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Abstract
Gypsum-based composite is a widely used material in construction applications; 
it is a traditional material that is frequently used in non-structural and decoration, 
such as dry walls and ceilings, because to its benefits, which include environmental 
aspects, sound and heat insulation capabilities, and fire resistance. Brittleness, poor 
mechanical properties, and high water absorption are the main drawbacks of gyp-
sum-based composites, limiting their use. Fibers have been employed to improve the 
performance of gypsum-based composites in a number of research investigations. 
Natural date palm fibers (DPF) are considered efficient candidate for natural rein-
forcement in composites that dedicated to various applications due to many reasons, 
mainly, their low cost, good thermophysical and mechanical properties compared 
to man-made fibers. Date palm fibers-reinforced gypsum-based composites showed 
good overall performance and would be more commercially viable as building mate-
rials. This paper reviews previous research on date palm fiber-reinforced gypsum-
based composites. This paper summarizes, evaluates, and discusses the sources and 
properties of gypsum and DPFs, the influence of these fibers on the mechanical and 
thermal properties of the composites, and it highlights the fiber surface treatments to 
improve the fiber–matrix adhesion.
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1 Introduction

Building and construction sectors are among the world’s largest consumers of 
energy and non-renewable resources. Approximately a third of the world’s final 
energy consumption and nearly 15 % of direct  CO2 emissions are caused by the 
building and construction sectors combined; moreover, buildings and buildings 
construction sectors continue to use more energy as a result of increased energy 
access, rising heating and air conditioning demand, and the rapid increase in 
the area of buildings around the world [1]. The data in the residential sector has 
shown that the world electric energy consumption has shown an increase from 4.2 
EJ in 1973 to a value of 21.9 EJ in 2019 [2]. The energy consumption growth is 
related to some extent to the use of inefficient insulating materials with poor ther-
mal properties. Several efforts have been undertaken to address the construction 
sector’s energy efficiency problem, and improving the thermal insulation qualities 
of building materials is critical in this regard [3]. Because good insulation mini-
mizes energy consumption, less energy is required to cool the space in the sum-
mer and less heat is required to keep the room warm in the winter [4]. Besides, 
efficient thermal insulation can significantly contribute in reducing the electric-
ity demand and provide a comfortable indoor environment in buildings [5]. By 
employing thermal insulators in buildings, a significant reduction in energy con-
sumption for heating and air cooling can be achieved [4], and therefore a signifi-
cant save in the electric demand of the house. However, the reduction amount in 
energy consumption is dependent on the climate conditions as well as the applied 
insulator type and thickness. In this context, thermal insulation performance in 
buildings has become the major topic in this area [5].

In the last few decades, a huge awareness has been dedicated into using com-
posite building materials that have high thermal insulation efficiency for energy 
saving [6–8]. Gypsum plaster is a commonly used building material that may 
compete with cement because of its availability in subsoil, low cost, convenience 
of usage, and mechanical qualities appropriate for a wide range of applications 
[9]. Gypsum plaster is used in buildings, especially in walls or false ceiling [3]. 
However, gypsum has many disadvantageous. It is sensitive and difficult to adapt 
to hot and cold climatic conditions [3]. Furthermore, gypsum plaster appears to 
be heavy, porous, and brittle. However, by combining gypsum plaster with fiber, 
the heaviness and brittleness can be substantially reduced [9]. Synthetic fibers 
have forced researchers to develop new materials that are low cost, renewable, 
and environmentally friendly, such as natural fibers, which are less reliant on fos-
sil fuels [9]. The qualities of gypsum plaster can be improved by adding fibers 
to generate fiber-reinforced gypsum composites to overcome the shortcomings of 
the net material due to the exceptional strength, toughness, and durability of natu-
ral fibers over their lifetime [10]. Natural fibers can also play a significant role 
in thermal insulation due to a number of advantages: low environmental impact, 
biodegradable, inexpensive, long-lasting, and possesses strong thermophysical 
features [5]. It has been believed that adding fibers to strengthen quasi-brittle 
matrices will greatly improve their overall behavior in a cost-effective manner 
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[10–12]. Indeed, improved mechanical, thermal and acoustic properties have been 
reported as a result of using fibers compared to the non-fiber-reinforced gypsum-
based composites [10, 13, 14].

Date palm wood waste is a natural material available in a huge quantity in MENA 
region (Middle East and North Africa). From this wood, natural fibers can be 
extracted through various processes. Many researchers were dedicated their studies 
on this available renewable resource, as a low cost product for reducing heat loss in 
buildings [15–20]. Date palm fibers (DPF) are a promising candidate for the devel-
opment of energy-efficient and safe insulation materials [15]. The developed gyp-
sum-DPF demonstrated excellent thermal and mechanical features, allowing them to 
be used as a thermal insulation material [18]. Similarly, Portland-cement was chosen 
as a binder-based matrix, and the obtained results revealed that the use of DPF is a 
promising choice for use as a thermal insulation material in buildings [17]. Hygric 
properties and durability of this composite were investigated and showed encour-
aging results [21, 22]. The thermal, mechanical, and acoustic properties of a lime-
based matrix reinforced by DPF were investigated [23]. The results suggested that 
the material might be used as a good thermal insulator (thermal conductivity was as 
low as 0.091 W·m−1·K−1 for samples with 50 % w/w load of DPF) with good sound 
absorption capacity. On the other hand, the research has found that valuing local 
materials, particularly soil and plant waste, is a smart method to fulfill the goals of 
low cost building materials, thermal comfort, reduced energy use, and fewer fossil 
carbon dioxide emissions. In this regard, the thermophysical and mechanical proper-
ties of raw soil-based bricks mixed with date palm waste aggregates were examined 
[24]. The results showed that the thermal insulation has improved from net sam-
ples with 0.677 W·m−1·K−1to those mixed with 10 % DPF with 0.342 W·m−1·K−1. 
However, because of the poor compatibility between fiber surfaces and matrix, an 
increase in thermal insulation capacity was frequently followed with a decrease 
in mechanical properties. The fiber–matrix interfacial domain is a critical factor 
in fiber-reinforced ceramic matrix composites (CMCs), and the composite will be 
either brittle or damaged tolerant, therefore certain parameters must be met [25].

The main objectives of the present paper are the following: (a) to review and 
highlight the efficiency of the DPFs in the field of composites for construction 
applications in regard to worldwide abundance, extraction processes of fibers, ther-
mophysical and mechanical properties compared to some fibers, and construction 
applications as competitive reinforcement material for insulating. (b) to review and 
highlight the efficiency of gypsum as an ancient building material lately received 
much attention in reinforcement applications with fibers, in terms of environmental 
friendliness and thermal isolation compared to some other commonly used matrices. 
(c) to review and highlight the efficiency of the combination between gypsum-based 
matrix with DPFs mainly in regard to thermal insulation advantages in construction 
and to present the benefits of surface treatment of fibers in this regard. To the best 
of the authors’ knowledge, no review paper has been conducted on gypsum-based 
composites reinforced with palm fibers in construction applications.

The editing of the present review paper has been based on many references from 
different types of books, book sections, conference proceedings, reports, review 
papers, and original research papers. The methodology of the work is in brief as 
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follows: The first section outlines the DPFs’ renewable sources worldwide, extrac-
tion processes, properties, and applications as reinforcement. The second section 
summarizes the useful features of the gypsum in construction in terms of rein-
forcement with fibers and isolation. The third section describes the advantages of 
reinforcing gypsum-based matrix with DPFs in regard to thermal insulation in con-
struction and summarizes the surface treatment processes and influences. Finally, a 
conclusion that summarizes the main points is mentioned.

2  Date Palm Trees (DPT) and Date Palm Fibers (DPF)

Phoenix dactylifera L., the date palm, is a member of the Palmae (Arecaceae) family 
[26]. The Middle East and North Africa are the traditional cultivated arid regions of 
this species (mostly in Algeria, Saudi Arabia, Iraq, Pakistan, Egypt, Sudan, Oman, 
Iran, and Tunisia [27]), although these are not the only places in the globe where 
it is grown (e.g. California, Peru, and Australia) [26]. The date palm is adapted to 
hot climates and a certain level of salinity in the soil. The date palm tree uses the 
thermal insulation strategy to endure hot conditions and retain its trunk at acceptable 
and suitable temperatures for its growth and development when temperatures in the 
shade exceed 50 °C [23].

