ples as insulating materials for heat as well as sound absorption [25].

In addition, the various studies carried out on these two materials reveal a
positive impact on the environment, thereby respecting the principles of sus-

tainable development. The aim of this work is to study the technical feasibility of
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Intermediate zone

Closing zone

g

plaster composites materials with the incorporation of raffia vinifera particles for
use as insulating materials in building. The intention is to obtain the high ther-
mal performance and the suitable flexural strength and physicals properties
Thus, the present study proposes to formulate a raffia vinifera particles and
plaster composite eco-material stem according to the sampling area and the size
of the fibres; and to characterize its capacity of thermal insulation of the habita-

ble cell envelopes in the atmospheres of a tropical climate.

2. Material and Methods

The new sustainability framework for building applications takes into account
social parameters, life cycle analysis and occupant satisfaction [1]. The present
study is part of this dynamic and addresses the formulation and characterization
of materials which constitute a basis for the analysis of the life cycle. The follow-
ing paragraphs therefore present the raw materials, the formulation and the
characterization protocol for the Raffia vinifera particles and plaster composite

material and the instrumentation of its thermal behavior.

2.1. Raw Materials

Two basic materials are used, namely plaster as a matrix and raffia vinifera fibres
as a natural stabilizer for reinforcement. The plaster used is of the usual
semi-hydrated type and the fibres from the site of Mlem at 5°25'32.9" of North
latitude and 10°26'09.1" East longitude. In fact, the Plaster is a construction ma-
terial widely used for its good properties [26].

The raffia stem is divided into four (04) zones as shown in Figure 1 and its
properties vary according to these zones [27]. Hence the interest of taking it into
account in the characterization as can be seen with the values given in Table 1,
where the density of the raffia decreases from the periphery towards the center.

Figure 2 shows, from a radial section of the raffia, the preparation of the sam-
pling of the natural stabilizer without particular treatment. In practice, the fibres
are manufactured by using a machete for cutting and a saw for the separation
into different zones, in particular the removal in the longitudinal direction of the

% part on the bamboo. Figure 3 shows the raffia samples obtained after sieving

Base (PI-1/4) — 3
After base

Bark

Periphery (R1)

Mid-radius (R2)

a g
N

(a) (b)

Center (R3)

Figure 1. Sampling area (a) longitudinal section, (b) radial section [27].
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and grouped according to the granulometry by zone.

2.2. Formulation and Manufacture of the Composite Material

Various formulation methods are practiced in building materials technology.
This study uses the method of shaping by cold contact molding which respects

the general principle of molding processes for composite materials represented

in the flowchart in Figure 4.

Figure 2. Sampling preparation, (a) dry bamboo; (b) separation of hulls from piths, (c)
overview of bamboo pith.

@ . ©

Figure 3. Presentation of the different aggregates by size and by zone after sieving; (a)

peripheral zone, (b) intermediate zone, (c) central zone.

Table 1. Different densities of constituents.

Raffia
Element Plaster References
Periphery Intermediate = Center

o (kg/m®) 650 28,183 143,929 121,496 [28]
Sampling and weighing of P Crushing of the

components reinforcement P i d

- Plaster (plaster) (raffia) _reparation an

_ Reinforcement l Lubrication of the mould

(Raphiz) | Sieving of the reinforcement:

@4 mm, 2.5mm and 1.6 mm

A 4

Mixing and impregnation of the 15
raw material

Introduction of the mixture
| 4 into the mould

A\ 4

Compaction of the composite |

A

Finish Demoulding of the composite Polymerization

Figure 4. Main stages of the contact molding process.
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The different formulations are presented in Table 2. It contains the volume
ratios of plaster and reinforcement from the peripheral zone. To perform the
combinations of the samples, a relationship was established between the densi-
ties and the useful volume of the cubic dimension mold (180 x 180 x 10 mm)
and the quantities are summarized in Table 2.

The samples are made according to the mass of each zone and with a ratio of
water and plaster (w/p = 1) for semi-hydrated g plaster [29]. Considering the
combinations of Table 2, the shaping of the composites is done as follows:

e Impregnation of the reinforcement with the matrix;
o Shaping to the cubic geometry of the mould;
e Hardening of the mixture.

The manufacture of the specimens required the use of the materials shown in
Figure 5 and the water used for the mixing the plaster compounds was drinking
water.

