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Abstract
The present work aims to highlight the use of polyethylene terephthalate (PET) plastic waste for the conception of a new 
PET-siliceous sand composite material (WPLA) to be used, after heat treatment, as a light aggregate in various screed mor-
tars. This composite is intended to be employed as a substitute for conventional aggregate at the rates of 0, 25, 50, 75, and 
100% by weight. Reinforcement corrosion, caused by the attack of chloride ions, is the main reason for the deterioration of 
reinforced concrete structures around the world. To determine the effects of waste PET as a lightweight aggregate (WPLA), 
five WPLAX composite mortar formulations were immersed into a 5% NaCl solution. The mechanical strength, absorp-
tion of water by capillary suction, and chlorine ion penetration into mortars were all studied. Additional information on the 
microstructure of the materials was also collected. The results obtained indicated a decrease in the compressive strength of 
WPLAX. Moreover, Fick’s second law made it possible to observe a decrease in the penetration of chlorine ions, ranging 
from 40 to 90% in WPLAX mortars as the replacement ratio increased. Likewise, it was found that the sorptivity coefficients 
of WPLAX mortars decreased from 43 to 65% as compared to that of reference mortar. These encouraging results open up 
new prospects for using these composite materials as protective mortars for reinforced concrete structures. At the same time, 
it is one way of getting rid of these PET plastic wastes which represent a serious pollution form to the environment and a 
real threat to human health.

Keywords  Waste PET lightweight aggregate (WPLA) · PET plastic waste · Valorization · Saline environment · Diffusion of 
chlorine ions · Sorptivity

Introduction

In the field of construction, eco-materials based on recycled 
tailings and plastic waste (2iE 2013) are currently among 
the best solutions to ecological and technical problems. This 
must be part of everybody’s sustainable development policy. 
Unfortunately, these materials are not sufficiently exploited 
despite their technical and economic benefits, in addition to 
their ecological assets.

About 320 million tons of plastic were produced world-
wide in 2015, which represents nearly 10.1 tons per second, 
for an approximate consumption of 8% of world oil produc-
tion (Planetoscope 2012). According to a study conducted at 
the University of Santa Barbara (California, USA) in 2017 
(Planetoscope 2012), 9.1 billion tons of plastic have already 
been produced to date in the world! More than half of this 
quantity, i.e., 5.4 billion tons, ended up in the environment. 
Each year, 4.8–12.7 million tons of plastic waste are dumped 

 *	 A. S. Benosman 
	 amre20022000@yahoo.fr

	 M. T. Gouasmi 
	 m.t.gouasmi@hotmail.fr

	 H. Taïbi 
	 hamed_taibi@yahoo.fr

1	 Faculty of Exact and Applied Sciences, Laboratory 
of Polymer Chemistry LCP, University of Oran 1, Ahmed 
Benbella, El Mnaouer, BP 1524, 31000 Oran, Algeria

2	 Higher School of Applied Sciences, ESSA-Tlemcen, Bel 
Horizon, 13000 Tlemcen, Algeria

3	 Department of Civil Engineering, Laboratory of LABMAT, 
ENPO Maurice Audin, Oran, Algeria

http://orcid.org/0000-0002-0344-020X
http://crossmark.crossref.org/dialog/?doi=10.1007/s42107-018-0089-1&domain=pdf


72	 Asian Journal of Civil Engineering (2019) 20:71–85

1 3

into the seas and oceans, which end up in microparticles 
ingested by marine fauna. It is worth recalling that each gram 
of plastic contains about 1 g of oil (Planetoscope 2012). 
China is the largest plastic producer in the world, with a 
27% share of the world total. Europe follows it closely, with 
20%. In contrast, Africa and the Middle East produce only 
7%, and Latin America 5% (Planetoscope 2012).

In addition, 25 million tons of plastic wastes are collected 
in Europe each year, but only 25% of this amount is recy-
cled (Planetoscope 2012). On the other hand, the recycling 
and recovery rate of these plastic wastes is almost 100% in 
Switzerland, where the disposal of plastic waste is prohib-
ited. Plastic waste collection and management have become 
an environmental, societal, and economic issue that needs 
to be mastered and resolved. However, these wastes could 
be exploited as a source of raw materials in the context of 
sustainable development (circular economy) (Planetoscope 
2012).