Date palm can grow in single stems or in clumps with multiple stems from a sin-
gle root system. The DPT trunks can grow up to 30 m tall [26], as shown in Fig. 1. 
Large pinnate leaves (3 m to 5 m long) with 50–130 leaflets on each side of a ligne-
ous midrib (rachis) [26]. The male and female flowers of the date palm are born in 
separate individuals, making it a dioecious species [26].

2.1  DPT waste

Figure  2(a) depicts the DPT structure. At the base of the trunk, several offshoots 
might be generated. Persistent leaf bases (midrib base—petiole) cover the brown-
colored trunk. On the top of the trunk, several leaves distributed 360° around the 

Fig. 1  Date palm (Phoenix 
dactylifera L—photograph from 
El-Meghaier, Algeria)
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tree, and each leaf is a long midrib with spines and pinnate with leaflets. Each year, 
10 to 20 new leaves are normally generated [27].

During the harvest seasons of palm fruits (dates) every year, large quantities of 
agricultural wastes can be accumulated in the agricultural lands of many countries 
(Fig.  2(b)). However, these wastes are disposed without any economic utilization 
value. These valuable biomass wastes can be used as new sources of cellulosic fiber 
[27]. The natural fibers can be acquired from the mesh, midribs, leaflets, and spadix 
stems (Fig. 3) [28]. Date palm leaves are divided into three sections: (i) the mid-
rib, (ii) the midrib base, and (iii) the leaflets. The midrib, sometimes known as the 
rachis, is the central section of the date palm leaf that carries the leaflets [28], while 
the midrib base is sometimes referred to as petiole [15]. The date palm surface is 
also referred as the mesh [28].

A single date palm can produce around 26 kg of waste per year from various parts 
of the tree [27]. The total amount of agricultural waste in MENA region (Middle 

Fig. 2  (a) Phoenix dactylifera L. structure [29]; (b) annual pruning by-products (photograph from El-
Meghaier, Algeria)

Fig. 3  Palm tree parts [30]. Adapted from [28]
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East and North Africa) produced annually can vary from 2.6 to 2.8 million tones 
[27]. Unfortunately, the volume of these agricultural wastes is not correctly deter-
mined, and they are not used in many industrial applications as important renewable 
resources of cellulose, hemicelluloses, lignin, and other compounds [27].

2.2  Extraction of DPF

The interest of natural fibers has been increased due to the increasing demand for 
more sustainable applications. In comparison to man-made fibers, natural fibers 
are environmentally friendly and offer high specific properties (due to their light-
weight). Because to the large number of date palm units, annual pruning creates a 
large amount of by-products, making date palm one of the most readily available 
natural fiber sources. Fibers can be extracted from four parts of palm tree: (i) mesh, 
(ii) spadix stems, (iii) midribs, and (iv) leaflets. Several techniques have been used 
to extract the natural fibers from all parts of the palm tree; i.e. extraction of fibers 
mechanically or by separating cellulose fibers from lignin and hemicelluloses using 
chemical or biological treatments. Extraction processes that produce pure, long, and 
fine fibers with minimal damage are considered successful [28]. The technique of 
fiber extraction has an impact on the physical properties of the fibers [27].

Mechanical extraction and alkaline treatment with NaOH are the two most com-
monly used extraction procedures mentioned in the literature [28]. Mechanical 
extraction often involves chopping and grinding date palm parts into small pieces 
without attempting to delignify the fibers, whereas mesh fibers exist in a special 
form that may be easily separated by hand or with water [28]. Figure 4 depicts the 
mechanical technique for extracting palm fibers.

Regarding the chemical treatment, alkaline treatment (with NaOH) is the most 
common extraction technique, as mentioned. Different NaOH combinations were 
tested (NaOH concentration, treatment temperature, and treatment duration), and the 
most common combinations employed were 1 % NaOH at 100 °C for 1 h and 5 % 
NaOH at 90 °C for 3 h [28]. Many other different alkaline solutions were used in lit-
erature, such as cement solution [31], calcium hydroxide Ca(OH)2 [19], and calcium 
oxide CaO [32]. On the other hand, acidic chemicals were also used for treatment, 
such as hydrochloric acid HCl solution [33]. In the literature, an unusual extraction 
technique based on oxygen plasma was applied at varied plasma discharge powers 
and exposure times [34].

Bezazi et al. [29] extracted raw fibers from date palm rachis using two methods: 
(i) retting in water for 3 weeks, and (ii) boiling in water for 2.5 h. These techniques 
were used to facilitate the individual separation of the fibers from the gums, waxes, 
and pectin. The investigated mechanical behavior showed that the fibers extracted 
by boiling provided higher tensile strength and Young’s modulus compared to fibers 
retting in water (with a difference of about 12.43 MPa and 1.26 GPa, respectively). 
These results are in accordance with the data found in literature as the authors indi-
cated. In this context, it is worthy to mention that retting with warm instead of cold 
water reduces the process time between 70 h and 100 h under controlled conditions 
(temperature and pH) [29, 35].
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2.3  Date Palm Fibers (DPF)

One of the sources of natural fibers is DPT wood waste. The natural fibers can be 
extracted from the date palm tree wood waste that has been obtained by annual 
pruning of different parts of the plant (i.e. midribs, leaflets, spadix stems, and mesh). 
Natural fibers can be used in developing composites suitable for different industrial 
applications. Furthermore, the cost of natural fibers and their global availability are 
considered to be the most important parameters for their applications in many indus-
trial sectors [27].

The number of date palms in the world is estimated at about 120 million units 
[36], and when taking the average of 35 kg of palm residues per tree per year, then, 
the estimated rawDPF s will be about 4200 metric tons yearly [37], more than 10 
times the quantity of sisal fibers commercialized worldwide as shown in Table 1.

The inexpensive cost of natural fibers in comparison to synthetic materials is one 
of the key reasons for their adoption in industry [37]. The cost of raw natural fibers 

Fig. 4  DPF extraction techniques and physical and mechanical properties (d: diameter, L: length, ρ: den-
sity, σ: tensile strength, and E: modulus of elasticity) [28]

Table 1  Some natural fibers 
with average annual production 
[37]

Fibers type Annual pro-
duction  (103 
tons)

Sisal 378
Hemp 214
Coir 100
Date palm 4200
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varies per kind, but DPF are considered among the most abundant and cost-effective 
natural fibers (NF) due to their widespread availability, according to Awad et al. [27]. 
Moreover, it is noted that DPF have thermal conductivity less than that of hemp and 
still close to sisal [23]. As mentioned in the study of Agoudjil et al. [15], the ther-
mal conductivity values of DPF, hemp, and sisal are respectively, 0.083 W·m−1·K−1, 
0.115  W·m−1·K−1, and 0.07  W·m−1·K−1. It is important to mention that there are 
different types of each kind of natural fiber, different structure, pore distribution 
make it possible to obtain significantly different results of thermal conductivity. Low 
thermal conductivity of DPF can be attributed to the low density that resulted from 
the high mean diameter (i.e. high voids) of these fibers compared to other fibers, as 
shown in Table 2. As a result of these advantages, DPF is unquestionably a competi-
tive material. These facts encourage the researchers for finding new ways to valor-
ize these abundant renewable resources. Some already implemented ideas are based 
on extraction of DPF from different parts of DPT (agricultural waste) using vari-
ous techniques (i.e. biological, mechanical, and chemical [27]) and use the extracted 
natural fibers in different applications. The fibers mechanical performance can be 
influenced by the extraction procedure, according to Soltan et al. [38] and as shown 
in the review study of Elseify et al. [28].