The mixing procedure is done according to standard and summarize in Table

After mixing, the composite is introduced in mold of size 180 x 180 x 10 mm
and kept during 25 min before demolding. Theses sizes are adapted to the expe-
rimental devices for the thermal conductivity measurements. A total of twen-
ty-seven (27) samples were formulated, including nine (9) per zone for three

Table 2. Quantities of components by formulation and by size of raffia particles.

Particle size (mm) Reinforcement rate  Plaster ‘ Mass of Plaster Designations Sample
(%) rate (%) reinforcements (g) mass (g) numbers

5 95 15.09 286.81 P11

T<16 10 90 30.19 271.72 P12 3
15 85 45.28 256.62 P13
5 95 15.09 286.81 P.21

16<T<25 10 90 30.19 271.72 P22 3
15 85 45.28 256.62 P23
5 95 15.09 286.81 P31

25<T<4 10 90 30.19 271.72 P32 3
15 85 45.28 256.62 P33

Figure 5. Materials used for the manufacture of the composite, (a, b) mould, (c) bag of 40
kg of plaster, (d) digital scale.
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Table 3. Summary of the mixing procedure.

Working Time 2 min 30" 2 to 3 min
Addition Raffia particles + plaster - Water
Mixing Mixing Rest Mixing

(d)
Figure 6. Presentation of the main steps in the composite production of (a) weighing, (b)

and (c) mixing and placing the mixture in the mold, (d) polymerization, (e) demolding
and finishing.

(03) sizes of raffia vinifera particles (1.6 mm; 2.5 mm; 4 mm), three (03) percen-
tages of reinforcement (5wt%, 10wt%, 15wt%) and three (03) unreinforced plas-
ter samples. Figure 6 shows the different steps in the process for obtaining the
plaster and raffia vinifera particles based composite material. The sample are
cured in an ambient condition and dried over a period of five to two weeks and
subjected to physical, mechanical and thermal tests.

2.3. Characterization of Composite Materials and Specimens

2.3.1. Physical Properties
The optimization of the building’s envelope parameters depends on several fac-
tors [1] including the construction materials properties. To do this, the physical
properties of the new composite to be determined are: the apparent and real
densities and the moisture absorption rate.

1) Bulk Density

The determination of the density ( p,,) is governed by the European standard

EN 323, 1993 [30] and obtained by applying the following formulas (1) and (2):
m

pap :V (l)

With:
® P, bulk mass (g/cm’).
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e 2 material mass,(g).

e T the test specimen average volume (cm?).
V =Lxlxe (2)

where:
e V% average volume of the specimen (cm?);
e [I:average length of the specimen (cm);

o [ average width of the specimen, (cm);

e Thickness of the specimen (cm).
2) The real density
The real density ( p,. ) is determined experimentally from the Archimedes'
buoyancy principle and by applying the following formulas (3)-(6):
m
m, =m,,,—m, or ppzv—: (3)
Mg, , —M
Vv, = _&tp e (4)
Pp
With:

eV, : paraffin volume (cm’) ;
e p,: paraffin density(gcm?);
e M, ,:mass of the waxed specimen (g);

e m,:specimen mass (g).

V, =V, —(V +V,) (5)

e

With:
e V. :volume of the specimen (cm?);
e 'V, :final volume(cm?);
eV, :initial volume (cm?);

eV, :volume of paraffin (cm?).
preal =— (6)

where:
Prea - Teal density (gicm?);
e m,: mass of the specimen (g);
e V. :volume of the specimen (cm?).
3) Moisture absorption rate
The determination of the moisture absorption rate is conducted in accordance
with the European standard EN 317, 1993 [31] and obtained by the following

formula (7):

%=1 100
®,% = - x1 (7)

With:

e @, : moisture absorption rate (%);
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Aluminium block

Polystyrene

Polystyrene

Themocouple

Aluminium block

(a)

e m; : initial mass of the sample (g);

e M, : final mass of the sample(g).

2.3.2. Thermal Properties

The thermal characterization of the composite material relates to the thermal
conductivity (1), the thermal diffusivity (a), the thermal effusivity (£), the volu-
metric heat capacity (C,) by the method of the asymmetric hot plane [32] in ac-
cordance with the ASTM D5930-97 standard method.

