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The effect of doum palm fibers
on the mechanical and thermal
properties of gypsum mortar

Naiiri Fatma1 , Lamis Allègue1, Mehdi Salem2,
Redouane Zitoune2 and Mondher Zidi1

Abstract

The main objective of this paper is the evaluation of the possibility of using a gypsum mortar reinforced with doum palm

fibers as thermal insulators in building material. Several composite configurations with three sizes and five-weight ratios

(from 0.5% to 2.5%) of doum palm fiber were prepared for mechanical and thermo-physical characterization. Generally,

natural fibers are affected by the alkali environment of gypsum mortar. To overcome this problem, doum palm fibers

were treated with a NaOH solution of 1% concentration to enhance their resistance against chemical degradation.

Chemical treatment of fiber removes some hemicellulose and lignin and tends to make the fiber more homogenous,

which enhances fiber–matrix interfacial properties. In addition, the mechanical properties of the specimens were tested

after 7 days, 28 days and 1 year of curing in normal conditions. The obtained results show an improvement in the

mechanical performance of composites reinforced with treated fibers. In fact, better results were obtained for gypsum

mortar reinforced with treated reinforcement seive2 for the value of 1% of fibers. It was also noticed that NaOH

treatment has an influence on the thermal conductivities. In fact, the use of treated doum palm fibers as reinforcement in

gypsum mortar seems to be an alternative natural material to be used as a thermal insulator material.
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Introduction

Gypsum is commonly used as a building material due to
its diverse advantage, including important fire resistant,
sound and thermal isolation properties, lower cost and
lower consumption energy.1,2 Moreover, gypsum can be
recycled for several times using an appropriate process.2

Accordingly, gypsum presents renowned issues as men-
tioned by some researchers in recent decades.3 Among
these problems, we can mention the brittle behavior of
gypsum against flexion which restricts their use under
some special condition.4–6 To overcome this problem,
the addition of fibers such as glass fibers and polypro-
pylene fibers was used in order to enhance the flexural
strength, fracture energy and toughness of the gypsum
mortar composites.6,7 In addition, over the last few
years, in order to reduce cost and to minimize environ-
mental impact of production, researchers have focused
on the possibility to replace the synthetic fibers with nat-
ural ones as reinforcement used in gypsum composites.5

Natural fibers are a renewable resource substantially
available in numerous countries. Their mechanical and
thermal properties, however, are not well known and a
lot of variability in the mechanical properties of these
materials has been observed.7,8

Natural fibers are essentially composed of cellulose,
hemicellulose, and lignin. They have a variation in their
properties according to the age of the plant and grow-
ing condition.9,10 Their important tensile strength is a
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principal item in increasing the fracture toughness and
improving the brittle behavior of gypsum.11,12

Lately, many studies have looked to evaluate the
influence of adding natural fiber in the gypsum
matrix, especially on the matter of mechanical proper-
ties of gypsum composite.13,14 One of the primary dis-
advantages of using natural fiber as reinforcement in
building materials is the poor interaction between
fiber and concrete. Accordingly, numerous studies
focused on chemical (alkali treatment, silane treatment,
andacelytic treatment) and physical treatment of the
fiber to improve the fiber matrix adhesion by improving
their surface.11,12 Treated fiber has lower diameter and
densities because treatment removes impurities and
amorphous components from surface. Moreover, trea-
ted fiber has better mechanical properties, and they
show an increase of stress by 70%.12

Given that natural fibers have cellular porous struc-
tures, they contain a high content of hydroxyl groups
(–OH) which is considered as responsible for their deg-
radation. Fibers are treated to resist the alkali attack
sequels and hence to increase their strength and tough-
ness.14,15 The great capacity of natural fibers to absorb
water beside the alkaline attack by the matrix leads to
the reduction of its performance.14

This behavior can be mastered through alkali
treatment in order to clean the surface of fibers. The
obtained result has been reported by several research-
ers15,16 asserting a considerable enhancement in the
interfacial adhesion between fibers and matrix after
alkali treatment.

Several approaches study the influence of the length
of the fiber on the mechanical properties of the com-
posites. In this context, Benmansour et al.16 found out
that the use of long date palm fiber gives a better result
of flexural strength than short fibers. As a matter of
fact, mechanical properties were experimentally inves-
tigated to evaluate the effect of introducing different
length and volume content of jute yarn as concrete
reinforcement.17 In the work conducted by Monties,17

it was found that the maximum increment of compres-
sive flexural and tensile strength is obtained for 15mm
and 0.1% volume fraction.

Indeed, natural fibers are used in different types of
materials to enhance their mechanical properties, but to
minimize energy consumption they should also have
good thermo-physical properties. The fiber content of
composite affects thermal conductivity which decreases
with the increase of fiber quantities. From the measured
value, it was 0.30Wm�1k�1and by adding fiber it comes
to be 0.21W m�1k�1.18

Increasing the fiber content makes the composite more
isolated, and thermal diffusivity decreases by 55.9%,
44.4% and 33.2% for composite reinforced with barley
straw, wheat straw and wood straw, respectively.19

Palumbo et al.20 studied the thermal diffusivity
and conductivity of plaster reinforced with three types
of vegetable fibers such as corn, pith, and barley. The
obtained results have shown that thermal conductivity
was decreased by including the vegetable fibers due to
the reduction of density. In addition, the most import-
ant reduction of thermal conductivity was obtained
with specimens reinforced by the corn pith. More
recently, other authors have investigated the effect of
density on thermal conductivity of natural plaster rein-
forced with a different type of fiber notably wood shav-
ing, barley straw, and wheat straw.18 The obtained
results clearly show that the lower values of thermal
conductivity were measured on specimens reinforced
with wood shaving.19