Plant fibers cell wall is mostly made up of three major organic polymers: cellu-
lose, hemicellulose, and lignin [37]; cellulose is surrounded by hemicelluloses and 
incorporated in lignin as a matrix, giving it a composite-like structure [28]. Because 
of their diverse molecular composition and structure, these polymers have variable 
mechanical and water absorption properties [37]. The majority of lignocellulosic 
fibers (a scientific term that also refers to plant fibers) contain 50 to 70 % cellulose 
[39]. Thus, cellulose is the principal constituent for all the plant fibers [40]. C, H, 
and O are the main elements of the cellulose with a chemical formula of  C6H10O5 
[39]. The cellulose affects the most characteristics of the lignocellulosic fiber [39], 
and because of the hydroxyl group (‒OH) in the cellulose chain, all the plant fibers 
are hydrophilic in nature [41]. Furthermore, as compared to other organic polymers, 
cellulose is a chemically stable material that cannot be dissolved by alkaline solu-
tions and has a great resistance to acids (excluding strong acids at high concentra-
tions) [28].

Hemicellulose and lignin are the most abundant components after cellulose. 
Hemicellulose is a polymer made up of sugars like glucose and glucuronic acid that 
can form amorphous, branched, or non-linear structures with limited strength [42]. 

Table 2  Mean density and 
diameter of palm fibers and 
some other natural fibers [37]

Mean value: (min limit value + max limit value)/2

Fibers type Mean density (g·cm−3) Mean 
diameter 
(μm)

Sisal 1.42 104.00
Hemp 1.45 262.50
Coir 1.31 235.00
Date palm 1.05 550.00
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Lignin is a complex organic polymer in which has a highly complex amorphous 
structure [39]. Furthermore, lignin fills the gaps between the cellulose and hemi-
cellulose in the cell wall [43], and it is also thought to be a viable natural resource 
for adhesive and coating applications [44]. The three large polymers are bonded 
together by covalent bonds [39]. DPF cellulose and lignin mean contents are com-
pared to those of other natural fibers in Table 3. Besides that, DPF contain mineral 
substances such as phosphorous, calcium, iron, and silicon [45], but in quantities 
depending on the date palm parts from which the fibers were extracted.

It can be seen that the cellulose content in DPF is lower than that in sisal and 
hemp fibers. Compared to coir fibers, this content is relatively high. This fact con-
tributes in reducing the water absorption ability in DPF compared to sisal and 
hemp fibers, in addition to having better mechanical and weathering properties than 
coir fibers [37]. In addition, as compared to coir fibers, cellulose content in DPF 
is higher than lignin content, similar to sisal and hemp fibers. Low lignin/cellulose 
ratio (low lignin content with high cellulose content) alters the cellulose degradation 
pathway and leads to incomplete combustion of natural fibers [47]; this behavior can 
be important in the field of fire resistance.

Natural fibers are characterized also by very good mechanical properties com-
pared to glass fibers (man-made fibers and among the most versatile industrial mate-
rials known today) in specific strength and modulus [48]. DPFs have low density 
(0.9 g·cm−3 to 1.2 g·cm−3) and a high elongation to brake (2 % to 19 %) which can 
compete with glass fibers that characterized by density of 2.5 g·cm−3 and elongation 
to brake (2.5 % to 3 %) [37, 48].

Finally, the origin of the plant, as well as agricultural parameters (soil quality, 
weathering conditions, retting procedure, and so on) can affect the chemical analysis 
of DPF [49], and therefore the results shown in the previous Tables. Moreover, the 
DPF extracted for different parts of the plant may show a difference in their contents 
of cellulose, hemicellulose, and lignin as shown in the study of Awad et al. [27].

Finally, DPF are considered efficient candidate for natural reinforcement in com-
posites that dedicated to various applications.

2.4  DPF Characteristics According to Date Palm Parts and Varieties

The date palm trees are existing in different varieties, such as Deglet-noor (DN), 
Mech-deglet (MD), and Elghers (EG) [15]. The thermophysical properties of date 
palm samples cut-out from petiole or/ bunch (spadix stems) of different varieties 
(DN, MD, and EG) of Algeria region are shown in Table 4. At room temperature and 

Table 3  Mean contents of 
cellulose and lignin of some 
natural fibers [37, 46]

Fibers type Cellulose (wt %) Lignin (wt %)

Sisal 69.0 11.00
Hemp 71.2 6.84
Coir 37.9 42.50
Date palm 39.5 20.47
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atmospheric pressure, all of the data were attained. The thermal conductivity and 
density of the investigated wood samples (and hence the extracted fibers) are seen 
to be dependent on the date palm tree’s part and variety. The influence of date palm 
variety and part on thermal conductivity was found to be minor when compared to 
the effect of other parameters [15]. Alotaibi et al. [46] showed in their study on dif-
ferent types of DPFs extracted from different parts of the tree that there is a note-
worthy difference in the chemical composition of fibers (in regard natural polymers 
contents). It is worth noting that the chemical make-up of date palm wood (and thus 
the derived DPF) varies from country to country [27], this is due to the climate and 
geographic conditions, which have an impact on the structure and chemical compo-
sitions of DPF [50]. Regarding the thermal stability of DPFs, it was concluded that 
the natural palm fibers extracted from the fruit bunch stalk (spadix stems) is more 
thermally stable (higher thermal degradation temperature) with rougher fracture sur-
face which may lead to increase isolation and bonding strength in composites [46].

The DPFs extracted from different parts of the plant showed a difference in mor-
phology according to SEM images as shown in Table 5. The same observation was 
reported in the study of Djoudi et al. [51] in regard to mechanical properties and the 
values of X-Ray diffraction analysis.

2.5  Applications of Date Palm Fibers DPF

Date palm fibers, which are extracted from various parts of date palm trees, have 
just a few traditional uses. DPFs, for example, have been utilized in the past as (i) 
cushion material, with the leaflets shredded into coarse fibers and used as fiberfill in 
cushions; and (ii) cords, with the fibrous mesh enclosing the trunk opened and spun 
into cords [28]. DPF have been used in a variety of novel applications, including 
papermaking, particleboard uses, insulating panels, and, most notably, as reinforce-
ment in a variety of matrices (polymer, cement, gypsum, etc.) [28]. DPF have shown 
to be quite competitive in the automotive industry when compared to other natural 
fibers [37].

The reinforcement efficiency of natural fibers is measured by the stress transfer 
between the matrix and the natural fibers. The stress transfer depends on the strength 
of natural fibers and as well as their length [28]. If the fibers length is less than the 
so-called critical stress transfer length (critical length), they are considered inclusion 

Table 4  Thermophysical characteristics of palm samples [15]

Date palm part Palm variety Density (kg·m−3) Thermal conduc-
tivity (W·m−1·K−1)

Petiole (P) Deglet-Noor 276 ± 2 0.083 ± 0.003
Mech-Deglet 187 ± 1 0.073 ± 0.003
Elghers 206 ± 1 0.072 ± 0.002

Bunch (B) Deglet-Noor 389 ± 4 0.085 ± 0.004
Mech-Deglet 388 ± 3 0.084 ± 0.005
Elghers 341 ± 3 0.074 ± 0.004
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rather than reinforcement, hence, lowering the composite’s strength [28]. Besides to 
the stress transfer, the microfibrillar angle (MFA) of fibers inside the composite has 
an influence on the overall strength of the composite, where the smaller MFA the 
more load the fiber could carry [28]. Because the applied load will have two com-
ponents, horizontal and vertical, the inclination of fibers affects their ability to carry 
the entire load [28].

In the future, the demand of natural fibers (mainly the wide available ones with 
competitive price such as DPF) would show an increase due to the increase of 
urbanization and projects mainly in construction and infrastructure such as construc-
tion applications (e.g. reinforcement of concrete) and geotechnical applications (e.g. 
geotextiles).

In a general way, the reinforcement of the matrix with natural fibers has a positive 
influence on the mechanical properties and the thermal insulation behavior. As indi-
cated by [19, 20, 28], the addition of DPF into cement improved the strength prop-
erties of the composite. The toughness improved as a consequence of using long 
DPF with increasing fiber weight fraction, according to the same authors. Besides 
that, density and ductility of mortar were improved due to the incorporation of mesh 
fibers [28, 52]. Moreover, the use of mesh fibers with maintaining weight fraction 
significantly improved the thermal insulating capacity by reducing the thermal con-
ductivity coefficient of the composites [28, 53, 54]. Figure 5 summarizes some of 
the main applications of palm fibers.