This method, whose principle is represented in Figure 7, comprises a flat sec-
tion heating element (10 cm x 10 cm) on which a sample of the same section is
placed. On either side of the heating plate and the sample, are superimposed a
polystyrene block and an aluminum block of 4 cm of thickness. A thermocouple
consisting of two wires of diameter (¢ <0.05 mm ) and placed on the faces of
the sample. The thermocouple being in contact with a deformable medium, its
presence does not generate additional contact resistance. Also, polystyrene being
an insulator, the contact resistance between the heating element and the polys-
tyrene can be neglected.

A similar device has been used in previous studies [32] [33] [34]. The assump-
tion is that the samples are considered as semi-infinite media and the transfer is
unidirectional (1.D) in the center of the heating resistor and the sample. Consi-
dering the very low heat flux value reaching the aluminum blocks through the
polystyrene and their high capacity, their temperature is assumed to be equal
and constant. The method is transient, a constant heat flux step is applied to the
heating resistor on the front face of the sample for a certain time (typically 2
min) and the measurements of the temperature 7{# evolution are recorded for
about 10 minutes. In these hypotheses, we can write and by applying the qua-
drupoles formalism, on the device represented by Figure 7. By modelling this
heat transfer, we can calculate the change in temperature at the center of the

sample. Modelling using the quadrupole method and applying Sthefest’s method,

Plan heating
element

(b)

Figure 7. Plan view of the hot plane method (a) experimental Principle and (b) experimental device with (1) heating source (2)
Pickolog, (3) laptop, (4) heating plate, (5) aluminum block and (6) polystyrene Block.
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for a semi-infinite medium, the temperature difference 7{#-7(0) can be calcu-

lated using the Equation (8) below [34]:

T(t)—T(0)=%°[Rm - 2(:;)2]+ ES‘@EJF (8)

where:

e 7(0), the temperature initial time (in K);

e T(9, the temperature at time t (in K);

® ¢, the initial heat flow set (in W-m?);

o R.m the contact resistor (in W-mK™);

e m, the heat capacity of the thermocouple (in J-K™);

o F, the thermal effusivity of the material sample (in (J/m*K-s?);
e S, the mean value of the sample section (in m?);

e 7, the measurement time (in s).

In a permanent state, the temperature difference between the different surfac-
es does not vary. The thermal conductivity (1) can then be estimated using the
formula (9) below:

a=22 9
SAT
With:
e ], thermal conductivity (in w/m-k);
® ¢,, the initial density of heat flow set (in W-m?);
o ¢ the theckness of the sample (in m);
e S, the section of the sample (in m);
o AT, the temperature difference (in °K).

From above equation it deduced the thermal diffusivity (a) [35] and the volu-

metric thermal capacity (Cp = pc) [36] by the following Equation (10) and (11):

E =\/1pC (10)

With pg the volumetric thermal capacity of the material (in J/kg)
A

a=—
pC

(11)

With a the thermal diffusivity (in m?/s).

2.3.3. Mechanical Characterization
A three-point bending moment test is obtained for the composite samples (4 x 4
x 16 cm’). The testing machine presented in Figure 8 functions as a spring of
stiffness K = 301N is used for determining the load, the displacement and the
flexural stress for each specimen at all applied forces. The flexural stress (o ) is
calculated following Equation (12):

3FL

== 12
7t T opd? (12)

where:
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o F Flexural load applied (N);

L: Span (mm);

b: Width of the sample (mm);

d thickness of the sample (mm).

The specimen is placed at the level of two supports distant of L = 10 cm. The
Load F at the fracture point and the displacement of the specimen are reported.
The test method follows the NF P 18-411 [37] standard flexural testing and ac-
cording to the European standard 12089 [38].

Modulus of Rupture (MOR) was calculated according to RILEM TFR1 [39]
using equation 12 which is applied by A. Salas-Ruiz et al [40].

2.4. Experimental Study of the Habitable Cell Thermal Behavior

The experimental study focuses on the influence of the new thermal insulating

composite material on the thermal behavior of a habitable cell.

2.4.1. Application Support

The support of the study is a habitable cell represented in Figure 9, with the fol-

lowing’s characteristics:

e Manufacture of two living cell models of dimensions 20 cm x 25 cm in Ayous
wood panel of thickness 10 cm;

e Manufacture and installation of 10 cm thick plates of the new raffia vinifera
particle and plaster based composite material on each wall of one of the living

cells, as interior insulation.