Actually, hemp fibers are quite employed for sustain-
able construction material.21–23 In this context, Mazhoud
et al.24 have evaluated the thermal properties of line plas-
ter reinforced with different sizes of hemp fiber. Results
showed that better interest findings are obtained for com-
posites reinforced with the smallest hemp shiv. Similar
results have been obtained by Asasutjarit et al.21 and
Djoudi et al.22 In fact, it was mentioned that the fibers
size affects the thermal conductivity and for a given fiber
content, composites reinforced with short fibers have a
lower thermal conductivity than composite reinforced
with long fiber.23 Indeed, various attempts have been
made that declared that the percentage of the addition
was quite low than 10wt.% compared to composite rein-
forced with natural fiber.25

Despite the various researches on the mechanical
and thermal characteristic of natural fiber as reinforce-
ment of gypsum-based composite, their durability in
different aging conditions is still underestimated.
Thus, it is essential to take the durability of this mater-
ial into consideration in order to respond to the safety
criteria.26

Politécnica et al.27 evaluated the effect of three years’
natural aging on the durability of gypsum mortar rein-
forced with coir fiber used to produce wall panels. They
concluded that the bending strength of the specimens
was reduced by 16.66% during six months of aging, .
Indeed, for three years, the performance of composite
had not been reduced.

Accelerated aging conditions are a developing tech-
nology used in the laboratory to simulate the durability
of composite exposed to varying environmental condi-
tions.28,29 Belayachi et al.30 found that barley–straw
loses its performance under long-term condition.

If we refer to the literature works, most are focused
on palm fiber that is usually used to reinforce cement,31

concrete32 and gypsum matrix23 However, the effects of
adding doum palm fiber have never been discussed,
despite every year, an important quantities of old
leaves was removed and dropped.



For these reasons, our objective is to discuss the
eventual benefits of mechanical and thermo-physical
properties of gypsum mortar by adding these plentiful
fibers. More specially, the aim is to evaluate the effects of
doum palm fibers on mechanical and thermo-physical
properties of gypsum mortar. In addition, the impact
of optimum size and percentages of added fibers in the
formulation of gypsum mortar is investigated.

Materials

Presentation of doum palm fiber

The used doum palm tree belongs to the palm tree
family of Arecaceae. It can grow up to 17m high and
the trunk can have a girth of up to 90 cm. This tree is

normally found in the northern half of Africa and is
used as a decorative plant in rural and urban areas.31

Annually, the old and the big leaves are removed from
the tree and thrown. Therefore, to minimize the waste
of this natural and renewable material, we opted for
using the fibers extracted from these leaves as gypsum
mortar reinforcement.

Fiber extraction

The leaf of the doum palm fiber is composed of petiole
on which the leaflets grow. In this study, we used the
petiole of doum palm fiber. The natural fibers used in
this work are extracted from a doum palm petiole har-
vested from Monastir (Figure 1).

The extraction process consists of several steps. The
first one consists in peeling out the leafstalks by a
knife. These leafstalks are subsequently crushed using
a grinder made in a mechanical engineering laboratory
of the national engineering school of Monastir.

From this method of extraction, a mixture of differ-
ent lengths of fibers was obtained. To study the effects
of the fibers lengths on the mechanical and thermal
properties of gypsum mortar, the fibers were screened
using different meshes of the grid. For this reason, three
types of fiber sizes are manufactured and presented in
Figure 2 and listed below:

. Reinforcement sieve1 with 0.1mm mesh noted (RS1).

. Reinforcement sieve2 with 0.2mm mesh (RS2).

. Reinforcement sieve3 with 0.3mm mesh (RS3).

Fiber treatment

The main objective of the chemical treatment is to elim-
inate the weak boundary layers of natural fibers such as
lignin and hemicellulose which have no resistance to the
alkali environment of the gypsum.

The alkaline treatment disrupts more the hydro-
gen bonding in the network structure and adds an
aqueous sodium hydroxide (NaOH) to natural fibers.Figure 1. Doum palm.With: (a) palm tree,(b) palm petiole.

Figure 2. Pictures showing the three kinds of doum palm fibers. With: (a) Fibers referenced under RS1, (b): fibers referenced under

RS2 and (c): fibers referenced under RS3.



This favors the ionization of the hydroxyl group and
increases the surface roughness (equation (1))33

Fiber�OH�NaOH! Fiber� o�Naþ þH2O ð1Þ

Many researchers have proved that the time of
immersing and the chemical solution concentration
used for treatment can affect the properties of this
fiber.30–31 For this reason, we used the method recom-
mended by Zbidi et al.16,30 This method consists in
immersing the doum palm fibers into a 1% concentra-
tion of NaOH solution at a temperature of 105�C for
1 h. The fibers were thoroughly rinsed with distilled
water to remove any excess of NaOH solution sticking
to the surface of the fiber. Then, they were bleached
with sodium chloride and finally washed again with
distilled water.

Sand

Rolled sand with granulomere (0/2) was used in the
experiments. The physical properties of used sand are
presented in Table 1.

Lime

As a retardant of plaster setting time, an aerial lime
with 6% mass fraction was used. Her addition to the
mixture does not affect the mechanical properties of the
mixture but it increases the time of employment of mix-
ture by decreasing their solubility.

Plaster

The gypsum used in this study was produced by heating
between 150�C and 170�C of the natural gypsum from
the south of Tunisia (Tataouine) according to the reac-
tion (equation (2))

CaSO4:2H2O! CaSO40:5H2Oþ 1:5H2O ð2Þ

The technical feature of the gypsum according to the
standard NT 47-23, EN 13279-234 is presented in
Tables 2 and 3.