The use of upgraded plastic waste in the development 
of eco-materials in the field of construction has grown 
exponentially over the last 2 decades. This period saw 
the emergence of composite mortars and concretes, plas-
tic aggregates (Badache et al. 2018; Gu and Ozbakkaloglu 
2016; Latroch et al. 2018; Saikia and de Brito 2012; Sen-
thil Kumar and Baskar (2015b); Sharma and Bansal 2016; 
Sulyman et al. 2016), composite aggregates (Alqahtani et al. 
2014, Alqahtani 2017a, b, c; Choi et al. 2005, 2009; Ge et al. 
2013, 2014; Gouasmi et al. 2017; Zuccheratte et al. 2017), 
rubber aggregates (Akinyele et al. 2016; Rashad 2016), and 
many others (Adedayo Badejo et al. 2017; Debska and Lich-
olai 2017a, b). Eco-materials are environmentally friendly 
products that meet the requirements of professionals in the 
construction sector (Building and Public Works), particu-
larly those related to durability and to thermal and acoustic 
comfort.

The durability of a cementitious material is measured by 
its ability to withstand the attack and penetration of chloride 
ions that cause the corrosion of reinforcements in ferrocon-
crete structures (Adam Neville 2000). Corrosion is one of 
the main causes of deterioration of reinforced concrete con-
structions. Its process usually begins with the dissolution 
and decomposition of the metal, followed by the formation 
of ferrous ions. The hydrolysis of these ions leads to the 
acidification of the material and the formation of insoluble 
ferric hydroxides which give rust over time (Raharinaivo 
et al. 1998).

The diffusion of chloride ions into concrete is the result 
of complex mechanisms. Actually, the ion exchange between 
the aggressive diffusing solution and the interstitial solution 
in concrete plays an essential role (Stanish et al. 1997). The 
binding capacity of chloride ions depends on several fac-
tors, including the nature of cement, C3A aluminate content, 
compactness of concrete, and water-to-cement (W/C) ratio 

which decreases the porosity of the cementitious paste and 
thus makes ion penetration slower. Other species, such as 
mineral and polymeric additions, can affect the chemical 
fixation of chlorides.

Kou et al. (2009) found out that the partial substitution of 
natural aggregates by PVC waste materials allows increasing 
the resistance to chloride ion penetration. The penetration 
depth decreases linearly with the substitution rates, i.e., 5, 
15, 30, and 45% PVC, by volume. Fraj et al. (2010) reported 
that the addition of dry aggregates of polyurethane foam in 
a concrete mixture gives a chloride penetration coefficient 
below the reference value. On the other hand, the addition 
of pre-wet aggregates of polyurethane foam leads to sig-
nificant increases in the same coefficient. Benosman et al. 
(2011) observed that replacing cement with PET waste par-
ticles helps to reduce the rapid penetration of chlorine ions 
(RCPT). On the other hand, Ghernouti and Rabehi (2012) 
noted that the substitution of crushed sand by plastic bag 
waste, which is a low-density polyethylene (LDPE) material, 
decreases the penetration depth of chlorine ions. Similarly, 
Onuaguluchi and Panesar (2014) indicated that the rapid 
chloride permeability (RCPT) of concrete decreases by par-
tially replacing 5, 10, and 15% by volume of natural fine 
aggregates with crumb rubber. Senhadji et al. (2015) found 
out that the partial substitution (30, 50, and 70% v) of natural 
aggregates (fine sand and aggregates of class 3/8) by PVC 
granules increases the resistance to penetration of chlorine 
ions. Omrane et al. (2016) made the same observation by 
reporting that PET-based mortar–polymer composites, when 
cement is replaced by PET granules at ratios equal to 2, 
4, and 6% w, have a chloride ion penetration depth much 
lower than that of the reference mortar. Shanmugapriya and 
Helen Santhi (2017) indicated that the obtained rapid chlo-
ride permeability values decrease with the incorporation of 
high-density polyethylene (HDPE) waste in concrete, either 
as fine or coarse aggregates.