3  Reinforcement with Natural Fibers

Natural fibers, as noted in the literature, are gaining a lot of attention these days due 
to their multiple benefits, including low cost, biodegradability, eco-friendliness, and 
relatively good mechanical properties [55]. As a result, natural fibers are used as 

Fig. 5  Extraction and applications of palm fibers
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reinforcement for a variety of matrices [56]. Gypsum, lime, cement, and earth are 
among the most used matrices for construction applications.

3.1  Gypsum

Gypsum is a commonly used building material (it is an ancient decorative material 
that is frequently utilized in interior linings such as walls and ceilings [57]) and that 
is due to its advantages, mainly, the environmental friendliness, sound and thermal 
isolation properties [58]. Aside from that, due to the significant latent heat associ-
ated with dehydration into hemihydrate and anhydrite, gypsum is commonly utilized 
to create firebreak systems (i.e. gypsum is fire resistant) [59]. Moreover, gypsum 
can be recycled using appropriate processes [10]. The range of gypsum applications 
is limited, however, because to several of its notable shortcomings, such as brittle-
ness, heaviness, low water resistance, and shrinking during fire exposure [60–64]. 
Many strategies have been suggested to overcome the drawbacks of gypsum-based 
composites, as the addition of slag, fly ash, and phase change material (PCM), etc. 
[65, 66]. In contrast, the strategy of using fibers has been attracted the researchers 
because of the excellent properties of fibers (strength, toughness, and their durabil-
ity over their service life), since using fibers was believed to overcome the matrix 
shortcomings and to improve dramatically the composites’ properties [10, 67]. In 
comparison to net composites (i.e. without reinforcement), gypsum-based compos-
ites reinforced with fibers have better mechanical, thermal, and acoustic properties 
[10, 13, 14]. In this context, glass fiber is widely used, but this use ran into many 
disadvantages: (i) its high cost makes it difficult to combine with a low-priced mate-
rial (such as gypsum), (ii) the accepted reinforcement is usually in the form of short 
fibers rather than fabric [68]. As a result, the usage of glass fibers as reinforcement 
may pose health concerns during manufacturing, recycling, or even after an acciden-
tal break [68]. Natural fibers, with their low cost, great strength, and lack of harm to 
human health, are one of the conceivable options in response to the global desire to 
reduce environmental effect.

Many studies on natural fiber-reinforced gypsum-based composites have been 
published [14, 59, 69, 70]. The purpose of many of these researches is to obtain new 
composite materials with improved thermophysical and mechanical properties for 
reducing the building energy consumption. Various natural fibers were used in the 
literature as reinforcement to overcome some drawbacks of gypsum matrix. Among 
them, hemp fibers (Fig. 6a), sisal fibers, cork fibers and paper fibers were mentioned 
in many studies. Generally, the incorporation of fibers in gypsum matrix increased 
remarkably its comprehensive properties [10, 14, 71].

When comparing net gypsum to gypsum reinforced with hemp fibers, the 
material containing hemp fibers showed a considerable drop in heat conductivity 
and a significant increase in mechanical properties [70]. In a similar study, during 
a fire exposure (150 °C and 250 °C), hemp fibers acted as a thermo-mechanical 
reinforcement of gypsum panels (i.e. toughening role), and hence preventing the 
brittle collapse of matrix [59]. These studies encourage using hemp fibers (and in 
general, natural fibers) as gypsum-reinforcement in the production of materials 
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with different applications: as false ceiling, wall material, toughened gypsum 
plasterboards for fire-protection. In a similar way, sisal fibers were also chosen 
to manufacture gypsum-fiber composites [69]. Cork fibers and paper fibers (card-
board waste) were used also as gypsum reinforcement to form an eco-friendly 
composite material for building thermal insulation [14].

According to Jia et al. [10], in the field of fiber-reinforced gypsum-based com-
posites, natural gypsum (NG) and gypsum by-products [flue gas desulphuriza-
tion gypsum (FGDG) and phosphogypsum (PG)] have been employed in several 
researches, and the characteristics of these types are given in Fig. 7.

Natural gypsum comes from natural minerals, whereas gypsum by-products 
come from various chemical processes [10]. By-products of gypsum include also 
fluorogypsum and red gypsum [10]. FGDG is a gypsum by-product produced in 
coal-fired power plants during the flue gas desulfurization process [73]. Phos-
phoric acid plants produce PG as a waste by-product during the processing of 
plant rock [74]. Gypsum by-products are often waste materials with large amount 
which are discarded without any treatment, and that created great hazard issues 
on the environment and on the human health [10, 75–79]. Gypsum by-products 

Fig. 6  Common ceramic matrices reinforced with natural fibers [21, 23, 58, 72]: (a) gypsum samples 
reinforced with hemp fibers, (b) lime samples reinforced with DPF, (c) cement-based mortar reinforced 
with DPF, (d) soil bricks reinforced with hemp fibers
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can be reused to make building gypsum (BG) and high-strength gypsum (HSG) 
in a cost-effective manner [10]. BG is mainly composed of β-CaSO4·0.5H2O and 
 CaSO4, and it is obtained through calcination of gypsum by-products [10, 80–83]. 
The mineral composition of HSG is α-CaSO4·0.5H2O, and it can be produced 
by reusing of gypsum by-products [10, 84–86]. Besides gypsum by-products, NG 
also can be used to produce BG and HSG [10]. NBG and NHSG are the abbrevia-
tions for BG and HSG made from NG, respectively, and Table 6 illustrates their 
mechanical strength.

3.2  Lime

Besides to gypsum, lime based mortar has been used for centuries in the field of 
construction as a stone binder in ancient buildings [87]. However, the develop-
ment of Portland cement in mid nineteenth century affected the use of lime in con-
struction. Nevertheless, the necessity to develop environmental-friendly products 
increased the attention of using lime again as a building material. Nowadays, lime 
is frequently utilized in the manufacture of exterior plasters, mostly to protect load-
bearing structures from the weather [88]. Due to the effects of temperature changes, 
heat expansion and shrinkage cracking, water erosion, freezing and thawing [88] as 
well as the brittle character of the material and relatively low mechanical proper-
ties [25], the durability of lime based binder is posed as a critical issue. Organic 

Fig. 7  Characteristics of some gypsum types often used with fibers [10]

Table 6  Mechanical strength of 
NBG and NHSG [10]

Gypsum source NG NG

BG/HSG NBG NHSG
Compressive strength (MPa) 6.18–12.75 35.29–43.6
Flexural strength (MPa) 4.67–9.25 10.41–18.35
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additions (plant extracts, rice paste, molasses, egg white, etc.) were commonly uti-
lized as a solution in ancient constructions because they contain fats, proteins, and 
carbohydrates, which have a good effect on the binder by minimizing the cracking 
effect, as indicated by Tamas-Gavrea et al. [89]. Furthermore, using short fibers as 
reinforcement randomly distributed throughout the matrix is one of the most effec-
tive approaches to improve the major defect of lime-based matrix (plastic shrinkage) 
[88]. Besides that, with short length fibers the diameter change expected to be very 
small over the longitudinal direction [45]. Nowadays, the building industry encour-
ages the use of “green materials” and therefore choosing natural fibers as reinforce-
ment of lime plasters (Fig. 6b). In this context, many obtained results in the litera-
ture are very encouraging.