Composite preparation

The prepared composites are made from gypsum
conforming to European standard NF EN 13279-1,35

natural quartz sand 0/2mm and doum palm fibers.
To extend the setting time of plaster, an aerial lime
was used. The composites are obtained by mixing all
the components cited above for several weight percent-
ages of doum palm fiber from 0.5% to 2.5% with a step
of 0.5% weight fraction.

The same composition was used for the reference
mortar and the reinforced gypsum mortar. We take
the following composition according to the work of
Mokhtar.36

. The report W
PþS ¼ 0:6

. The report S
P ¼ 0:5

. We added 6% of aerial lime as a retarding of setting
time.

We designed by W: water; S: sand and P: plaster.
A mortar mixer with a maximum capacity of 5l was

used to produce the gypsum mortar. The composites
were produced using the following procedure:

1. The sand and the fibers were initially mixed in dry.
2. The plaster was added and mixed with the fibers and

sand.
3. Finally, tap water and aerial lime were added and

mixed for 2.5mm.

After the mixing, the half volumes of molds are filled
with gypsum mortar and were shacked using a shaking
table for 30 s. After that the molds were completely
filled and shaken for another 30 s to ensure a good

Table 3. Characteristics of gypsum.

Final setting

time (min)

Porosity

(%)

Compressive

strength (MPa)

Flexural

strength (MPa)

Capillary water

absorption (%)

19 41 9.3 5.1 39

Table 1. Sand physical properties.

MF

fineness

modulus

Apparent

volumic

mass (kg/m3)

The equivalent

of sand to the

piston ESP%

The equivalent

of sand visual

ESV (%)

2.315 1470 71.91 78.56

Table 2. Plaster particle size analysis.

Size (mm) 250 180 90 63

Finer (%) �0.2 1–2.5 12–17 22–28



distribution and a proper orientation of the fiber.
The specimens were unmolded after 24 h and they
were cured under laboratory conditions during 28
days. Each experimental test was repeated three times.

The details of the mix proportions per cubic meter
for all composites are presented in Table 4.

The designations of the various gypsum mortars are
presented in Table 5.

Experimental methods

Fibers characterization

Physical properties

Fiber diameter. The fiber diameter was measured
using the projector profile machine. An average of
100 holds section was measured for the various fibers.

Linear density. The measurement of the linear density
of doum palm fiber was carried out on the normal
atmosphere of relative humidity of 65%� 2% and
ambient temperature of 20�C� 2�C according to the
French Standard NF G 07-004.37

Moisture content. Moisture content is the weight of
water in the fiber as a percentage of the total weight of
the material. A BRANCA Ideal air instrument was

used to measure the moisture content of doum palm
fiber. The purpose of the method is to determine the
moisture content under prevailing conditions. The oven
is fixed at a temperature 105� 2�C and a sample mass
of 100 g is required.

FTIR spectroscopy. The FTIR spectroscopy test was
performed to examine the influence of the treatments
on the chemical composition of the fibers and to cor-
relate that with their impact on the mortar behavior.
The apparatus used is a CARY 630 FTIR – crystal
Diamond ATR; 32 scans were required at a resolution
of 2 cm�1 with a scanning range between 4000 cm�1 and
650 cm�1.

Mechanical properties. The mechanical properties of
doum palm fiber (tensile test, elongation and the modu-
lus of elasticity) were performed using an LLYOD
dynamometer with a load cell of 100N according to
standard ISO 5079.38 The tensile strength of treated
and raw fibers was calculated as the average of 20
fibers with the effective length of measurement being
20mm using a displacement rate of 5mm/min.

Composite mechanical properties

After demolding, the specimens were left under normal
condition (temperature (T)¼20� 2�C and relative
humidity (RH)¼65� 5%) until the date of the test in
the laboratory.

For mechanical tests, standard specimens with size
4� 4� 16 cm3 are prepared for control mortar without
fiber and gypsum mortars reinforced with raw or trea-
ted fibers.

The mechanical properties of composites were deter-
mined using an LLYOD machine test of capacity
20KN.

Flexural strength. For the flexural test, three-point bend-
ing test has been used with a deflection rate of 0.1mm/s
and a distance between supports of 10 cm. The flexural
strength is calculated according to the NF EN 12390-3
standard.35

Compressive strength. The compressive test is determined
with a deflection rate of 0.02mm/s on half of the spe-
cimens retained from the flexural test.

Thermal conductivity. All thermo-physical tests of com-
posites were performed using samples with dimensions
of 40� 20� 10mm3.

The thermal conductivity and diffusivity were deter-
mined using the Hot disk method TPS 2500 S with a
precision of 5% under the following climatic condi-
tions: T¼ 21�C� 2�C and RH¼ 45%� 10%.

Table 5. Gypsum mortar component.

Mix type Designation

RGM Reference gypsum mortar

SNT1 Gypsum mortarþ untreated fiber sieve 1

SNT2 Gypsum mortarþ untreated fiber sieve 2

SNT3 Gypsum mortarþ untreated fiber sieve 3

ST1 Gypsum mortarþ treated fiber sieve 1

ST2 Gypsum mortarþ treated fiber sieve 2

ST3 Gypsum mortarþ treated fiber sieve 3

Table 4. Mix proportion of the gypsum mortar (kg/m3).

Fiber

ratio (%) Gypsum Sand water Lime Fibers

0 1141.9 571.6 1028.6 164.06 0

0.5 1141.9 571.6 1028.6 164.06 14.32

1 1141.9 571.6 1028.6 164.06 28.64

1.5 1141.9 571.6 1028.6 164.06 42.96

2 1141.9 571.6 1028.6 164.06 57.28

2.5 1141.9 571.6 1028.6 164.06 71.6



The hot disk technique is used for a transient meas-
urement of thermal conductivity and thermal diffusivity.
It consists in fitting the sensor between the two pieces of
the sample, each one with a plane surface.The sensor
used in this test method is made of nickel foil which is
wound in a double spiral pattern with a 6.403 radius.