The present study focuses first on the evolution of the 
mechanical strength, capillary water absorption coefficient 
(sorptivity) and resistance to the penetration of chloride ions 
in composite mortars designed by substitution of the conven-
tional aggregates, such as calcareous sand, by the composite 
material PET-siliceous sand composite, also called WPLA. 
It also tries to make a comparison with the unmodified 
mortar for the purpose of designing an industrial compos-
ite screed mortar resistant to the penetration of aggressive 
agents in a saline environment (5% NaCl). This is interest-
ing for the protection of the environment, which fits in the 
framework of sustainable development. Some key substitu-
tion proportions are also investigated to determine the feasi-
bility limits, which has not been done before, in the previous 
research (Alqahtani et al. 2014, 2017a; Choi et al. 2005, 
2009; Debska and Licholai 2017b; Gouasmi et al. 2017; 
Zuccheratte et al. 2017). In addition, further information on 
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the microstructure of the material was obtained using the 
XRD and SEM techniques.

Materials used

Cement

The cement used is type CPJ 42.5 CEM II/A, from the 
LCO plant of the HOLCIM-LAFARGE group, located in 
OGGAZ (Northwestern Algeria). This cement has a fine-
ness of 4500 cm2/g, an absolute density equal to 3.09 g/cm3 
and average compressive strengths of 22 MPa at 2 days and 
48 MPa at 28 days. The chemical and mineralogical com-
positions of cement and its clinker are given in Tables 1 and 
2, respectively.

Elaboration of the composite material waste PET 
lightweight aggregate (WPLA)

A new eco-friendly composite material is developed by mix-
ing a siliceous sand-based composite material and waste 
PET bottles. The upgrading and recycling of such waste 
material turns out to be an interesting initiative for the pro-
duction of a lightweight composite material which has the 
characteristics and properties that are required in the field 
of construction. This composite material should have 35% 
of its weight in recycled PET. On the other hand, this opera-
tion aims at protecting the global environment from plastic 
wastes.

A 1.5-l bottle of mineral water contains an average of 
3.5 g of PET; this means that making 1 kg of composite 
material allows getting rid of about 100 used mineral water 
bottles. The experimental work consisted of conducting 
physico-mechanical and physico-thermal tests, and also 
assessing the durability of the prepared materials (Gouasmi 
2012). These experiments required the use of more than 
80 kg of WPLA composite aggregate. For economic reasons, 
siliceous sand was chosen, because it is a natural material 
found in abundance. Its ease of extraction and treatment and 
its mode of use make its cost per ton relatively low compared 
to the calcareous sand which is composed of treated silico-
calcareous rocks, in addition to all the constraints of extrac-
tion, crushing, grinding, selection, and sieving.

The development of the composite aggregate (WPLA) 
involves a semi-industrial process in a ready-to-use mortar 
production unit. Slabs with hardness close to that of natural 
rock were made. These slabs were prepared with siliceous 
sand (Ss), brought from the sand quarry of Sfisef, a small 
town in the Province (Wilaya) of Sidi Bel Abbès, along 
with used PET bottles of mineral water and soft drinks, 
after being washed and cut into small squares with side not 
exceeding 2.5 cm. The chemical composition of the siliceous 
sand used is given in Table 1. Figure 1 illustrates the micro-
structural XRD analysis results of siliceous sand, PET scrap, 
and WPLA composite aggregate. It should be noted that 
no chemical interaction was observed between the mineral 
compounds of sand (Ss) and the polymeric molecules (PET), 
which means that there is total absence of new compounds. 
These findings are in agreement with those reported by Zuc-
cheratte et al. (2017).

The components of the mixture (siliceous sand and 
PET) were subjected to a heat treatment at a temperature 
not exceeding 290 °C, accompanied by a thorough mixing, 
at 50–60 revolutions per minute. At the end, the mixture 
undergoes a long stepwise cooling process; this should sub-
sequently affect the grindability and hardness of the prepared 
slabs (Fig. 2a). It is useful to remember that this hardness is 
close to that of natural rock. These slabs then go through a 
semi-industrial grinding and sieving process to finally give 
several grain size classes, ranging from 0 to 2.7 mm. The 
material thus obtained is then called composite aggregate 
WPLA. The particle-size class 0/0.3 mm of the waste PET 
lightweight aggregate (WPLA) was used throughout this 
study for the fabrication of the composite mortars WPLAX. 
The main aggregate physical properties used in this study 
are presented in Table 3. The morphologies of PET and 
composite aggregate WPLA are illustrated in Figs. 2c and 
2d. Figure 2d, representing the composite aggregate WPLA, 
shows that there is a perfect microstructural arrangement of 
the organic phase (PET) and mineral phase (siliceous sand). 
This allows the composite mortars WPLAX to develop 
interesting durability properties against chemical attack 