2.4.2. Assumptions and Experimental Protocol

The study consists of two experiments conducted according to the synoptic of

Figure 10 and with the following hypotheses:

e Hypothesis 1 for experiment 1: the environment is conditioned at a temper-
ature ranging from 22°C to 25.8°C to simulate a cold temperature in the

Figure 8. Equipment for test performing.
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1 1 9
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) 20 ) 20 .
2
1 9 ) QI M Q 1
H ’ U 8
w
FH-T T e | | o
%
Z I\\j Z 2z ya ;-\-IV 7 4 Vi
Ground plan without Ground plan with Elevation view
insulation insulation
]
Front and side face view Left face view Right face view
Figure 9. Plan of the habitable cell.
Design of the control cell
Manufacture of thermal |, plans
insulation panels 1

Manufacture of two habitable cell Models

Without thermal insulation (Msit)
With thermal insulation (Mit)

\ 4

Installation of thermal insulation
panels in one model

Installation of the measuring device
Thermocouple t,: indoor environment Msit
Thermocouples t, and t;: outdoor environment

Msit and Mit
Thermocouple t,: indoor environment Mit Experiment 1: Cold Environment
| Stabilization of the chamber at 16°C by AC; —_
A 4 "| Continuous T° measurement of the 2 models;
Measurement campaign Duration of the experiment: 35 minutes.

Indoor temperature;
Outdoor temperature;
Measurement step: 10 s Experiment 2: Hot environment
Temperature increase of the enclosure by
combustion of waste paper; ]
Temperature measurement of the 2 models;
Duration of the experiment 12 minutes

v

v

Data Processing and Analysis <

Figure 10. Synoptic of the habitable cell thermal behavior experimental study.
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study area;
e Hypothesis 2 for experiment 2: the medium is conditioned at a temperature

ranging from 28.4°C to 33.95°C to simulate a hot period in the study area.

2.4.3. Experimental Equipment

Figure 11 shows the two identical models of the habitable cell and the arrange-

ments of the temperature measurement equipment as follows:

e The two models (with and without thermal insulation) are placed simulta-
neously in each enclosure;

e A thermocouple (7;um) for indoor room temperature of the model without
insulation;

e A thermocouple (7} for indoor room temperature of the model with insu-
lation;

e Two thermocouples(s) and (&) for the outside temperature (7..) of the
models;

o The instrumentation of the models is made until the stabilization of the tem-

peratures.

3. Results and Discussion
3.1. Characterization of Formulated Composite

3.1.1. Physical Properties

1) Densities

Figure 12 and Figure 13 illustrate respectively the results obtained for ap-
parent and real densities a function of reinforcement rate, zone and particle size
of the samples.

The apparent and real density values obtained vary respectively between
604.57 + 26.72 to 768.38 + 14.67 kg/m’ and between 507.28 + 111.85 to 634.35 +

@

Figure 11. Experimental device; (a) air conditioner, (b) thermocouple, (c) enclosure, (d) insulated
house interior view, (e) uninsulated house, (f) insulated house, (g) start of experiment.
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Figure 12. Evolution of the apparent density of the composite and the plaster (a) function of the rate and of the removal zone of
the reinforcement (b) function of the rate of reinforcement.
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Figure 13. Evolution of the real density of the composite and of the plaster (a) function of the rate and of the removal zone of the
reinforcement (b) function of the rate of reinforcement.

141.47 kg/m® and correspond to a medium density material according to Amer-
ican standard ANSI A208 [41]. The accurancy in measuring density is evaluate
par Standard deviation method. The density deceases progressively as the
amount of the raffia vinifera in the composites samples increases. Similar effects
were observed in others investigations [42].

2) Water absorption

Figure 14(a) and Figure 14(b) show the evolution of the water absorption
rate as a function of the reinforcement rate and the particle size for the compo-
site and the plaster.

The presence of pores in the bamboo particles of raffia vinifera and in the
plaster also confers this property to the plaster matrix reinforced composite
samples. In fact, when the composite is immersed in water, these voids absorb
water by capillarity action and this quantity of water increases with the immer-
sion time. The moisture absorption rate values obtained after 24 hours of im-
mersion in water vary from 0.26% + 0.08% to 0.57% = 0.11%. These results are
significantly below than that of S. Manjit and C. Mridul, who observed for plas-
ter reinforced with sisal fibres an absorption rate after 24 hours of immersion of

1.50% [43]. This difference may be due to the difference in proportion, rein-
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forcement size and dimensions of the specimens used. And this could affect the

thermal conductivity of an insulating material [44].