For all specimens, each measurement is relative to
three similar tests.

In order to estimate the potential of composite for
building, the thermal diffusivity a is calculated using the
following equation (equation (3))

� ¼
l
�c

ð3Þ

where l is the conductivity (W/m K), � is the density
(kg/m3) and c is the specific heat (J/kg K)

Results and discussions

Physical and morphological properties

Physical properties. The physical properties for raw and
treated fibers are listed in Table 6. These results indi-
cated that the fiber diameter decreased with the alkali
treatment because the treatment eliminated lignin and
hemicellulose compounds (Figure 3).

Table 6 shows that the mechanically extracted fibers
have higher linear density than the treated fiber because

they contain residues of gummy material. So the chem-
ical treatment improves fiber finesse.

The unit of the linear density is Tex, and it is a unit
of measure for the linear mass density of fibers and
referring to the mass in grams per 1000m of a single
filament

The mechanical characteristics of natural fibers are
mainly influenced by their moisture content. As seen in
Table 6, the treatment reduces the moisture content of
doum palm fibers, which will increase their mechanical
properties.

FTIR spectroscopy. To confirm our hypotheses about the
treatments impacts on the fiber surfaces, we have pro-
ceeded to FTIR spectroscopy tests. FTIR analysis
showed that the alkali treatment has modified the
chemical composition of the fiber. FTIR spectra of
raw and treated fibers are presented in Figure 4.
A zoom was made in the range between 400 and
4000 cm�1 in order to focus on the region to analyze.39

In the spectrum of the raw doum fiber, the signal of
their primary components (cellulose,hemicellulose and
lignin) is clear as declared in the literature intensely.40

We observe a large band in the range of 3700–
3353 cm�1 attributed to the hydrogen bond –OH
of the cellulose.41 This band is more pronounced for
treated fibers compared to raw fibers. The second
band between 2800 and 3000 cm�1 consists of C–H
and C–H2 bond characteristic of polysaccharides and

Figure 3. Digital microscope of doum fiber.

Table 6. Physical properties of doum palm fiber.

Diameter (mm) Linear density (Tex) Moisture content (%) Density (g/cm3)

Untreated fiber 353.37� 31.49 71.63� 18.37 17.61� 3.84 1.32

Treated fiber 225.13� 78.74 66.59� 11.96 12.17� 2.23 1.26



greases.42 Compared to raw fibers, the peak in this band
is more pronounced for treated fibers. This confirms the
effect of the hydroxide treatment which has partially
reduced the presence of non-cellulosic polysaccharides.
The band between 1700 and 1800 cm�1 corresponds to
C¼O bond characteristic of hemicelluloses. In this band,
the peak is almost nonexistent for treated doum palm
fiber. This confirms that treatment has partially elimi-
nated hemicelluloses. Indeed, hemicelluloses are respon-
sible for the hydrophilic character of the fibers.43

The peak at 1370.1 cm�1 also disappeared; it corres-
ponds to the CH2 stretching which is mostly observed
in lignin composites. This suppression results in a
higher availability of interface bonding between the
fiber and matrix.44

Mechanical properties. The mechanical properties of
doum palm fibers such as tensile strength, young’s
modulus and elongation are presented in Table 7.

The results show that alkalization improves the
mechanical properties of doum fiber compared to raw
fiber. The tensile strength of fracture raised from
155.88MPa to 179.92MPa and the elastic modulus
increases from 6.29MPa to 7.71MPa. In fact, the
fibers were cleaned from the impurities and the fibrils
arrangement was modified to enable them to support
more charge. Moreover, the amorphous matter was
removed and the lignin surrounding the fibers was
reduced. This result agrees well with the reported
results in literature, and the fiber treatment increases
the mechanical properties.33,45,46

Morphological characterization of fibers. The morphology
of the fibers is important because it provides

information on the interfacial adhesion between the
fibers and the matrix. To characterize the morphology
of doum palm fibers, a HITACHI TM3030 scanning
electron microscope (SEM) and Keyence Digital
Microscope VHX 2000 was used.

Figure 5 represents the longitudinal views of doum
palm fibers. This figure shows that they have irregular
shapes covered with a layer of gummy and waxy sub-
stances. Their structure is similar to natural composites.

The cellulose fibrils are held together by lignin and
hemicellulose to form fibers. In the plant, the fibers are
linked together by lignin which has a high solubility in
the alkali environment of the matrix.

Figure 6 presents the SEM images of doum palm
fibers before and after NaOH treatment. Raw doum
palm fibers are presented in Figure 5. Its surface is irregu-
lar and has many impurities and lignin residual. These
impurities decrease the tensile properties of doum palm
fibers because they raise the diameter of the fiber without
sustaining any tensile loads. Moreover, these impurities
can cause an unstable adhesion between the fiber and the
matrix and minimize the mechanical properties of the
composites.

SEM micrographics show an improvement on fiber
surface after alkali treatment. The use of alkali

Figure 4. FTIR analysis.

Table 7. Mechanical properties of doum palm fiber.

Tensile

strength

(MPa)

Young’s

modulus

(GPa)

Elongation

at break (%)

Untreated fiber 155.88� 12.03 6.29� 1.25 6.23� 2.92

Treated fiber 179.92� 11.37 7.71� 0.94 8.46� 1.26



treatment removed the impurities and the fatty sub-
stance from the surface of the fiber and this decreased
the fiber diameter as indicated in Figure 6(b).

Rude palm fiber shows the existence of noncellulosic
components on the surface of the fibers, and the alka-
line treatment removes the impurities which contribute
to a significant reduction of cementous material such as
lignin and pectin.