Table 1   Elemental chemical 
compositions of cement CPA 
42.5, siliceous sand, and 
calcareous sand

LOI loss on ignition

Compounds SiO2 Al2O3 Fe2O3 CaO MgO K2O SO3 Na2O LOI Cl− CaCO3 CO2

Cement 17.40 4.12 2.97 61.15 1.16 0.66 2.46 0.13 8.85 0.017 – –
SS 83.29 0.21 0.45 7.03 4.2 – – – – – 2.27 1.00
Cs 11.76 – 0.91 44.35 – – – – – – 59.09 26

Table 2   Mineralogical 
composition of the clinker (%)

C3S C2S C3A C4AF

64 15 8 12.16
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(Gouasmi et al. 2015), and particularly against the penetra-
tion of the material by chloride ions.

Calcareous sand (CS)

The calcareous sand (CS) used, which is replaced by the 
composite aggregate WPLA throughout this study, is a 
silico-calcareous sand from quarries belonging to the HAS-
NAOUI group of companies, located in the region of Sidi 
Ali Benyoub, in the Wilaya of Sidi bel abbes. The chemi-
cal composition of calcareous sand (CS), its XRD spectrum, 
and physical properties are shown in Tables 1, 3 and Fig. 1, 
respectively.

The particle-size distributions of calcareous sand and 
composite aggregate WPLA were determined by laser by 
means of the MASTER SIZER 2000 type MALVERN. The 
materials used were analyzed by the XRD technique using 
a diffractometer powder (Bruker D8 Advance) and utilizing 
Cu Kα radiation. Moreover, the PET waste, WPLA com-
posite aggregate, and WPLAX composite mortars were 
analyzed using a HITACHI TM-1000 SEM (Table Top 
Microscope).

Test methods

It was decided to make composite screed mortars from 
Mâtine cement (CPJ CEM II/A), and four mixtures by par-
tially replacing calcareous sand, by weight, in the propor-
tions 0, 25, 50, 75, and 100%, with the WPLA composite 
aggregate (Table 4). For each preparation, the mixtures were 
prepared in accordance with the recommendations of the 
standard ASTM C109 (2011). The workability of each type 
of mortar prepared was measured using the spreading table, 
in accordance with the standard ASTM C 1437 (2001).

The molds containing the samples were covered with a 
plastic film and stored in the laboratory’s maturation cabinet. 
After 24 h, the samples are demolded and then immersed in 
lime saturated water (ASTM C511 2006) at the temperature 
of 20 ± 2 °C, until the test age.

Mechanical strengths and density

Mechanical strength tests were performed, in accordance 
with the standard ASTM C109 (2011), to characterize the 
composite mortars (WPLAX) at different time intervals, i.e., 
2, 7, and 28 days. The density of WPLAX composites was 
measured, in accordance with Gouasmi (2012) and Gouasmi 
et al. (2017).

The water capillary sorption test (sorptivity)

This test was performed according to Choi et al. (2009) 
and the AFPC-AFREM (1997) procedure. It allows meas-
uring the rate of water absorption by capillary suction of 
unsaturated mortars placed in contact with water without 
any hydraulic pressure.

Before starting to measure the sorptivity, the specimens 
were pre-conditioned in the oven, at a temperature of approxi-
mately 105 °C, until reaching a constant mass. The water 
capillary sorption test was used to determine the absorption 
rate by capillary rise of a cubic specimen, of dimensions 
50 × 50 × 50 mm3, placed on small supports in a tank contain-
ing water (Fig. 3), so that water could reach only 5 mm of the 
height of the test piece; the lateral faces of the specimen had 

Table 3   Aggregate physical properties

Physical properties WPLA SS CS

Apparent density (g/cm3) 1.253 1.402 1.092
Water absorption coefficient (%) 0.040 1.030 0.220
Thermal conductivity “λ” 

(W/m K)
0.589 3.590 0.600 <

Calorific capacity “Cp” 
(J m−3 K−1)

1.480 × 10+6 – –

Thermal diffusivity “a” (m2 s−1) 0.398 × 10−6 – –
Granulometric class (mm) 0/0.3 0/0.3 0/0.3
Shape Angular Spherical Angular

Table 4   Mixtures and mix design

WPLAX composite mortar where X %w of sand is substituted with WPLA, Cs calcareous sand, WPLA composite aggregates, W water, C cement

