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Abstract: The main purpose of the paper was to study the effect of the geometry of recycled plastic fiber on the perfor-
mance of mortar based on natural limestone residue. The used fibers were collected from plastic waste of polypropylene,
resulting from domestic sweeps fabrication. The main test variables were the type of recycled fibers and the fiber fraction.
Two types of recycled fibers were used, straight and crimped fibers, having the same length (20 £ 2mm) and the same
diameter (0.45 £ 0.07mm). Four dosages of fibers were considered, 0.5%, 1%, 1.5% and 2 wt. %. The obtained results
show that the geometry of recycled plastic fibers has an important effect on the performances of limestone residue mortar.
The addition of recycled fibers to mortar decreases its workability and the decrease is higher with crimped fibers. The
results reveal that the limited dosage of recycled plastic fiber necessary to obtain a workable mortar is 1% and 0.5% for
straight and crimped fibers, respectively. The benefit of recycled plastic fibers is well observed on the flexural and com-
pressive behavior of limestone residue mortar, but the strength’s values are higher in straight fibers mortar (SFM) than that
in crimped fibers mortar (CFM). The microstructure analysis confirms the good performances of the fiber mortar.

Keywords: recycling, plastic fibers, mortars, strength, microstructure.

1. Introduction

In certain countries, the great need of natural aggregates for concrete production becomes a serious problem. Facing this
materials crisis, builders should look for other sources, as residue, wastes and recycled materials. Several crushing stations
are installed in Laghouat city, to the south of Algiers, for producing crushed limestone gravels. The enormous quantity of the
residue resulting from this crushing operation is in abundance in the nature without any use in construction or in roadwork.
The high proportion of fines contained in this residue is one of the main causes limiting its use in the fabrication of concrete;
since it needs more mixing water and then can affect negatively concrete properties, as reported by Menadi et al. (2009).
However, faced with the over-exploitation of river sand that leads to many ecological problems, the use of limestone residue
as replacement sand becomes certainly an adequate solution for both economic and environmental issues (Benyamina et al.,
2019) and a good attempt for conducting construction projects. It is important to note that some authors (Belhadj et al., 2014)
think that the presence of fines in crushed sand has an economic advantage, since this sand does not need any filler, for its use
in concrete. Other authors (Meziane et al., 2015) have also judged that fines present in crushed sand are responsible for its
beneficial effect on the mechanical strength and the durability of mortar.
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Plastic waste which is one of the most important solid wastes in the world (Bahij et al., 2020) increases every day with the
increase of plastic consumption in different human and industrial activities, constituting a real threat for the public health and
the environment. Due to its low biodegradability, plastic waste causes many environmental problems, but its recycling in
construction is certainly a good way to resolve these problems and fight global warming (Belmokaddem et al., 2020; Rathore
et al., 2021) and also to develop promising cementitious products for some particular utilizations. Many researchers have
studied the feasibility of certain construction materials containing plastic waste as aggregates (Mercante et al., 2018; Hameed
and Ahmed, 2019; Castillo et al., 2020; Liu et al., 2022; Al-Mansour et al., 2022) or as fibers (Serdar et al., 2015; Karanth et
al., 2017; Bhogayata and Arora, 2018; Araya-Letelier et al., 2019; Echeverria et al., 2019; Alyousef et al., 2021; Awoyera et
al., 2021; Mohammed and Mohammed, 2021; Thakare et al., 2021; Kumaresan et al., 2023).

In addition of their environmental benefits, plastic waste fibers can improve the mechanical performance of concrete and
mortar and render them more ductile, by reducing cracking risk. Many examples in the literature confirmed all these benefits;
such as the review of Kaliyavaradhan et al. (2022), where it is reported that the reinforcement of concrete by PVC fiber
improves the compressive, the flexural and the split tensile strengths. Meza et al. (2021) have concluded that recycled PET
fiber generates a similar improvement on the performance of concrete as that of virgin fibers. Also, Al-Tulaian et al. (2016)
have previously demonstrated through their experimental tests that recycled plastic waste fibers significantly reduced the
plastic shrinkage cracking, the total crack areas and the average crack widths of mortar slabs surface. In the work of Pesi¢ et
al. (2016), it was reported that the recycling of plastic fibers of high-density polyethylene have contributed to the reduction
of plastic shrinkage cracking, drying shrinkage and water permeability. To effectively achieve a load transfer between the
fiber and the matrix, Araya-Letelier et al. (2019) recommend the use of long fiber lengths and large fiber dosages.