For treated fiber, as it can be seen from
(Figure 6(b)), the filament of fiber begins to degrade
as a result of the degradation of the cellulose filaments.
The oxygen begins to react with cellulose, thus resulting
in the rupture of the cellulose chain due to the attack of
the C–C bonds. The alkali treatment removed some
lignin and hemicellulose and allowed the fibrils to rear-
range themselves in the traction direction, which led to

Figure 5. SEM and digital image of untreated doum palm fiber. With: (a) SEM image with magnification �100, (b) digital microscope

image, (c) SEM image with magnification�500, (d)SEM image with magnification �1000.

Figure 6. SEM image of doum palm fiber. With: (a) untreated fiber,(b) treated fiber.



a better packing of cellulose chains and a better sharing
of the load.The surface becomes more porous and con-
taining more voids.

Before treatment, the surface contained gummy and
waxy substances as shown in Figure 6(a). This compo-
nent facilitates the extraction of fibers from the matrix
but after treatment (Figure 6(b)), the surface became
much smoother without attacking cellulose microfibrils,
which improved the adhesion between the fibers and
the gypsum matrix.33

Composites mechanical properties

Effect of fiber mass fraction on the composite density. The
density of specimens is an important property because
it is on correlation with thermal characteristics.
Figure 7 shows the effect of fiber content on composite
density. As expected when increasing the fiber content
and the size of fiber, a reduction in the composite dens-
ity was observed. The reduction of density was more
pronounced for specimen reinforced with RS3 accom-
panied by a decline of 12% in density compared to the
reference gypsum.

Compressive behavior of reinforced gypsum mortar.

Compressive strength is one of the most important
properties of building materials.

Results show that the compressive strength
decreased with the addition of untreated doum palm
fiber to the mortar Figure 8(a). This result is expected
and in agreement with previous findings. The incorpor-
ation of untreated fibers into the gypsum mortar caused
a reduction in the compressive strength by 47% for
SNT1, 62% for SNT2 and 72.33% for SNT3 for the
value of 0.5% as seen in Figure 8(a).

As depicted in Figure 8(b), increasing the fiber per-
centage in the range of 1% to 2.5% for ST1 and ST2

composites decreases the density which results in a
decrease of the compressive strength and by conse-
quence the capacity to resist to compression. Based
on these results, we can conclude that the composite
ST1 with 2% mass ratio represents the most important
value of compressive strength.

The compressive strength increased with the increase
of the used fibers content until an optimum value.
This decrease beyond the optimum value is due to the
packing of fibers, which became difficult at high fibers
content and introduced many voids into the composite
(Figure 8).

For ST1, the compressive strength grows with
the increase of fiber ratio but until the value of 2%,
the gypsum mortar becomes unhandy. For the other
mortar, the compressive strength increases until the
value of 1% for ST2, and then it decreases. This is
owing to a weak maneuverability due to the excess of
fiber in the matrix and the increase of porosity.

According to Figure 8 for the same fiber ratio, the
highest compressive strength is obtained for gypsum
mortar reinforced with treated reinforcement seive2
(ST2) for the value of 1% fibers. We can also note
that the addition of fibers perturbs the mineral skeleton
of the gypsum mortar. It increases its porosity by creat-
ing voids inside the matrix.

After one year, the compressive strength of gypsum
mortar reinforced with untreated reinforcement sieve 2

Figure 8. Compressive strength of gypsum mortar.

Figure 7. Density vs. fiber ratio.



(SNT2) decreased by 46% for the fiber ratio 2.5%, and
(Figure 9) this decrease can be related to the debonding
of the fiber due to the alkaline attack and the weak fiber–
matrix adhesion. Besides, during mixing, untreated fibers
absorbed a larger amount of water than treated fibers.
This behavior causes weakening in the fiber and a
decrease in its mechanical properties.

As for gypsum mortar reinforced with 1% of treated
reinforcement sieve 2 (ST2), the compressive strength
increased by 23% compared to the reference gypsum
mortar (RGM). This behavior can be explained by the
fact that the chemical treatment ameliorates the fiber–
matrix adhesion and removes compounds that are sen-
sitive to water intake and to alkaline attacks such as
hemicellulose, lignin, and pectin.

For the other composites, the compressive strength
results are listed in Tables 8 and 9.

For further increasing the fibers content, the com-
pressive strength was decreased for the different types
of fibers. This could be explained by the incorporation
of doum palm fiber which reduces the density of fiber.

Flexural behavior of reinforced gypsum mortar. Figure 10
represents the flexural strength executed on
4� 4� 16 cm3 gypsum mortar samples. As it can be
seen, adding untreated doum palm fiber causes aFigure 9. Effect of the aging time on the compressive strength.

Table 8. Compressive strength of ST1 and SNT 1 gypsum mortar.

Fiber ratio (%)

Compressive strength of SNT1 (MPa) The compressive strength of ST1 (MPa)

7 days 28 days 1 year 7 days 28 days 1 year

0.5 2.47� 0.45 2.06� 0.09 4.95� 0.08 2.51� 0.04 2.63� 0.15 4.98� 0.58

1 1.61� 0.18 2.10� 0.36 4.84� 0.45 2.60� 0.15 2.97� 0.36 5.83� 0.36

1.5 1.18� 0.12 2.12� 0.14 3.69� 0.79 2.76� 0.17 3.29� 0.58 4.87� 0.68

2 1.60� 0.12 3.57� 0.36 2.02� 0.08 3.22� 0.09 4.32� 0.24 4.90� 0.20

2.5 1.87� 0.05 3.86� 0.44 2.61� 0.20 3.37� 0.23 4.23� 0.82 4.62� 0.45

Table 9. Compressive strength of SNT3 and ST3 gypsum mortar.