Mix Code WPLAX Cement (g) Cs (g) WPLA (%w) WPLA (g) W/C W (ml) Flow (mm) Density (kg/l)

WPLA0 660 1340 0 0 0.84 554 85 2.49
WPLA25 660 1005 25 335 0.78 518 93 2.42
WPLA50 660 670 50 670 0.75 494 95 2.32
WPLA75 660 335 75 1005 0.72 478 98 2.19
WPLA100 660 0 100 1340 0.71 466 102 2.09
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previously been impregnated with an epoxy resin (Fig. 4). The 
increase in mass of the test piece was then measured as a func-
tion of time, i.e., at 1, 4, 9, 16, 25, 36, 49, and 64 min.

The capillary water absorption coefficient was then calcu-
lated using the following formula (Eq. 1):

(1)Q∕A = S
√

t,

where Q is the amount of water absorbed (cm3), A is the 
surface of the specimen in contact with water (cm2), t is the 
time expressed in seconds, and S is the sorptivity coefficient 
of the specimen (cm/s1/2).

Diffusion of chloride ions

The test  samples  used are  cubic  specimens 
(50 × 50 × 50 mm3), prepared at the TEKNACHEM physico-
mechanical test laboratory, which located in the industrial 
zone of Sidi Bel Abbes (Algeria). The mortars were made 
in accordance with the recommendations of Standard EN 
196-1 (2005).

The WPLAX mortar specimens underwent a 28-day cure, 
and then, the side faces were covered with epoxy resin to 
make them impermeable. Therefore, chloride ions’ penetra-
tion can occur only along one direction, through the bottom 
and top sides (Fig. 4). The samples were then introduced into 
a 5% concentrated NaCl solution.

To evaluate the durability of composite mortars against 
the penetration of chloride ions and to highlight the effect 
of the composite aggregate WPLA on the resistance to this 
penetration, it was decided to follow the evolution of the 
penetration depth of chloride ions at 7, 28, and 91 days. The 
solutions were changed every 7 days until the age of 28 days, 
then every 28 days until the age of 91 days.

For each test, the specimen was cut in half, through the 
two permeable faces, along the diffusion direction of chlo-
ride ions (Fig. 5). Then, a solution of silver nitrate AgNO3 
was poured on each section, according to the standard UNI 
7928 (1978). The permeable faces of the specimen then 
changed color; the white color represents the penetration 
depth of chloride ions. This depth was measured using a 
caliper, at several positions (Fig. 5). The penetration depth 
considered (X) is the average of all readings.

Fig. 3   Measurement of composite mortars (WPLAX) sorptivity

Fig. 4   Composite mortar WPLAX coated with epoxy resin prior to 
sorptivity test and immersion in 5% NaCl solution

Fig. 5   Measurement of the penetration depth of chloride ions
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Results and discussion

Mechanical properties and density of WPLAX 
composite mortars

Table 5 shows that the compressive strength decreases with 
the increase in the substitution rate by the composite aggre-
gate PET-siliceous sand (WPLA), especially at 28 days. On 
the other hand, at the young age (2 and 7 days), the com-
pressive strength values are seen to evolve positively with 
the maturity and rate of substitution of sand with WPLA. It 
is clearly noted that: 

•	 At 2 days, the compressive strength values develop posi-
tively as compared to the unmodified mortar, for each 
proportion of incorporated WPLA (Table 5).

•	 At 7  days, the compressive strength values experi-
ence alternating positive evolutions for WPLA25 
and WPLA50 and negative ones for WPLA75 and 
WPLA100.

•	 At 28 days, the compressive strength values evolve nega-
tively for all the composite mortars containing composite 
aggregate WPLA as compared to the unmodified mortar 
WPLA0, which contains only natural aggregate (calcar-
eous sand). These results corroborate those found by 
Choi et al. (2009), Saikia and de Brito (2012), Senthil 
Kumar and Baskar (2015a), Zuccheratte et al. (2017) and 
Alqahtani et al. (2017b).

Table 6 exhibits the flexural strength of composite mor-
tars WPLAX. It can easily be seen from Table 6 that the 
evolution of the flexural strength varies with the kind of 
composite materials used. It is, also, noted that:

•	 At 2 days, the flexural strength decreases with the incor-
poration of the composite aggregate; while the com-
posite aggregate content increases, the flexural strength 
decreases.