In the light of the literature, there is usually a need to recycle the different wastes for the production of eco-friendly con-
struction materials. It is in this context that, this study was conducted by replacing the alluvial sand that is over-exploited by
limestone residue which is in abundance to prepare a mortar with low cost. For enhancing the mortar’ quality, a recycled
plastic waste obtained from the fabrication of domestic sweeps was used as fibrous reinforcement. The particularity of this
work resides in evaluating the impact of the geometry of this waste on the properties of the mortar, at fresh and hardened
state. Depending on its properties, the obtained mortar can have many applications in the structures. It is well known that the
efficiency of fibers on the material quality seems depending on their nature, geometry, mechanical properties and dosage.
Hence, the present investigation aims to evaluate how these parameters affect the material properties, such as the workability,
the mechanical strength and the microstructure. In this work, two geometries, straight and crimped fibers were tested, in
various dosages 0.5%, 1%, 1.5% and 2 wt. %.

2. Materials and tests

A limestone residue with granular class of 0/2mm, Portland cement CEM II/A of class of 42.5MPa and recycled plastic
fibers were used for preparing the tested mortar. The residue which was used as sand is a natural residue resulting from the
crushing of limestone rocks; it contains almost 27% of fines less than 0.16mm and 6% less than 0.063mm, has a specific
density of 2.52g/cm?3, a fineness of 1.8, a visual sand equivalent of 68%, a compactness of 58% and an absorption of 4.5%.
The value of 0.13ml/g of Methylene blue confirmed that the clay minerals present in this residue were not harmful for the
material durability. The distribution of particle sizes of used residue is shown in Figure 1. The chemical composition of cement
and limestone residue is given in Tables 1 and 2, respectively.

The fibers were collected from a plastic waste of polypropylene (PP) fibers, resulting from the fabrication of domestic
sweeps. Fibers with two geometries were used, straight (Figure 2 (a)) and crimped (Figure 2 (b)) fibers, having the same
length (20 £ 2mm) and the same diameter (0.45 £ 0.07mm). Figures 2(c, d) illustrate some microscopic details of recycled
plastic fiber. The properties of the used fibers are regrouped in the Table 3. For each type of fibers, four dosages were con-
sidered in this investigation, 0.5%, 1%, 1.5% and 2wt. %. Mixture proportions of tested mortars are shown in Table 4.
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Figure 1. Particle size distribution of limestone residue.
Table 1. Chemical composition of the cement (%).
Ca0 SiO2 Al203 Fe20s MgO SiO3 K20 Na,O
65.90 21.94 4.82 3.94 1.65 0.98 0.60 0.10
Table 2. Chemical composition of the limestone residue (%).
CaCOs 5052 Insolubles materials
90 0.51 6.8

rv!
(c) Microscopic appearance of the fiber surface 100X  (d) Microscopic appearance of the fiber cross-section 100X
Figure 2. Shape and geometry of recycled plastic fibers.

Table 3. Properties of recycled plastic fibers.

Specific density Tensile strength Modulus of elasticity Water absorption
0.99 g/cm?® 210-250 N/mm? 4-5 GPa Nil

To estimate the mortar workability, the flow time was measured for each mix, by using workabilimeter B, according to
French Standards NF P18-452. Prismatic samples 40x40x160mm were cast and conserved under a plastic film, in controlled
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chamber (HR =80 £ 5%, T = 14 £ 2°C), until the testing day. Mechanical strengths were measured at 3, 7-, 14-, 28- and 91-
days aging, using “CONTROLS” testing machine (Figure 3 (2)). According to the European Standards EN 196-1, the flexural
strength was measured on prismatic samples 40x40x160mm (Figure 3 (b)) and the compressive strength on the half-prisms,
resulting from the first test 40x40x80mm (Figure 3 (c)). Each strength value was the average of three results, with a standard
deviation of about 6%. To investigate the quality of the matrix, the distribution of fibers and their anchorage, a microstructural
observation by scanning electron microscopy (SEM) technique was carried out on the material.