Fiber

ratio (%)

Compressive strength SNT3 (MPa) Compressive strength ST3 (MPa)

7 days 28 days 1 year 7 days 28 days 1 year

0.5 1.80� 0.088 1.07� 0.184 3,13� 0.487 2.17� 0.151 2.68� 0.228 5.22� 0.214

1 1.07� 0.193 1.09� 0.083 2,31� 0.321 2.19� 0.135 2.26� 0.014 5.20� 0.345

1.5 0.78� 0.078 1.17� 0.094 2,18� 0.178 2.26� 0.103 2.58� 0.043 4.88� 0.657

2 0.93� 0.075 1.42� 0.179 1,41� 0.231 2.27� 0.214 2.62� 0.041 4.64� 0.125

2.5 0.79� 0.103 1.12� 0.183 1,51� 0.141 2.24� 0.167 2.44� 0.181 4.61� 0.321



reduction in the flexural strength compared to the
gypsum mortar.

Flexural behavior of the gypsum mortar reinforced
with treated doum palm fiber has been illustrated in

Figure 10. The composite reinforced with treated
doum palm fiber underwent an important improvement
for the flexural strength compared to the composite rein-
forced with raw fibers. This amelioration is attributed to
a better adhesion between fiber and matrix. For ST2, an
improvement of 28.4% is obtained for 1% fiber ratio.

The high mass ratio of the doum palm fiber leads to
enhance the contacting surface area between the fiber
and the matrix, and therefore the adhesion between the
gypsum and fiber increases. Adding the important ten-
sile strength of the fibers changes the mechanism of
rupture. Instead of breaking, fiber pulled up from the
matrix. This means that the flexural strength of com-
posite was controlled by the bonding strength between
the matrix and the fiber.

Increasing fiber content more than 1% creates dis-
ruption in the composite. Important quantities of doum
palm fiber create a heterogeneous mixture with accu-
mulated fiber.

Load/displacement curves of the different composite
and the control mortar for 2% mass fraction are pre-
sented in Figure 11.

The reference gypsum mortar shows the typical cata-
strophic behavior of a brittle material, whereas the
post-cracking behavior of the other composite was
influenced by the addition of fiber.

Besides, the different type of fiber proved to be def-
initely effective in the gypsum mortar giving rise to a
better post-cracking behavior.

By comparing ST3 curves to that of RGM, we note
that the addition of ST3 fiber significantly modified the

Figure 11. Load–deflection curve of gypsum mortar.

Figure 10. Flexural strength of gypsum mortar.



behavior of the gypsum mortar from a brittle to a
more ductile one. From the figure, after the maximum
flexural load, the defects propagation was reduced
because the fibers reinforcement acts like bridges for
the macrocrack.

For the specimen, ST1 and ST2 present the same
failure; moreover, ST2 presents a greater post-cracking
behavior compared with ST1 specimens with the high-
est load owed to the improvement of the load transfer
between the fiber and matrix.

Figure 12 shows three-point bending tests results
after 7 days, 28 days and 1 year to study the effect of

the aging time on the mechanical properties of rein-
forced gypsum mortar.

A significant decrease is noted for the composite
reinforced with untreated fibers after 7 days, 28 days
and 1 year. This could be explained by the fact that the
fibers polymerization makes their surfaces smooth;
hence, reduces their adhesion to the cement matrix.

However, Figure 12 demonstrates that for the
case of ST2, the values of gypsum reinforced with trea-
ted doum palm fiber for the three curing times are
higher than those of the reference gypsum mortar.
The cracking of gypsum mortar arises in the fiber /
mortar interface or as a propagation of default inside
the matrix.The increase of the flexural strength demon-
strate that fiber act as a bridge with the consequence of
the reduction of defaults propagation.

For the other composites, the flexural strength
results are listed in Tables 10 and 11. Almost similar
results were obtained for the rest of the composites. The
flexural strength increases by about 28% for ST1 and
12.5% for ST2 because the addition of doum palm fiber
to the gypsum mortar causes a high porosity.

Fiber–matrix interaction

The interface between the matrix and the fibers plays an
important role in determining the mechanical proper-
ties of composites. Good interfacial bonding is required
to have a maximum reinforcement because the stress
transferred between fiber and matrix passes through
the interface.

Interfacial properties of doum palm–gypsum mortar
composites are investigated by digital microscope Leica
DMS300 and HITACHI TM3030 scanning electron
microscopy (SEM).

Figure 13 presents the break surface of gypsum
mortar reinforced with treated fiber. From Figure 14,
it is clear that after bending test, fiber surface is covered
by gypsum crystal which confirm the strong fiber/
matrix adhesion. It also shows an absence of globular
porosity and cracking around fiber (Figure 13) due toFigure 12. Effect on the aging time on the flexural strength.

Table 10. Flexural strength of SNT1 and ST1 gypsum mortar.

Fiber

ratio (%)

Flexural strength SNT1(MPa) Flexural strength ST1(MPa)

7 days 28 days 1 year 7 days 28 days 1 year

0 0.83� 0.06 1.53� 0.03 2� 0.10 0.83� 0.06 1.53� 0.12 2� 0.06

0.5 0.67� 0.1 0.91� 0.07 2.56� 0.12 1.03� 0.08 1.28� 0.18 2.57� 0.1

1 0.72� 0.05 1.60� 0.03 1.12� 0.02 1.04� 0.18 1.34� 0.26 2.71� 0.14

1.5 0.63� 0.12 1.05� 0.12 1.82� 0.01 1.06� 0.12 1.62� 0.15 2.52� 0.06

2 0.42� 0.12 0.96� 0.12 1.03� 0.05 1.19� 0.12 1.68� 0.16 2.26� 0.04

2.5 0.92� 0.18 1.79� 0.04 1.15� 0.11 1.36� 0.05 1.90� 0.13 2.16� 0.13



Figure 14. SEM image of treated fiber extracted from gypsum mortar.