Lime plasters have been reinforced with sisal fibers and kenaf fibers of 5  mm 
length; the obtained results were encouraging in terms of durability compared to 
polymeric fibers [88]. Besides the earlier fibers, good results have been obtained in 
terms of thermal, mechanical and acoustical properties when using sheep wool fib-
ers with a length of 1 mm to 10 mm as reinforcement in lime based mortar [89, 90]. 
According to Formisano et al. [91], raw jute fibers can be utilized to reinforce lime-
based mortar as a building product in seismic zones. In bending tests, 1 % jute fibers 
of length 5 mm to 15 mm rendered the composite more ductile, with an average ulti-
mate displacement roughly 15 % higher than the unreinforced samples; in compres-
sion testing, the stress was reduced by 25 % (with reference to unreinforced fibers) 
[91]. Depending on the kind of matrix, basalt fiber type, and fiber concentration, 
basalt fiber reinforcing of lime-based mortar improved post-cracking behavior and 
compressive strength significantly [25]. Chemical surface treatment of hemp fibers 
was discovered to play a significant influence in the strengthening of the lime-fibers 
interface as well as the overall stiffness of the composite in a study by Le Troedec 
et al. [87]; in the previous study, the lime reinforcement was based on hemp fibers 
with lengths ranged between 1 mm and 10 mm.

3.3  Cement

Besides to gypsum and lime, a new inorganic matrix has been attracted the focus of 
the researchers many years ago mainly due to some interesting mechanical proper-
ties. However, because Portland cement is a brittle material, introducing fibers into 
the cement matrix can help to improve several defects, such as toughness and the 
elimination of temperature and shrinkage cracks [92]. The properties of Portland-
cement-based composites reinforced with natural fibers were investigated at the end 
of the 1970s [93]. It was concluded that natural fibers might be used to reinforce 
Portland-cement-based matrices, with promising results similar to those reported 
with maguey fiber reinforcement [94]. Unprocessed natural fibers were widely 
chosen to reinforce gypsum, lime, and also Portland-cement matrices, and the rea-
son behind that being in their obtaining process at low price, their minimal carbon 
impact and good mechanical properties. Natural fibers reinforced cementitious com-
posites had been widely investigated for several applications [95], for example, they 
can be used to strengthen masonry constructions and as sandwich panels [96]. The 
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prepared sample, as shown in Fig. 6(c), is made up of cement mortar reinforced with 
DPF.

In Mexico, lechuguilla fibers (of 20 mm to 30 mm length) were used as a mate-
rial of reinforcement in Portland-cement due to their wide availability [93]. Besides, 
the reinforcements were at a dosage of 1 % by volume using treated and untreated 
fibers. The results showed that using natural fiber (lechuguilla) as reinforcement 
leads in a composite with a ductile post-crack behavior under bending. In another 
study, cementitious matrix reinforcement was tested with hemp fibers and sugar-
cane bagasse fibers [96]. Bagasse fiber increased flexural strength, while hemp fibers 
increased composite toughness, according to an experimental investigation.

3.4  Soil

Among used building materials since ancient decencies, raw soil. Raw soil, like 
lime, has been abandoned since the invention of cement [97]. However, some Afri-
can rural communities continue to live in earthen buildings. Depending on the 
extraction sites, natural soil contains varying quantities of clay, silt, sand, and gravel. 
Soil as a natural building material has received a lot of attention as a result of the 
increased awareness for healthy building materials. Furthermore, when compared 
to industrial building materials, soil requires less energy in the manufacturing pro-
cess [72]. Moreover, soil is a recyclable, inexpensive, and readily available building 
material [72]. Raw soil was utilized in construction in many techniques such as mud 
brick, rammed soil, adobe, and so on [97]. The most common techniques, primar-
ily using cement, are compacted soil bricks (CEB) and stabilized blocks [98]. CEB 
stands for compacted earth brick, a relatively new method that allows for flexible 
blocks to be integrated into a post-beam structure as filling material or as the prin-
cipal material in a load-bearing wall [97]. Many studies have looked into the impact 
of using natural fibers as reinforcement in CEB. The impact of aggregate or fiber 
is widely established to be dependent on the type of plant aggregate or fiber, parti-
cle geometry, and soil composition [98]. Increased aggregate or fiber content in the 
soil matrix has a common impact on: (1) the physical properties: adjust the density, 
the shrinkage cracks, and sound insulation; (2) the mechanical properties: improve 
ductility, tensile and flexural strength; (3) the thermal properties: improve insulation 
capacity which is directly linked with the density [98]. Various types of natural fib-
ers were used for reinforcement of soil matrix as: alfa fibers [97], diss fibers [99], 
straw fibers and Ocenaica seagrass fibers [100], hemp and flax fibers (Fig. 6d) [72].

4  Effect of Matrix Type and Fibers’ Dimension on DPF‑Reinforced 
Composites

From the perspective of enhancing the thermal insulation of buildings using eco-
friendly materials, a developed idea has been formulated lies in the reinforcement 
of matrix materials with widely available natural fibers in MENA region. Vari-
ous composites using DPF have been created with the purpose of producing an 
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insulating material that will reduce heat loss in buildings. The only reinforcement 
approach investigated in this work is one that relies on uniform fiber dispersion in 
the matrix to generate a homogeneous mixture.

4.1  Cement Mortar vs. Gypsum Plaster Reinforced with DPF—Petiole and Rachis

By using the same source of DPF (mechanical extraction technique of midrib 
base (petiole) and a ligneous midrib (rachis), which are the most available wood 
waste of the date palm trees), gypsum-based matrix [18] and cement mortar based 
matrix [17] were reinforced with small fibers (tiny sticks) of 3 mm or of 6 mm 
mean diameter (Fig. 8) with various weight ratios. The purpose of these studies is 
the investigation of thermal insulation and mechanical performance of the devel-
oped DPF composites. The results are discussed based on RILEM requirements 
for structural and/or insulating applications of lightweight concretes (Table 7).

Hemihydrate gypsum (HG) has been reinforced with various weight ratios of 
DPF ranged from 1.2 % to 10 % [18]. Figure 9 summarizes the preparation pro-
cess of gypsum-DPF composites. In contrast, DPF have been mixed with cement 
based mortar (Portland cement, sand of 5  mm maximum size, and water) with 
weight ratio ranged from 5 % to 15 % [17]; the preparation process of the com-
posites is depicted in Fig. 10.

The type and concentration of the ingredients, the mixing procedure, the cur-
ing conditions, the testing protocols, and other factors all may have an impact on 
the composites’ mechanical and thermophysical properties.

Fig. 8  Extraction of date palm fibers (b: [17]) from dry wood waste (a)

Table 7  Classification of 
lightweight concrete [101]

Parameter Class II
Structural and 
insulating

Class III
Insulating

Compressive strength (MPa)  > 3.50  > 0.50
Thermal conductivity k-value 

(W·m−1·K−1)
< 0.75 < 0.30
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4.1.1  Reinforcement with Fine Fibers

The results of thermal and mechanical tests of the studied matrix materials (i.e. gyp-
sum and cement mortar) reinforced with fine DPF (i.e. of 3 mm size) are shown in 
Fig. 11.

Fig. 9  Components of gypsum 
composites reinforced with DPF 
[18]

Fig. 10  Components of DPF-reinforced cement mortar [17]

Fig. 11  Cement mortar (C) and gypsum (G) thermal conductivity and compressive strength after rein-
forcement with fine size DPF [17, 18]
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According to RILEM (Table 7), it can be seen that net gypsum (0/G) is suitable 
material for thermal insulation and structural application compared to net cement 
mortar (0/C). Hence, adding DPF strongly improved the insulating behavior of net 
gypsum while maintaining a good mechanical resistance. On the other hand, the 
reinforcement of cement mortar with DPF strongly enhanced the thermal insulation 
property of the net matrix. However, this enhancement is accompanied with a huge 
reduction in the compressive strength. As an example, adding 5 % DPF to net gyp-
sum material (5/G) lowered thermal conductivity by about 55 % compared to 52 % 
in the case of cement mortar. However, compressive strength decreased by about 
14 % for gypsum matrix compared to around 92 % for cement mortar matrix. The 
properties of composite materials are well known to be dependent on the properties 
of their constituent components and their interfacial compatibility [102]. Cement 
mortar has a higher mechanical strength compared to gypsum, but the incorporation 
of DPF strongly reduced that property. This behavior can be due to the chemical 
incompatibilization between the fibers and the matrix. The inclusion of natural fib-
ers in a mineral or polymer matrix can result in an interface incompatibility between 
the fibers and the matrix, as reported in the literature [87]. The compatibility of DPF 
seemed poor with cement mortar material (i.e. low interfacial bonding) and that led 
to create many voids between the matrix and the fibers compared to gypsum matrix. 
Consequently, the poor compatibility promoted low mechanical resistance. Further-
more, the roughness or smoothness of the fiber surface may affect the interfacial 
bond fiber–matrix and, as a result, the mechanical strength [21]. Because natural 
fiber is a complex heterogeneous polymer composed mostly of cellulose, hemicellu-
lose, and lignin, polymer shape, extractive synthetics, and handling conditions have 
an effect on the surface [103].