Table 4. Mixture amounts of mortars.

Mix Cement Sand Water Superplasticizer ~ Straight fiber ~ Crimped fiber
C(9) S(9) W (g) Sp (@) (@) (9
CM 400 1200 220 115
SFM5 400 1200 220 11.5 9.2 (0.5%)
SFM10 400 1200 220 115 18.3 (1%)
SFM15 400 1200 220 115 27.5 (1.5%)
SFM20 400 1200 220 115 36.6 (2%)
CFM5 400 1200 220 115 9.2 (0.5%)
CFM10 400 1200 220 115 18.3 (1%)
CFM15 400 1200 220 115 27.5 (1.5%)
CFM20 400 1200 220 115 36.6 (2%)

CIS = 1/3; W/C = 0,55; Sp = 2.88%
CM: control mortar; SFM10: mortar with 1% of straight fibers; CFM10: mortar with 1% of crimped fibers.

(a) Machine used for mechanical tests (b) Flexural test (c) Compressive test
Figure 3. Mechanical tests.

3. Experimental results and discussions
3.1. Fresh mortar properties

The effect of the introduction of recycled plastic fibers on the workability of mortar is shown in Figure 4. An increase of
the flow time of mortar is observed with the increase of fiber amount. Figure 5, where the percentage increase of flow time
of different mortars is given, with regard to control mortar, clearly shows the great effect of fiber dosage on the workability.
This negative effect of used fibers on the workability is probably due to their physical behavior into the mortar’s mass, where
they react as inclusions having high specific surface. The vast majority of literature researches (Sahmaran et al., 2005; Soylev
and Ozturan, 2014; Bertelsen et al., 2019; Jain et al., 2019; Adnan and Dawood, 2020; Seshaiah et al., 2021) are in concord-
ance with this conclusion. It is very clear that crimped fibers produce less plastic mortar (Figure 6), by comparison to straight
fibers, due to their irregular shape which generates strong interactions between fiber and matrix and also traps more water.
The flow time in the case of crimped fibers is almost 40% higher than that required by straight fibers, for the fiber dosages
0.5%, 1% and 1.5%; but with the dosage of 2% of fibers, this percentage goes down to 10%. Since the workability is the most
important property of cementitious materials during their fresh state and also affecting their hardened properties, it is necessary
to find the optimal composition that leads to both workable and resistant material. According to the experimental results and
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visual observations, the dosage by weight of fibers should be limited at 1% and 0.5% for straight and crimped fibers, respec-
tively, to maintain mortar’s workability.
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Figure 4. Variation of flow time of recycled plastic fiber mortar.
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Figure 5. Percentage increase of flow time in recycled plastic fiber mortar.

Figure 6. Fresh mortar mixture with crimped fiber.

3.2. Hardened mortar properties

3.2.1. Flexural strength

The Figures 7 and 8 show the evolution of the flexural strength in straight fibers mortar and in crimped fibers mortar,
respectively. A continuous increase of the strength with age is observed in all tested mortars, whatever the geometry of fiber.
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This strength’s increase is certainly due to the favorable humidity (HR = 80 + 5%), where samples were conserved, which
constitutes the best curing conditions for the continuity of hydration reaction. This conservation also improves the quality of
the transition zone (matrix-fiber) that positively reflects on the mechanical strength of fiber mortar. Singh et al. (2004) have
showed that the interface fiber-matrix reaches its maximum strength after only two days curing, but the matrix strength needs
a long time. An increase of the strength is also detected with fiber dosage for the two types of mortars.
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Figure 7. Flexural strength in straight fibers mortar.

Flexural strength (MPa)

0 10 20 30 40 50 60 70 80 90 100
Age (days)
Figure 8. Flexural strength in crimped fibers mortar.