3.1.2. Thermal Properties

The tests carried out in the laboratory allowed us to determine the following

thermal properties: thermal conductivity, thermal diffusivity, thermal effusivity

and volumetric heat capacity. The evolution of these thermal parameters as a

function of the size and the rate of reinforcements of the composite different

formulations and the plaster is presented in Figure 15 and Figure 16.
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Figure 14. Evolution of the humidity absorption rate of the composite
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The thermal conductivity values of the raffia vinifera particles and plaster
based composite material range from 0.38 + 0.11 to 0.61 + 0.21 W/m-K. It is
noted that the thermal conductivity of the composite is lower than that of the
unreinforced plaster at 0.54 W/m-K. This positive effect of the fibres incorpo-
rated in plaster composites are also mentioned in other previous study [45]. As
for the thermal diffusivity, it is between 3.8 x 10+ 1.3 x 10°a 6.5 x 10° £+ 1.1
x 107® (m?/s) and that of the unreinforced plaster and of 8.6 x 107 + 2.1 x 1077
(m?/s); the lowest value of diffusivity is observed for the reinforced plaster. This
difference in result may be due to the nature, the zone and the proportions of
reinforcement used. Regarding the thermal effusivity of the composite, it varies
from 409.34 + 25.74 4 565.68 *+ 59.07 (J/m?S"2K) and that of the unreinforced
plaster 527.58 + 9.30 (J/m?-S2-K); the capacity to slow down, to stabilize the heat
flow of the composite is more important than that of the unreinforced plaster. In
addition, the composite material’s thermal capacity range from 1.0 x 10° + 2.2 x
10* 2 2.3 X 10° £ 5.0 x 10* (J/m*K) and that of the unreinforced plaster from 1.8
x 10° £ 1.6 x 10° (J/m*-K), so the capacity of the unreinforced plaster to storing
heat is greater than that of reinforced plaster. From the above, it can be deduced
that the presence of reinforcement by raffia particles in plaster increases the
composite material thermal insulation capacities which is in accordance with the
results obtained by Saad Azzem, L. and Bellel, N. [15] [45]. However, there is a
drop in the average thermal diffusivity value in case of 10wt% reinforcement for
the size between 1.6 and 2.5 mm. This is linked to the density of the particles
sampled in the intermediate and central zones, the quantity of particles in the

mix and their low thermal diffusivity between individual samples.

3.1.3. Mechanical Property

A three-point bending test is done for specimen inertia | =2.13x10"' (m“) of
composite insulating material samples. All the flexural strength is presented in
Figure 17 for the different samples. Almost all the results are below the mini-
mum set by the standard [46], except the composite at 5wt% of reinforcement
rate by raffia size between 2.5 and 4.0 mm which increase of 37.03%. The best
results are 0.87 and 1.01 MPa at 5wt% reinforcement with respectively sizes be-
tween 1.6 and 2.5 mm and between 2.5 and 4.0 mm and 0.854 MPa at 15wt%
reinforcement of raffia size lower than 1.6 mm. For these samples, there is an
increase the flexural strength from 15.97% to 37.03% and its function of both the
particles size, the percentage of reinforcement and the specimen density or de-
gree of pressing the specimen as obtained by M. Ali et al [18]. These effects were
observed by A. Zaragozaenzal et al, who indicated that the increase of the flex-
ural strength is more than 20% for the composite with fibres, compared to

composite lightened without fibres [45].

3.2. Simulation Results for the Habitable Cell Thermal Behavior

On reminder, Tju;, and Ty are defined as the internal temperature respectively

of the non-insulated enclosure, and of the insulated enclosure and 7. the aver-
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3.2.1. Thermal Behavior in a Cold Environment
Figure 18 reports the results obtained for the variations of the exterior and inte-
rior temperatures of each model studied.