Figure 13. Composite reinforced with treated doum palm fiber. With: (a) digital image, (b) SEM image.

Table 11. Flexural strength of SNT1 and ST1 gypsum mortar.

Fiber ratio (%)

Flexural strength of SNT3 (MPa) Flexural strength of ST3 (MPa)

7 days 28 days 1 year 7 days 28 days 1 year

0 0.83� 0.06 1.53� 0.03 2� 0.1 0.83� 0.06 1.53� 0.12 2� 0.06

0.5 0.50� 0.08 0.61� 0.05 2.25� 0.13 0.94� 0.45 1.14� 0.09 3.74� 0.02

1 0.40� 0.13 0.54� 0.18 1.67� 0.10 0.91� 0.18 1.15� .36 2.9� 0.23

1.5 0.39� 0.07 0.57� 0.03 1.43� 0.21 0.82� 0.12 1.16� 0.14 2.2� 0.07

2 0.35� 0.07 0.53� 0.13 1.17� 0.26 0.73� 0.12 1.48� 0.36 2.36� 0.20

2.5 0.37� 0.1 0.55� 0.13 1� 0.15 1.67� 0.05 1.08� 0.44 1.38� 0.08



the strong adhesion between the fibers and the matrix
without phase separation. This shows that the high
toughness of this composite is due to the good interface
between the fiber and matrix. It is also noticeable that
fracture arises by a fiber pullout instead of a fiber
breakdown. The alkali treatment induced a better adhe-
sion between the fiber and matrix (Figure 13),47 while
Figure 15 shows that the untreated fibers partly
adhered with the matrix and pulled out from the
matrix. After applying stress, several holes appeared
due to the debonding of the fiber from the matrix,
which indicates a weak adhesion between the fiber
and the matrix. This behavior has contributed to
lower mechanical properties. The fiber–matrix interface
contains weak quantities of plaster grain in contact
with the fiber. The surface of the pullout fiber from
the matrix is smooth with no mark of adhesion.

However, this poor interaction between the fiber and
the matrix leads to limit the interfacial bonding and
gives low-mechanical properties.

Thermo-physical properties by hot disk method

Effect of mass fraction and fiber sizes. Figures 16 and 17
show the evolution of the thermal conductivity and the
thermal diffusivity as a function of fibers content.

Figure 16 shows the results for the thermal conduct-
ivity for different composites compared with reference
gypsum mortar. As can be seen, an increase of the ratio
of doum palm fiber reduces the thermal conductivity of
the specimen, consequently offering a new material with
superior thermal behavior. Also, in the relation
between the three types of fibers, the thermal conduct-
ivity for ST3 is higher than for the composites ST2 and
ST1. The thermal conductivity of the material is regu-
lated by the voids in the specimens. These voids
appeared from packing fiber.

Commonly, the short fiber aligned well than the
longer one. Thus, for a specific fiber content, mortar
reinforced with longer fiber has a higher number of
voids. This conducts to lower density and thermal
conductivity.

Thereby, according to Figure 16, the thermal con-
ductivity decreased by about 34.47% for ST1, 28.94%
for ST2 and 39.28% for ST3. All presented values are
the average of three samples.

Thermal diffusivity measures the rate of heat propa-
gation through a material, and it is an important par-
ameter to estimate their potential use in the building.
Calculated thermal diffusivity values are presented
in Figure 17. The addition of doum palm fiber decreases
the thermal diffusivity of gypsum composites. The
obtained results show an enhancement of the thermal

Figure 16. Thermal conductivity for different type of fibers.

Figure 15. SEM image of composite reinforced with untreated

doum palm fiber.

Figure 17. Thermal diffusivity for different type of fibers.



diffusivity of the gypsum mortar by 54.34%, 47.82%,
and 21.39% for ST1, ST2 and ST3, respectively.

It is clear from Figure 17 that the addition of doum
palm fiber has a positive influence on the heat diffusion
amortization. Thus, the composite which contains high
quantities of doum palm fiber, permits less heat diffusivity.

The effect of chemical treatment of doum palm fibers
on the thermo-physical properties of the gypsum
mortar is presented in Table 12.

The thermal conductivity of composites reinforced
with untreated fibers is higher than that of composites
reinforced with treated fibers. From Table 12, it is clear
that the treatment decreases the thermal conductivity of
the composites because it increases the fibers densities
and consequently makes the composites more porous.

Table 13 presents the effect of chemical treatment on
the thermal diffusivity of composites. Figure 6 shows
that the treatment eliminates the impurities of fibers
and increases their density, which makes the composite
more porous with a low-thermal diffusivity.

A comparison between the composite used as insu-
lation material and our composite were evaluated.
Table 14 presents the comparison between thermal con-
ductivity and diffusivity of some composites reinforced
with other fibers. According to the table, we can report
that the gypsum mortar in our work has a good thermal
performance compared with another composite.
Indeed, the thermal conductivity of ST2 is 0.26W/m
K, which means there is a decrease of 52.27% com-
pared to the reference gypsum mortar.

Table 14. Most studies of thermo-physical properties for gypsum composite.

Materials

Thermal conductivity

(W/m K)

Energy

saving (%) References

Reference gypsum mortar 0.55 – This study

ST1 0.25 54.54 This study

ST2 0.26 52.27 This study

ST3 0.27 49.63 This study

Wood shaving gypsum (40%) 0.2 18.8 48

Wheat fiber/plaster (25%) 0.33 4.3 18

Barley fiber/plaster (25%) 0.29 18.8 18

Wood shaving gypsum (25%) 0.28 19.5 18

Table 12. Thermal conductivity for a different type of composite.