Natural fibers as reinforcements in composites demand a high level of adhesion 
and bonding between the fibers and the matrix, regardless of the matrix utilized 
[103]. According to that, the reinforcement of gypsum material with DPF seems 
a very good choice for better thermal insulating and structural application. In the 
studied range of DPF content, thermal conductivity of gypsum-DPF achieved values 
below 0.3 W·m−1·K−1, while the compressive strength values are above 3.5 MPa. 
In contrast, cement mortar–DPF composites are suitable only for thermal insulating 
application, since the compressive strength values are very low (below 3.5 MPa). 
However, cement based composites can be considered pollutant materials with a 
high environmental impact due to effects of cement production.

4.1.2  Reinforcement with Large Fibers

A different behavior has been noticed when large size fibers have been used in the 
reinforcement of gypsum material. The results are compared to those reinforced 
with fine size fibers.

The results in Fig. 12 indicate that the use of fibers with large size has a slight 
influence on the thermal conductivity of gypsum material. The reduction in thermal 
conductivity did not exceed 16 %. Thus, the DPF size effect on thermal conductivity 
is less obvious. However, the reduction in compressive strength by adding large size 
fibers was more obvious. This reduction is in the range of 30 % to 50 %. Thermal 
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conductivity and compressive strength are shown to have a direct relationship. 
Increased air gaps inside fibers (large sized fibers are more porous than the smaller 
sized ones) reducing thermal conductivity, and resulting in decreased mechanical 
strength. Moreover, fibers with high length creates a practical problem of floccula-
tion of fibers during mixing, and this yielding a non-homogeneous mixture [104]. 
This indicates that finer DPF are most beneficial to fabricate homogeneous compos-
ites and therefore to achieve an optimum mechanical strength. These findings are 
consistent with Panesar et al. [105] for concrete containing cork waste.

5  Gypsum‑Based Composites Reinforced with DPF: Compatibility, 
Thermal, and Mechanical Properties

5.1  Gypsum Plaster Reinforced with DPF—Mesh Fibers

Gypsum plaster was reinforced with specific part of DPFs. Mesh fibers were 
extracted from the date palm tree’s sheath. The sheath was spread into separate fib-
ers with different lengths and diameters. The used mesh fibers have length ranged 
from 50 mm to 300 mm and diameter ranged from 0.1 mm to 2 mm. The fabrication 
of composites is summarized in Fig. 13.

For various w/g (water-to-gypsum) ratios and mesh fibers contents, the compres-
sive strength of the composites mesh fibers-gypsum was examined. Figure 14 shows 
the results obtained when w/g = 0.6.

It can be seen from the results that net gypsum plaster (0 % DPF) has a high 
compressive strength compared to 8.5 MPa reported in the study of Chikhi et al. 
[18]; despite employing a similar water/gypsum ratio, the two studies yielded 

Fig. 12  Gypsum plaster reinforced with DPF of fine size (F) and large size (L): results of mechanical and 
thermal tests [18]
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different results. This could be tied on one hand to the chemical properties of the 
used gypsum powder, and on the other hand to the DPF source and the fabrica-
tion process of the composites. Besides that, the study of Chikhi et al. [18] used 
dry fibers while the study of Al-Rifaie et al. [104] used moist fibers and this is 
due to the fact that dry natural fibers have a high capacity for water absorption 
during mixing process. The high mechanical strength results were obtained when 
using gypsum with high contents of silica oxide  SO3 (51.52 %) and calcium oxide 
CaO (39.2 %), with an average setting time of 9 mm to 11 min, as indicated by 
Al-Rifaie et  al. [104]. The reduction in the compressive strength as a result of 
fibers addition is very obvious in Fig. 14. It was discovered that adding fibers to 
concrete disturbs the mineral skeleton, generating voids within the matrix and 
increasing porosity while also providing it a limited strength [9]. Al-Rifaie et al. 
[104] found that incorporating DPF (mesh fibers) increased flexural strength. It 
has thus been possible to transform the fracture mode of gypsum plaster from 

Fig. 13  Fabrication of the composites mesh fibers-gypsum [104]

Fig. 14  Compressive strength of mesh fibers–gypsum composites [104]
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brittle to quasi-plastic by utilizing DPF. Besides, the impact strength gave an 
important improvement as a result of incorporation DPF.

Currently, energy loss in buildings is a major problem worldwide, and thus, con-
struction materials should have besides the mechanical strength a good thermal 
insulating property. Consequently, mechanical strength is not enough parameter 
to investigate the application of the composite for structural and insulating; hence, 
mechanical strength should be accompanied with suitable thermal properties. No 
results were presented by Al-Rifaie et al. [104] regarding the thermal properties of 
gypsum–mesh fibers composites.

In the context of reducing the building energy consumption, gypsum plaster and 
DPF were chosen as good candidates for such purposes. DPF (with a mean diam-
eter of 2 mm) were mixed with natural gypsum plaster (HG with a water-to-gypsum 
mass ratio (w/g) of 0.6), according to the study by Braiek et al. [3]. The main rea-
son behind chosen gypsum plaster was the low thermal conductivity (1322 kg·m−3; 
0.45  W·m−1·K−1 [3]). Similarly, the reason behind chosen DPF in this study was 
their low thermal conductivity (276  kg·m−3 [3]; 0.083  W·m−1·K−1 [15]), which 
helped to the improvement of gypsum’s thermal properties and, as a result, its ther-
mal insulating capacity. The preparation process was based on mixing DPF and 
gypsum powder with water (w/g = 0.6), the mixture was then stirred constantly at 
high speed for 10 min, until it became pasty. When gypsum reinforced DPF were 
compared to gypsum alone, the thermophysical results demonstrated a significant 
improvement in thermal insulating properties. As a result, DPF-gypsum boards 
could be employed as a more efficient thermal insulator in buildings than plaster 
boards [3].

5.2  Gypsum Mortar Reinforced with DPF—Mesh Fibers

A composite material for construction has been developed by Djoudi et al. [9] con-
sists of gypsum plaster, crushed gravel, sand, DPF and water. According to Djoudi 
et al. [9], The plaster concrete reinforced with DPF (mesh fibers) is made by mixing 
gravel, sand, and fibers first, then adding gypsum plaster and the amount of lime in 
water. The chosen gypsum plaster is classified as class 1 (i.e. percentage of  CaSO4, 
 2H2O should be higher than 90 %) and characterized by best mechanical properties 
(compressive strength of about 33 MPa and tensile strength of 1.84 MPa). Because 
the gypsum plaster used had a quick setting time (7 min), 6 % of air lime was added 
as a setting retarder to extend the period to 30 min. Air lime has no effect on the 
plaster’s mechanical properties, but it does reduce its solubility and lengthen its use 
period [9]. The used fibers have diameter ranged from 0.2 mm to 1 mm, and length 
ranged from 10 mm to 40 mm. Light vibration was suggested as a sufficient proce-
dure for producing a workable and compact concrete-fiber matrix with appropriate 
fiber orientation [9].

Large fibers (sizes 30 mm and 40 mm) have been discovered to better enclose 
large granulates than fine fibers (sizes 10 mm and 20 mm), resulting in a better opti-
mal granular composition, (S/G)Opt—sand/gravel ratio. As a result, it was suggested 
that granulometry be closely related to fiber dimension [9]. Furthermore, the ratio 
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and length of fibers have an impact on the composites’ workability. It was discov-
ered that workability decreases as the ratio of fibers increases, as does the length of 
fibers; fibers with long lengths tend to tangle, resulting in poor workability; in addi-
tion, fiber length increases void volume and effects concrete compactness [9]. On 
the other hand, it was discovered in this study that the composite has the best ductil-
ity when the fiber length is increased, because the energy dissipated by the fiber will 
be considerably more as the fiber length increases. The density and water absorption 
of the composite are also affected by the DPF ratio and length. Density is inversely 
proportional to the increasing of fibers content [106].