•	 At 28 days, substituting 25% of mortar by composite 
aggregate gives the highest strength among all mortars 

made, with a strength value reaching 5.23 MPa. This is 
followed successively by the strength of WPLA0 with 
4.81 Mpa, WPLA50 with 4.52 MPa, WPLA75 with 
4.17 Mpa, and, finally, WPLA100 with 3.97 Mpa.

Consequently, it can be stated that the WPLA improves 
the flexural strengths at rates which are defined for the 
desired maturities, i.e., at 7 and 28 days, for a proportion of 
25%. This statement can be explicated by the elastic nature 
and the non-brittle characteristic of polyethylene terephtha-
late plastic particles under loading (Gouasmi et al. 2017).

In addition, it is easy to observe from Table 4 that the 
densities of composite mortars tend to decrease as the con-
tent of the WPLA rises. The larger the WPLA composite 
aggregate content, the lighter the resulting modified mortar 
(Alqahtani et al. 2017b, c; Gouasmi et al. 2017).

The water capillary sorption test

A simple and easy way to characterize the absorption kinet-
ics of materials consists of measuring their absorptivity. The 
higher the sorptivity, the faster the material is likely to be 
invaded by the liquid in contact. Sorptivity is also a property 
that characterizes the porous material which absorbs water 
and allows its transmission by capillarity. Figure 6 shows the 
relationship between the cumulative absorption of WPLAX 
composite mortars and the square root of the elapsed time. It 
is important to note that the greatest water absorption value 
by capillarity is 0.524 g/cm2; it was observed in the mix-
ture of control mortar. Incorporating the WPLA composite 
decreases the capillary water absorption, especially for the 
modified mortars with a 100% substitution rate; in this case, 
the capillary absorption decreases by 60% compared to that 
of control mortar.

Figure 7 shows the influence of the composite aggregate 
PET-silica sand on water absorptivity by composite mortar 
specimens. It is noted that sorptivity decreases considerably 
for the first substitution rate of calcareous aggregate by the 
composite WPLA; there is a 51% reduction for WPLA 25. 
For the other two composite mortars, i.e., WPLA 50 and 

Table 5   Compressive strength of composite mortars WPLAX

*The data in parentheses are ratios of 28-day mechanical strength 
(compressive)

Mix Compressive strength (MPa)

2 days* 7 days* 28 days

WPLA0 09.48 (0.36) 18.90 (0.72) 26.05
WPLA25 12.51 (0.51) 20.39 (0.83) 24.42
WPLA50 12.70 (0.52) 19.50 (0.81) 23.98
WPLA75 11.20 (0.50) 15.90 (0.71) 22.35
WPLA100 09.78 (0.49) 14.00 (0.71) 19.68

Table 6   Flexural strength of composite mortars WPLAX

*The data in parentheses are ratios of 28-day mechanical strength 
(Flexural)

Mix Flexural strength (MPa)

2 days* 7 days* 28 days

WPLA0 03.06 (0.63) 03.61 (0.75) 04.81
WPLA25 02.95 (0.56) 04.43 (0.84) 05.23
WPLA50 02.99 (0.66) 03.77 (0.83) 04.52
WPLA75 02.75 (0.66) 03.57 (0.85) 04.17
WPLA100 02.41 (0.60) 03.25 (0.81) 03.97
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WPLA 75, the decline in sorptivity is equal to 43%. Finally, 
this decrease is 65% for the composite mortar WPLA100 
when compared to unmodified mortar (WPLA0). Zuccher-
atte et al. (2017) reported that water absorption decreases 
with the increase in the synthetic gravel substitution ratio 
and the water-to-cement (W/C) ratio. These findings are con-
sistent with those reported by Zuccheratte et al. (2017) and 
Alqahtani et al. (2017b). On the other hand, Senthil Kumar 
et al. (2017) reported that water absorption and sorptivity 
of high impact polystyrene (HIPS) concrete specimens were 
higher than the control one. The water absorption and sorp-
tivity increased with an increase in HIPS content.

The results mentioned above make it possible to con-
clude that the substitution of calcareous sand by the 

lightweight composite aggregate WPLA as well as the 
hydrophobic effect of the PET, which is inside the WPLA 
aggregate, both contribute to block the capillary pores by 
water-repellent effect. In addition, a reduction in porosity 
was detected near the inter-facial area between WPLA and 
the cement matrix (Fig. 8). The strong adhesion between 
the composite aggregate and cement paste contributes sig-
nificantly to the reduction in sorptivity.