The outside temperature 7, decreases under the effect of air conditioning set
at 16°C. The temperature values 7., fluctuate between 22.3°C and 25.8°C during
the instrumentation. From 0 to 400 s, the temperatures 7, and ;4 evolves in
phase, they vary between 27.4°C and 28°C. After a certain time, we record peaks
in the curve 7., these peaks may be due to the exchange of air between the in-
terior and exterior environment through the thermal bridges thus influencing
the internal temperature of the house. In the same way the temperature 7;,4 is

almost linear, it is almost constant while 7}, varies; which indicates that the
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Figure 17. Flexural stress in bending of each composite and plaster.
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Figure 18. Evolution of the outside and inside temperatures of the two habitable cells in a cold environment.
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wood materjal is more heat-conducting than the raffia vinifera particles and
plaster based composite material. At the end of this experiment, it results a tem-
perature damping of 4°C and 1°C in the insulated house interior environment
respectively in comparison to the outside environment and the uninsulated

house interior environment.

3.2.2. Thermal Behavior in Hot Environment
Figure 18 and Figure 19 show the different variations of external and internal
temperatures during the habitable cell thermal instrumentation.

From the experiment beginning, it appeared that the temperatures 7}, and
T.« are substantially equal, and they range from 28.4°C and 30.8°C. After 60
seconds, the insulated house indoor temperature 77,4 is almost static: this justi-
fies the effectiveness of the new insulating composite material made with plaster
and raffia particle (C955R) to regulate the heat transfer between the hot exter-
nal environment and the habitable cell internal environment, while at 210 s the
indoor and outdoor temperatures 7, and 7. follow approximately the same
evolution. This behavior can be justified by the low capacity of the wood materi-
al in the presence of heat. At the end of the experiment, there is a temperature
difference of approximately 4°C between the insulated house and the outside
environment and of 5.8°C between the uninsulated house and the insulated one.
This gap shows a good thermal insulation capacity of the raffia vinifera particles
and plaster based composite material ((95P5R).

From these two experiments, the insulating capacity of the composite is more
visible in the case of a hot external environment in that the difference in tem-
perature between the uninsulated house and the insulated one is A7 = 5.8°C
while the difference in temperature between the two houses for the cold external

environmentis A7=1°C.
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Figure 19. Evolution of the indoor and outdoor temperatures of the two habitable cells in a hot environment.
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4. Discussion
4.1. Summary of Mains Finding

From the results obtained, it is observed that the raffia vinifera particles and

plaster based composite materials densities are respectively proportional to the

rate of reinforcement and to the size of the raffia particles in the composite. Re-
garding the moisture absorption rate, it is greater for the raffia vinifera particles
and plaster-based composite compared to the plaster material.

e The apparent density value of the new composite samples for any size and
substitution proportion of raffia vinifera particles is less (average 17,42%)
than the plaster samples;

e The real density of the new composite is greater (+9.81%, +0.43% and
+8.39%) than that of the plaster respectively for 10wt% incorporation for size
less than 1.6 mm, 15wt% incorporation for size between 1.6 and 2.5 mm and
for any incorporation proportion of raffia vinifera particles reinforcement of
size between 2.5 and 4.0 mm;

e The new composite absorbs more moisture (+13.13%) than the plaster sam-
ples except at 10wt% reinforcement rate of the raffia vinifera particles size of
2.5 < T'< 4 mm for center zone. This effect was observed with date palm fi-
bres [13].

This variation in density is a function of the rate and the size of the rein-
forcement in the composite and the bulk density has an inverse relationship with
the percentage of natural fibres [15]. This effect is due to the difference in mass,
moisture content and particle distribution in the composite according to L. Vidil
[47].

On the thermal level we record an increasing in the value of the thermal con-
ductivity at the maximum proportion of reinforcement while the diffusivity and
the thermal effusivity are maximum at the minimum proportion of reinforce-
ment. As for the volumetric thermal capacity, it increases for a minimum rein-
forcement size and is lower than that of unreinforced plaster.

e The thermal conductivity of the composite at 5wt% and 10wt% raffia incor-
poration rate of any size studied is less than that of unreinforced plaster;

o At all percentage of incorporation, the RVP size has a small influence on the
thermal conductivity and the difference is 0.02 to 0.05 W/m-K;

o For the different size, the thermal conductivity variation is large between the
raffia vinifera reinforcement rate of 5wt% and 15wt%, 10wt% and 15wt%, but
small between the raffia vinifera reinforcement rate of 5wt% and 10wt%;

e The composite thermal diffusivity is lower than that of the unreinforced
plaster sample for the raffia vinifera different size and incorporation rate stu-
died. However, there is a minimum asymptote of thermal diffusivity of the
composite at 10wt% of incorporation rate of raffia vinifera size between 1.6
and 2.5 mm;

e The new composites based on 10wt% and 15wt% incorporation rate of raffia

vinifera of different size studied has a lower thermal effusivity than the plas-
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ter samples and inversely at 5wt% of reinforcement rate. So, the composite
thermal effusivity is inversely proportional to the incorporation rate and a
small influence of the raffia vinifera size studied;

e The thermal capacity of the new composites based on 5wt% reinforcement
rate of raffia vinifera different size studied is higher than that of the unrein-
forced plaster samples and inversely for the samples at 10wt% and 15wt%
reinforcement rate.