The compatibility between the gypsum-based matrix and the DPF proved to be 
efficient, as depicted in Fig. 15. After the flexural test, there was a satisfactory trans-
mission of loads from the matrix to the fibers, indicating strong interfacial bond-
ing between the matrix and DPF. After the test, the fibers bridged the fracture; 
the load was transferred to the fiber as the fracture propagated until the interface 
braked, at which point the fiber began pulling out the matrix and the load began 
to decrease [9]. Similar behavior was detected by SEM investigations (Scanning 
Electron Microscopy) on DPF-gypsum composites [3]; DPF (fine fibers) were well 
dispersed and uniformly incorporated in the gypsum matrix, as shown by the micro-
graph (Fig. 15b, c). With high magnification SEM image, it was clearly observed 
no agglomerated particles of DPF, and this proved that DPF were well distributed 
and homogenized in the composite. The compatibility between gypsum plaster and 
natural fibers has been investigated also with hemp fibers [70]. The results indicated 
that gypsum showed good compatibility with hemp fibers too, because mechanical 
strength increased using short hemp fibers to a certain content. However, the com-
patibility decreased when long fibers have been used. Hence, gypsum-based matrix 
is considered as a very competitive candidate for the development of DPF-reinforced 
composites suitable for thermal insulating because of its compatibility with natural 
fibers and its inferior thermal conductivity of 0.424 W·m−1·K−1 [9].

According to the fiber concentration and length, the thermal and mechanical 
properties of a produced gypsum plaster based matrix reinforced with DPF are 
shown in Fig.  16. The results showed that increasing DPF percentage to 1.5 % 

Fig. 15  Interface DPF-Gypsum based matrix [9] (a), SEM images of the composite (DPF-gypsum) mor-
phology [3] (b, c)
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improved compressive strength. This behavior was explained by the orientation 
of fibers in relation to the applied force; when the orientation of fibers is parallel 
to the applied force, it amplifies this effort, and thus an improvement in compres-
sive strength can be observed [9]. There is a decrease in mechanical strength at 
a specific dosage of fibers (1.5 %) due to the excess of fibers and their poor dis-
tribution in the matrix (i.e. packing of fibers becomes difficult at high content), 
thereby increasing the porosity inside the matrix [9]. The results, however, remain 
within the range of load bearing concrete masonry: 10 MPa to 40 MPa [9]. The 
results, on the other hand, revealed that the length of DPF had an inverse relation-
ship with the compressive strength. Similar findings have been observed by other 
researchers [107, 108]. According to Zuraida et al. [109], short fibers mineralize 
faster than long fibers because there are more end points in short fiber-reinforced 
composites, allowing cement hydration products to penetrate more easily.

The thermal conductivity reduces with increasing DPF content and it increases 
with increasing DPF length, as seen in Fig.  16. This pattern of behavior also 
noticed by Khedari et al. [108]. The thermal conductivity and the voids that result 
from fiber packing have an inverse relationship [9]. According to the research, 
short fibers are more difficult to align and pack densely than large fibers [108, 
110]. Short fibers produce many voids for a given fiber ratio, resulting in a low 
thermal conductivity value [9, 108].

Fiber length is well known to play a significant role in the properties of fiber-
reinforced composites. According to Morrissey et  al. [110], there is a critical 
length of embedment, and when it is shorter, fibers tend to pull out, and when it is 
longer, fibers tend to break; the critical fiber length is determined by the possibil-
ity of the formation of strong anchor points.

Fig. 16  Plaster concretes with fiber lengths of 20 mm and 40 mm: results of thermal conductivity and 
compressive strength [9]
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The size of sand has also an impact on the material’s structure. Thus, it is very 
important to mention that the used sand size has a non-negligible effect on the prop-
erties of the composite materials. Thermal conductivity is proportional to the size 
of sand, where fine sand can insert into the matrix between fibers, causing fibers to 
align to be far apart, resulting in large voids and low density and thermal conductiv-
ity [108]. The compressive strength seems inversely proportional to the sand size, 
where increasing the sand size decreases the compressive strength of the material 
[108]. The degree of sand size influences on thermal conductivity and compressive 
strength, on the other hand, it may be depending also on the length of the utilized 
fibers.

According to RILEM classification of lightweight concrete [101], it can be seen 
in Fig. 16 that the suitable concrete composites for structural and insulating applica-
tions are those reinforced with short DPF (20 mm) and with dosage above 0.5 %.

6  Reinforcement Using DPF After Surface Treatment

Natural fibers are inexpensive and plentiful, biodegradable, and have a low density 
[111]. However, they show some drawbacks such as their moisture uptake (i.e. their 
high O/C ratio which means more hydrophilic character and leads to more water 
absorption and vice versa), quality variations (i.e. subsequent swelling and degrada-
tion), low thermal stability, and poor chemical and fire resistance [111, 112]; as a 
result of insufficient adhesion between matrix and natural fibers, debonding occurs 
over time; these natural fiber deficiencies can be overcome by surface treatment/
modification [112]. Furthermore, employing raw fibers for reinforcement frequently 
results in poor compatibility with diverse matrices, resulting in high water absorp-
tion and swelling property, which leads to crack formation in brittle matrices [111]. 
Surface treatment affects the natural fiber’s surface structure as well as its surface 
energy [112]. Surface treatments, although, having a positive effect to overcome the 
problem of incompatibility [48]. Besides that, the cost of surface treatment is more 
or less dependent on the type of the chosen treatment process.

Natural fibers are said to generate lightweight products with low thermal conduc-
tivity when they are used [17, 18, 108]. However, these products lost their mechani-
cal strength as a result of using discrete and randomly oriented raw natural fibers. 
The mechanical properties of composites are affected by the physical, chemical, 
or a mix of physical and chemical bonds between the natural fiber and the matrix 
[107]. Surface treatment can help maintaining good mechanical strength. Based on 
the findings from hemp fibers, it was discovered that chemical treatments (EDTA, 
NaOH) played a significant influence in the strengthening of lime-fibers composites 
[87], where EDTA is the ethylene-diamine-tetracetic acid.

In the study of Asasutjarit et al. [107], coconut fibers were subjected to three dif-
ferent pretreatment conditions. The first condition (i) involved utilizing raw fibers; 
the second condition (ii) involved washing raw fibers 10 times with 10 L of tap water 
until the pH of the water reached 7; The final condition (iii) was based on boiling 
and washing the raw fibers: it was discovered that 2 h of boiling in water was enough 
to reduce water soluble chemical compounds like sugar, resin, starch, and so on. 
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The boiled fibers were then washed in tap water until the water color becomes clear. 
The fibers under all these conditions were followed by sun-dried for 2  days. The 
results revealed that pretreatment of coir fibers with boiling and washing enhanced 
the bending modulus of rupture (MOR) and internal bond (IB). The required fibers 
pretreatment was found to be boiling and washing, as this procedure improved some 
of the physical and mechanical properties of the natural fibers employed. Extraneous 
components of raw coir fibers, such as inorganic compounds (sugar, coloring matter, 
starches, and so on), were eliminated by boiling in water, and this could have a sig-
nificant impact on the formation of the fiber–cement bond connection [107].

The paper of Khedari et  al. [108] investigated the development of a new light-
weight construction material made of cement, sand, and waste fiber from young 
coconut (Cocos nucifera) and durian (Durio zibethinus). Following a series of pre-
liminary experiments on fruit peels in Thailand, these two previous products have 
the lowest thermal conductivity and bulk density [108]. The raw material was dried 
at 60 °C for 8 h using an oven, then, the dry raw material was grinded to obtain fib-
ers with different sizes, then, the obtained fibers were soaked in water for 16 h, and 
then, the moist fibers were dried at 60 °C for 16 h, and finally, the dry fibers were 
obtained and they have been used in the preparation of the composite materials. The 
authors did not mention the reason behind using this particular fiber preparation pro-
cess, but, it seems that water may help in producing pure fiber and heat may help 
in eliminating impurities and undesired compounds from the surface of the fiber. 
Thermo treatment is a physical process that alters the structural and surface prop-
erties of a natural fiber without changing its chemical composition, consequently 
influencing its mechanical bonding to the matrix [112].