Fiber

ratio (%)

Thermal conductivity (W m�1k�1)

ST1 SNT1 ST2 SNT2 ST3 SNT3

0 0.55 0.55 0.55 0.55 0.55 0.55

0.5 0.39 0.38 0.44 0.4 0.48 0.4

1 0.32 0.35 0.42 0.51 0.41 0.42

1.5 0.31 0.35 0.36 0.41 0.29 0.34

Table 13. Thermal diffusivity of different types of composite.

Fiber

ratio (%)

Thermal diffusivity (mm2/s)

ST1 SNT1 ST2 SNT2 ST3 SNT3

0 0.46 0.46 0.46 0.46 0.46 0.46

0.5 0.35 0.36 0.37 0.36 0.33 0.31

1 0.30 0.25 0.35 0.43 0.24 0.33

1.5 0.29 0.32 0.38 0.42 0.32 0.26



The energy saving is given by the following expres-
sion49 (equation (4))

ES ¼ 100� ð1�
�c
�g
Þ ð4Þ

We can suggest that using gypsum mortar reinforced
with doum palm fiber is an alternative for thermal insu-
lating material.

Effect of the density. Figure 18 represents the relationship
between thermal conductivity and density for the dif-
ferent composites, and it is clear that thermal conduct-
ivity is proportional with density. This proves the direct
relationship between the specimen’s density and ther-
mal conductivity. Increasing the quantity of fiber pro-
duces many voids leading to a low-thermal
conductivity. This addictive (density/conductivity) is
evident for the composite with mineral matrix and
vegetable fiber according to Toledo et al.28 and Wei
and Meyer.29

It is important to note that the lowest thermal con-
ductivity was achieved for the composite reinforced
with RS1.This can be attributed to the important quan-
tities of a finer particle in RS1 than the other fibers,
which were further resistant to the heat transfers.

Gypsum mortar with higher fiber content has lower
thermal conductivity and superior thermal insulation
capacity.

Recapitulation

Mechanical properties, thermal conductivity and dens-
ity are decisive parameters for the determination of the
optimal composition of the composite which satisfy the
following specification according to the UNE EN
13272-150–53 which are presented in Table 15.

Figure 19 describes the relationship Rc¼ f(d);
k¼ f(d) for ST2 composite, and therefore this figure
indicates that the thermal conductivity values drop by
decreasing the density.

For compressive strength, it increases up to 1% fiber
ratio, and beyond this fiber ratio, it decreases to
2.18MPa.

The results obtained for the other composites are
presented in Table 16. From the presented results in
Tables 15 and 16, for RS2 fiber with a mass fraction
of ratio 1%, the mechanical properties are 4.2MPa for
compressive strength, 3.11MPa for flexural strength,
and thermal conductivity is 0.40Wm�1K�1. These
properties are similar with the lightweight gypsum.

Figure 19. Compressive strength and thermal conductivity as a

function of density.Figure 18. Thermal conductivity as a function of density.

Table 15. Functional classification for gypsum.50

Gypsum Code

Density

(kg/m3)

Compressive

strength (MPa)

Flexural

strength (MPa)

Thermal

conductivity

Gypsum B1 4.6 6.4 0.52

Gypsum mortar B2 1680 �2 �1 0.4

Lightweight gypsum B4 �1000 �2 �1 0.4

High hardness gypsum B7 �6 �2 0.5



Thus, as a conclusion, the optimum ratio of doum
palm fiber is 1% for fiber ST2. Gypsum mortar filled
with RS2 responds to the mechanical and thermal
properties of construction materials.

The SEM image obtained from the surface fracture
indicates that the surface of the treatment fiber is
clearly very smooth. However, the surface of fiber
after the fracture of specimens indicates the presence
of plaster grain along the length of the fiber, which is
coherent with the good adhesion between the fiber and
the matrix, whereby this good adhesion between
gypsum and fibers offers resistance to pull out and con-
sequently enhances the plastic deformation.

Conclusion

In this work, an alkaline treatment of doum palm fiber
has been implemented. Its effect on the behavior of a
gypsum mortar composite and the properties of the
fibers have been studied. The treatment improves the
mechanical and physical properties of the fibers by par-
tial removal of noncellulosic polysaccharide and
important quantities of hemicellulose and lignin.
FTIR spectroscopy tests have been applied on fibers;
they confirm their surface modification due to the
treatments.

On the other hand, the consequence of the chemical
treatments on the mechanical behavior of the cement
composite has been evaluated through the three-point
bending tests. The NaOH treatment seems to amelior-
ate the fiber’s surface roughness which results a
better fiber matrix adhesion and composite with
higher properties.

Moreover, an experimental evaluation of the fiber
sizes and a mass fraction on the mechanical properties
were investigated.

Flexural and compressive strength was reduced
when adding a high fiber dosage (1.5%) and a long
fiber (RS2). This reduction is essentially reported firstly
to the porosity provoked by a grouping of fiber and
secondly the augmentation of tortuosity by increasing
the fiber length.

Flexural toughness increases by the incorporation of
doum palm fiber, and this augmentation was affected
by the fiber dosage and the fiber length simultaneously.

Reference gypsum mortar has a brittle behavior under
the flexural strength.

In this paper, the durability of gypsum mortar rein-
forced with doum fiber exposed to natural ageing was
investigated. After one year of natural ageing, it was
observed that the performance of the composite was
improved at an average of 1.53MPa to 3.25MPa flex-
ural strength.

Thus, this work has addressed to study the influence
of fiber content and length on the thermal properties of
gypsum mortar. The results indicate that the thermal
conductivity is related to the fiber content. Accordingly,
the thermal conductivity decreases by increasing the
fiber content.

In conclusion, the results obtained by the present
study clearly indicate that the use of RS2 doum palm
fiber with 1% mass fraction is an attractive way to pro-
duce a biocomposite gypsum mortar.
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