Moreover, the bending stress increases with the presence of reinforcement.
Indeed, the flexural strength is superior to that of unreinforced plaster for com-
posites based on 5wt% raffia of size superior to 1.6 mm on the one side and
15wt% raffia reinforcement of size inferior to 1.6 mm on the other. Similar out-
comes were obtained by [48]. This result shows that we can proceed to rely on
the raffia vinifera size and reinforcement rate to improve the tensile strength of
the new composite. In addition, it can be seen that the size of 1.6 mm is a bottom
limit and therefore a reference particle size on which we can base the formula-
tion of the composite by adjusting the rate of reinforcement as a variable. And
the less a material is dense, the more it contains air-filled voids between the par-
ticles, the lower the thermal conductivity, reflecting a greater thermal capacity. It
is found that, depending on the particles size and rate, the raffia vinifera fiber
reinforces the composite’s ability to resist bending, which agrees with the result
on the mixture of coconut particles and fibres with the plaster by D. Kumar et al.
[49]. These values are more interesting than the results obtained for a composi-
tion of plaster + rice husk of inertia | =5.51x107" m* with a flexural stress of
0.359 MPa [50] and 0.3 + 0.04 MPa for specimens of size (40 x 40 x 29) mm’
reinforced with non-oriented fiber of Rhecktophyllum Camerunense (RC) for a
reinforcement percentage of 3.35% [51].

Finally, these results indicate that the thermal properties of the raffia vinifera
particles and plaster based composite material are influenced according to the
incorporation rate and the maximum particle size of the stabilizer used. In other
similar studies, the materials incorporated modify the thermal conductivity of
the resulting materials depending on the quantity, the volume faction and prop-
erties [14] [36]. It appears that the best composition as a thermal insulator is
reinforced plaster by raffia vinifera particles at a 5wt% rate and size between 2.5
and 4.0mm. This composite has the best ratio of thermo-physical-mechanical
properties, which are summarized in Table 4.

For the habitable cell model thermal behavior instrumentation, this composite
95wit% plaster + 5Swit% raffia vinifera particles ((95P5R), is used as the building

Table 4. Properties of the best raffia vinifera particles and plaster-based composite.

. Papp
Composite
P (g/cm?
95 Plaster + 5wt% raffia
755.81

vinifera particles

Preal © (%) A a E CP oOf
g/cm?) ’ (W/mK) (m¥s) (J/m>S§"2K)  (J/m*K) (MPa)
617.90 0.42% 0.38 6x10°° 546.16 2 x10° 1.01
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envelope’s thermal insulation material. At the end of this experiment, it results a
temperature damping of 4°C and 5.8°C in the insulated house interior environ-
ment respectively for cold and hot cases in comparison to the outside environ-
ment and the uninsulated house interior environment, within the uncertainty

range of the data logger is +1.7°C.

4.2. Strengths and Limitations

A new composite as thermal insulation material that integrates an agricultural

and industrials secondary resource is developed. Then, we formulated and de-

termined the plaster and raffia vinifera based composite material physical, ther-

mal and mechanical properties and compared to unreinforced plaster properties.

e The good thermal properties of the plaster-raffia vinifera composite is en-
couraging in their used for building envelopes thermal insulation;

e The innovated by simultaneous assessment of the sampling area, the particle
size and the reinforcement rate of the raffia vinifera in the composite study;

This study brings a substantial contribution to the valorization of the local re-

sources in sustainable construction but the context was marked by constraints

such us:

e The sample cure is down in laboratory conditions that are not identical to
their real and natural conditions of use;

o The rapid hardening of the mixture of plaster and raffia vinifera;

o The specimen’s curing time was short,12 days maximum before testing;

e The habitable cell model had a small size and far from real housing dimen-

sions, like single storage habitat.