In the study of Ali-Boucetta et al. [16], three types of treatments of DPFs mesh 
(fibers length of 25  mm ± 2  mm) were discussed: (i) boiling water treatment, (ii) 
sodium hydroxide treatment, and (iii) linseed oil treatment. DPF were boiled in a 
cooker for 5 min, 1 h, 2 h, and 3 h for boiling water treatment; after boiling, the fib-
ers were drained and rinsed with water to eliminate any organic compounds; and 
finally, clean fibers were dried at room temperature for 2 days. The second treatment 
method involves soaking DPF in a NaOH solution for 2 h, then rinsing with 1 % 
concentrated acetic acid and distilled water until neutral pH is reached, and lastly 
drying the treated fibers in a 60  °C oven for 24  h. The third treatment technique 
is based on mixing dry fibers (50  °C for 24 h) with linseed oil; the treated fibers 
have been finally dried at 50 °C for several days. The results showed that both raw 
and treated DPF enhanced the compressive strength of cement mortar composites, 
with alkaline treatment providing the best resistance, followed by boiling treatment. 
Besides to that, these treatment techniques improved the flexural strength of the 
composites. Linseed oil treatment, on the other hand, did not show any improve-
ment in mechanical strength. However, linseed oil treatment has a huge contribution 
in reducing the capillary absorption coefficient (69.8 % at 24 h) compared to other 
treatment techniques.

Chemical treatment, on the other hand, is one of the most widely utilized natu-
ral fiber treatment methods for application in natural fiber-reinforced composites. 
Chemical treatment alters the natural fiber’s crystalline structure by removing weak 
components such as hemicelluloses, lignin and some impurities from the outer 
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surface layer, and their elimination may lead in good results and more stable bond-
ing between the fiber–matrix [45, 111]. As an example, using a water repellent agent 
minimizes moisture absorption and consequent swelling of natural fibers [111]. 
Chemical treatment can improve fiber strength in addition to enhancing adhesion 
between the fiber surface and the matrix [48]. Furthermore, chemical treatment of 
fiber surfaces minimizes water absorption and improves the mechanical properties 
of the fiber–matrix composites [48]. Chemical treatments are frequently used as a 
necessary process to increase the adhesion between the hydrophobic matrix (poly-
mer) and the hydrophilic natural fibers [45, 48, 113, 114], such as alkaline treat-
ment [48]. SEM micrographs of DPF (fibers surrounding the stem of the palm tree 
plant) in Fig. 17 illustrate the effect of chemical treatment (6 % NaOH for 3 h) on 
the outer layer of fibers with different average diameters. It was clear that by chemi-
cal treatment of fibers, the impurities, oil, waxes, residual hemicellulose and lignin 
were etched away, and therefore caused a reduction in diameter to form finer-micro-
fibers [29, 45]. In a similar way, similar results of SEM images on DPF (date palm 
fruit branches) were obtained [115]. However, the results after chemical treatment 
are more or less dependent on the followed treatment conditions. Hence, chemical 
treatment can improve the surface morphology and properties of natural fibers and 
increase their surface roughness, as mentioned by Abdal-hay et  al. [45]. Besides 
that, the previous study reported after treatment a decrease in O/C ratio that related 
to the relative decrease in the oxygen concentration while the carbon concentration 
remained the same. This suggests that the treated DPF reorganize their structure 
without causing damage to the cellulose in the fibers. Moreover, the X-RD results 
showed an increase in the crystallinity index of the treated fibers and that because 

Fig. 17  Effect of chemical treatment (6 % NaOH at 95 °C for 3 h) on surface properties of natural palm 
fiber [45]
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the amorphous hemicellulose in the untreated fiber [45]. In this regard, Amroune 
et al. [115] showed that when the TGA-XRD results are compared to untreated fib-
ers, the treated fibers show a higher thermal stability and higher crystallinity index.

Asim et al. [116] used in their study a chemical treatment with NaOH solution (6 
% NaOH concentration for 3 h), and then the DPFs (short fibers of 1 mm size) were 
washed with water to neutralize pH value of fibers, and finally, the treated fibers 
were dried under controlled conditions. In order to evaluate the effect of chemical 
treatment, these authors were used these fibers in their raw and treated states for rein-
forcement of polymer matrix. The reported results showed that the mechanical prop-
erties of the composite were improved greatly as a result of the improvement of the 
interfacial bonding fiber–matrix after the treatment. Similarly, important improve-
ment in mechanical properties was reported after 3 % NaOH treatment for 2 h of 
DPF (date palm fruit branches) [115]. Moreover, similar results were obtained in the 
study of Abdal-hay et al. [45] as shown in Table 8. According to these authors, the 
improvement in tensile strength was attributed to the removal of impurities on the 
fiber surface as well as the reduction in the diameter; besides, the negative impact on 
Young’s modulus was attributed to the rearrangement of the fiber structure without 
affecting its main construction component.

Finally, it is important to mention that the treatment conditions (solution concen-
tration, treatment time, temperature, etc.) may have more or less effect on the desired 
results and therefore the efficiency of fibers for better adhesion with the matrix.

7  Conclusion

DPFs are attractive because they are employed in the composites sector as a natu-
ral reinforcing material. The choice of DPF, in particular, is due to many reasons 
mainly the abundance at the international level of their sources as renewable waste 
and their distinctive thermophysical and mechanical properties. In the composites 
sector for construction applications, it was proven that the reinforcement with DPF 
has a positive influence on the mechanical properties and thermal insulation behav-
ior of the matrix.

Despite being a considerably older material than cement, gypsum has only occa-
sionally been employed in the building industry. Due to its properties, gypsum has 
lately been shown to be a remarkable material in the composites sector. Gypsum has 
a low thermal conductivity and a good fire resistance, which strongly contributes to 
reduce the need for electricity to heat and cool rooms in buildings.

Table 8  Mechanical properties of a single natural palm fiber [45]

Samples Tensile strength (MPa) Young’s modulus 
(GPa)

Elongation at break (%)

Untreated fiber 233 ± 27.1 7.15 ± 2.0 10.3 ± 1.57
Treated fiber 366 ± 36.4 5.45 ± 1.4 12.8 ± 2.4
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The present paper has proven that for the development of cost-effective com-
posites in construction, the employment of DPF as a natural reinforcing material 
with the gypsum-based matrix showed attractive results in regard to compatibility 
and thermal insulation issues. Besides, by utilizing DPF, it has been shown that 
it is possible to transform the fracture mode of gypsum plaster from brittle to 
quasi-plastic.

Surface treatment in the composites sector alters the DPF crystalline structure 
by removing weak components such as hemicelluloses, lignin, and some impuri-
ties from the outer surface layer, and their elimination lead to good results and 
more stable and durable bonding between the fiber–matrix.

Finally, DPF are said to generate lightweight and cost-effective products with 
low thermal conductivity when they are used with gypsum-based composites. In 
this regard, there are important conclusions that need to be taken into account for 
the development of this material:

• The granulometry should be closely related to the fiber dimension. The ratio 
and length of fibers have an impact on the workability and the ductility of the 
composites. Thus, optimum fiber length and ratio are recommended.

• DPF dimension (diameter and length) and ratio have an influence on thermal 
conductivity and compressive strength of gypsum-based matrix. Thus, critical 
fiber dimension and ratio is required to achieve optimum mechanical strength 
and thermal insulating capacity.

• The sand size has a non-negligible impact on the thermal and mechanical 
properties of gypsum-based matrix reinforced with DPF. Thus, critical sand 
size is required.

• Surface treatment of DPF is recommended using low cost techniques as alka-
line treatment and boiling treatment which may provide a strong enhancement 
of the fibers properties and therefore their use for reinforcement with gypsum-
based matrix.
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