According to the Figure 9, the flexural strength values are higher in straight fibers mortar (SFM) for all ages. This result
may be related to the low workability of crimped fibers mortar, compared to straight fibers mortar. The low workability leads
to some difficulties during implementation and molding operation, which prevents obtaining a more compact material with
better mechanical strengths. The Table 5 gives the percentage of the flexural augmentation of recycled plastic fiber mortars,
compared to control mortar. For example, at the age of 28 days, the increase of the flexural strength is about 32% in mortar
SFM20 and 24% in mortar CFM20, and after 90 days, it reaches 37% and 23% in SFM20 and CFM20, respectively. These
results confirmed the mechanical benefits of the use of 2% of recycled plastic fibers, as reinforcement of limestone residue
mortar. The positive effect of synthetic fibers on the flexural behavior which is already confirmed by numerous researches
(Sun and Xu, 2009; Alamshahi et al., 2012; Al -Hadithi and Hilal, 2016; Ozbay et al., 2021) is certainly due to their high
energy absorption capacity, as reported by Latifi et al. (2022).
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Figure 9. Effect of the geometry of fiber on the flexural strength of mortars:
(a) at 3 days, (b) at 7 days, (c) at 28 days, and (d) at 91 days.
Table 5. Augmentation percentage of flexural strength of mortars (%).
Age (days) 03 07 14 28 91
SFM5 1 13 8 6 22
SFM10 19 13 8 9 25
SFM15 25 14 10 16 30
SFM20 36 32 34 32 37
CFM5 1 2 0 2 2
CFM10 11 5 5 4 8
CFM15 12 7 2 7 9
CFM20 27 26 29 24 23

3.2.2. Compressive strength

The variation of the compressive strength is presented in Figures 10 and 11 for straight fibers mortar and crimped fibers
mortar, respectively. The controlled conservation of mortars under plastic film at a temperature of 14 + 2°C and a humidity
of 80 + 5%, has encouraged the continuation of the hydration reaction, which has resulted in a better maturation and then an
increase of their compressive strength in the time. The beneficial effect of recycled plastic fibers on the compressive behavior
of mortar is usually assured with the two types of fibers; nevertheless, it is slightly more important with straight fibers (Figure
12). These findings are in accordance with some literature studies (Cifuentes et al., 2013; Oghabi and Khoshvatan, 2020). In
many published works, however, it was stated that fibers have no effect on the compressive strength of the material; they can
rather reduce it (Bouziani et al., 2014; Manica et al., 2019; Marthong, 2019; Yao et al., 2019; Kilic and Gokce Gok, 2021).
Nonetheless, since the objective of the incorporation of fibers in concrete is the improvement of its tension behavior and the
reduction of cracking, their non-significant effect on the compressive strength is of no importance. In the same sense, it seems
that the effect of fibers on the compressive behavior depends on their nature, their dosage, their geometric parameters and
their orientation. By comparison to other type of fibers, the high flexibility of recycled plastic fibers used in this work helps
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them to be easily arranged into the mortar’s mass, without impacting its compactness and then participates successfully to

improve the compressive behavior.
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Figure 10. Compressive strength in straight fibers mortars.
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Figure 11. Compressive strength in crimped fibers mortars.

The increase of the compressive strength is given in percentage (%) in Table 6, by comparison to control mortar. From the
mechanical point of view, a dosage of 2% of recycled plastic fibers is a beneficial dosage (Table 6), since it has induced a
compressive strength gain of about 19% in straight fibers mortar and 13% in crimped fibers mortar, at 28 days, compared to

control mortar and 14% and 12% respectively, at 90 days.
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Figure 12. Effect of the geometry of fiber on the compressive strength of mortars:
(a) at3days, (b)at 7 days, (c) at 28 days, and (d) at 91 days.

Table 6. Augmentation percentage of compressive strength of mortars (%).