4.3. Implications on Practice and Research

The study’s results show the possible used of plaster and raffia vinifera at precise
rate and size to obtain a thermal insulation composite eco-material.
Further experimental research is recommended in order to study more:
e The physical and mechanical properties such as fire resistance, compressive
strength, stress test;
e The behavior of habitable cell made with other local material such as earth
based material and cement block;
e The study of economic profitability of the new composite material compared
to the existing insulators.
To do this, it’s important to let the samples dry for a longer period of time in
order to observe again the behavior of the material and to note the possible vari-

ations.

5. Conclusions

In the present work, composites were developed by plaster with raffia vinifera
particles (RVP) using different size. The effects of four different (RVP) incorpo-
ration (Z.e., OwWt%, 5wt%; 10wt%; 15wt%) on physical (density and water absorp-
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tion), thermal properties, mechanicals strength of the composites were investi-
gated. In addition, the use of the raffia vinifera particles and plaster based com-
posite material as building envelopes thermal insulation material is studied by
the habitable cell thermal behavior instrumentation in hot and cold environment
conditions. The results indicate that the incorporation raffia vinifera particle
leads to improve the new composite physical, mechanical and thermal proper-
ties. And the parametric analysis reveals that the sampling rate and the size of
raffia vinifera particles are the most decisive factor to impact these properties,
and to decreases in the thermal conductivity which leads to an improvement to
the thermal resistance and energy savings. The best improvement of plaster
composite was achieved at the RVP loading of 5wt% and size between 2.5 and
4.0 mm (C95P5R) which were about 0.376 W/m-K (30.98% higher than the
plaster sample). The water absorption test shows that the water absorption rate
is higher compared to plaster samples except at the RVP loading of 10wt% of
size between 2.5 and 4.0 mm and depends on the RVP size and the incorpora-
tion rate. Afterward, the flexural test showed the flexural strength of samples in-
crease compared to that of the plaster with the maximum improvement was ob-
tained at the RVP loading of 5wt% and size between 2.5 and 4.0 mm, which was
about 1.01 MPa (37.06% higher than the plaster sample). Additionally, the ha-
bitable cell experimental thermal behavior, with the new raffia vinifera particles
and plaster-based composite as thermal insulating material for building walls,
gives an average damping of 4°C and 5.8°C in the insulated house interior envi-
ronment respectively for cold and hot cases in comparison to the outside envi-
ronment and the uninsulated house interior environment, within the uncertain-
ty range of the data logger is £1.7°C.

In conclusion, the studied highlight that the new raffia vinifera particles and
plaster based composite material are suitable as thermal insulation in building and
the best composite is obtained at the raffia vinifera particles size between 2.5 and
4.0 mm loading of 5wt% and with a good ratio of thermo-physical-mechanical
properties. This mixture gives the new composite thermal insulation properties

applicable in the eco-construction of habitats in tropical environments.
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Nomenclature

b Width of the sample (mm);

L Span (mm);

F Load applied (N);

d Thickness of the sample (mm).

or Flexure stress (MPa)

Preal Real density (g/cm?)

my Final mass of the sample(g)

m; Initial mass of the sample (g)

wp Moisture absorption rate (%)

Ve Final volume (cm?)

Vi Initial volume (cm?)

m, Specimen mass (g)

Meyp Mass of the waxed specimen (g)

Pr Paraffin density(g/cm?)

V, Paraffin volume (cm?)

L Length of the specimen (cm)

/ Width of the specimen, (cm);

e Thickness of the specimen (cm).

Pap Bulk mass(g/cm?®)

m Mass, (g)

|4 volume (cm?)

T Particles size

6 Laplace transform of the temperature T,(t)

D, Laplace transform of the heat flux from the probe to the sample at the top

D, Laplace transform of the heat flow from the probe to the insulator (Polysty-
rene) downwards

D, Laplace transforms of the total fluxes emitted by the probe towards the sam-
ple (top) and towards the insulation (polystyrene) at the bottom

G Surface heat capacity of the probe

R. Contact resistance between the sample and the probe

e Thicknesses of the insulation

e Thicknesses of the sample

a; Thermal diffusivity of polystyrene

Lirn Interior temperature of the model without insulation

L Interior temperature of the model with insulation

b, & Outside temperature of the models

RVP Raffia Vinifera Particles
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