Age (days) 03 07 14 28 91
SFM5 4 2 5 1 6
SFM10 6 5 6 4 12
SFM15 6 9 8 4 18
SFM20 8 9 11 19 14
CEM5 -17 -9 -4 -7 2
CEM10 -1 -6 -6 -2 9
CFM15 2 0 2 2 12
CFM20 4 5 10 13 12

3.3. Microstructure analysis of mortars

The microstructure analysis is a very efficiency way to explain the mechanical behavior of fiber materials, such as the
flexural strength, the toughness and the fracture energy. Using this type of analysis, it is easy to examine the distribution of
fibers in the matrix, the quality of the transition zone between the matrix and the fiber and also the quality of fiber surface.
The SEM analysis is conducted on mortar samples after mechanical testing. The plastic fibers of polypropylene (straight and
crimped fibers) used in this work have a smooth surface which explains the small quantity of paste attached to the surface of
the fiber (Figure 13 (a)) and also the creation of certain porosity between the fiber and the matrix of about 5um (Figure 13
(b)). This porosity participates to the pull-out of fibers from the matrix, when their anchorage is insufficient in the fracture
zone (Figure 13 (c)). Smarzewskil and Barnat-Hunek (2018) have already reported in their work, that the presence of pores
in the transition zone of polypropylene fiber-mortar increases the material absorptivity.

During the microstructure inspection, a limited number of fibers are pulled-out from the matrix, probably due to the effi-
ciency of used fiber length and also to the randomly orientation of fiber into the mortar, which increases the probability to
have more fibers oriented in the sense of failure load. All these observations are already confirmed by the good mechanical
behavior of fiber mortars in the previous sections. As shown in Figure 13 (d), no damage is observed on the contact surface
fiber-matrix after its pull-out. Thanks to their morphology, the recycled plastic fibers of polypropylene possess a high energy
absorption capacity; they start to fail themselves before the transfer of the load to the matrix, which confirmed once again
their efficiency to improve the flexural behavior of the material, at peak and post loading (Figure 13 (d)). It can be seen in
Figures 13 (e, f) that the tested mortars have a dense microstructure, probably due to the evolution of the hydration reaction
and also to the limestone residue used as sand that contains 27% of fines less than 0.16mm. These fines are responsible to fill-
in the pores and then increase the compactness of the mortar. This observation explains the high strength values, exceeding
6.7MPa for flexure and 31MPa for compression, in all mortars at 28 days aging.
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Figure 13. SEM photographs of recycled plastic fiber mortar microstructure.
4. Conclusions

In this study, mortars are prepared with limestone residue as fine aggregate and recycled plastic waste as fiber. The work-
ability and the mechanical characteristics, which are the important characteristics of cementitious materials, are investigated
for different weight dosages and geometries of fibers. From the present study, the following conclusions are drawn:

1. The valorization of limestone residue as sand in mortar is a good solution for both economical and environmental
problems and a good attempt for conducting construction projects.

2. The geometry and the dosage of recycled plastic fibers have an important effect on the performances of limestone
residue mortar.
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3. The addition of recycled fibers to mortar decreases the workability and the decrease is higher with crimped fibers,
because their irregular shape generates strong interactions between fiber and matrix and traps more water.

4. The workability decreases with the increase of the dosage of recycled fiber, due to their physical effect in the matrix,
where fibers act as inclusions having high specific surface.

5. For producing a workable mortar, the dosage by weight of recycled plastic fiber should be limited at 1% for straight
fibers and 0.5% for crimped fibers.

6. The flexural behavior of limestone residue mortar is better with the presence of recycled plastic fibers, particularly
straight fibers, due to their high energy absorption capacity. At the same dosage, the mortar is more workable and is
easier to set up with straight fibers which positively affected the mechanical strengths.

7. The addition of recycled plastic fibers to limestone residue mortar slightly improves the compressive strength; the
improvement percentage is higher with straight fibers.

8. The mechanical strength of limestone residue mortar increases with the dosage of recycled plastic fibers.

9. The microstructure analysis conducted on all mortars confirms the good performances of the fiber mortar, by show-
ing a dense material with an effective fiber length and also a good orientation of fiber into the mortar.

10. The results of the current investigation clearly show that the polypropylene recycled plastic waste, resulting from
domestic sweeps fabrication, can be used successfully as fibers to produce a workable mortar with interesting me-
chanical characteristics.
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