Therefore, it can be deduced that, for WPLA 25, two 
effects act simultaneously, namely the hydrophobicity of 
PET and the effect of the fillers (calcareous sand) that fill 
up the pores, since the particle-size distribution of calcar-
eous sand is more continuous than that of the composite 
WPLA (Table 7). It is worth mentioning that the water-
repellent effect of WPLA particles, containing PET plastic 
waste, is greater than that of pore filling by calcareous 
sand particles.

Finally, the composite aggregate (WPLA) contributes 
significantly to the impermeability of WPLAX composite 
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Fig. 8   SEM image displaying the microstructure of the interface in 
the sample WPLA100

Table 7   Size distribution by laser granulometry (MASTER SIZER 
2000) of calcareous sand and WPLA composite aggregate

Size (μm) Limestone sand Composite WPLA
Vol. over % Vol. over %

2.000 93.91 100.00
4.000 84.66 99.03
8.000 72.87 96.85
16.000 63.89 95.25
32.000 57.26 92.74
45.000 53.28 91.09
64.000 47.44 87.65
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mortars. This indicates that the WPLA aggregate provides 
improved durability to the screed mortars.

The results on the use of light aggregates based on plastic 
waste are consistent with those previously obtained by dif-
ferent research teams (Alqahtani et al. 2017b; Benazzouk 
et al. 2004; Benosman et al. 2017; Marzouk et al. 2007; 
Zuccheratte et al. 2017).

The relationship between the compressive strength and 
sorptivity coefficient of composite mortars is shown in 
Fig. 9. It is possible to maintain a polynomial relationship 
between sorptivity and the compressive strength with a 
correlation coefficient of about R2 = 0.7577. Regardless of 
the composite composition, it can be noted that an increase 
in the sorptivity coefficient is associated with an increase 
in the compressive strength. Irrespective of the compres-
sive strength, the highest value of the sorptivity coefficient 
was measured in the composite WPLA0. The addition of 
the composite WPLA as a substitute for sand caused an 
improvement in the sorptivity coefficient of composite mor-
tars. On the other hand, Choi et al. (2009) reported that the 
sorptivity coefficient of mortar-containing 25% of WPLA 
was 31% lower than that of the control mortar. However, 
this coefficient increased by 15% and 52% when levels of 
50% and 75% of WPLA were used, respectively, in the mix 
(Choi et al. 2009).

Diffusion of chloride ions inside WPLAX composite 
mortars

Figure 10 allows showing that the penetration depth of 
chloride ions in mortar-containing the composite aggregate 
WPLA is smaller than that in the WPLA0 mortar, contain-
ing only conventional aggregate (calcareous sand); this was 
obtained for all immersion deadlines. This explains the 

influence of adding composite aggregate PET-silica sand 
on the microstructure of cementitious materials as well as 
on their permeability to chloride ions. The comparison of 
the results relative to the penetration depth of chloride ions 
in the different mortars allows saying that those containing 
the composite aggregate WPLA are more resistant to the 
penetration of chloride ions than those containing the cal-
careous aggregate alone. It was found that the 7-day penetra-
tion depths decreased by approximately 11.8, 22.3, 34.5, and 
40.1%, respectively, for the WPLA25, WPLA50, WPLA75, 
and WPLA100 composite mortars with respect to the refer-
ence mortar WPLA0.

On the other hand, it was observed that, at 28 days, these 
depths decreased by approximately 14.8, 28.1, 36.5, and 
41.9% for WPLA25, WPLA50, WPLA75, and WPLA100, 
respectively, as compared to WPLA0.

In addition, at 91 days, the penetration depth decreased 
by about 19.2, 41.9, 51.1, and 58.9% for the composite mor-
tars WPLA25, WPLA50, WPLA75, and WPLA100, respec-
tively, when compared to WPLA0.

In addition, it may be noted that, at 28 days, the penetra-
tion of chloride ions for WPLA100 remained unchanged, 
since the same values were observed at 91 days.

Therefore, one can say that adding the composite aggre-
gate WPLA as a substitute for the calcareous aggregate 
increases the resistance of the composite mortars (WPLAX) 
to chloride ion penetration. It is worth noting that the higher 
the substitutions ratios, the more the composite mortars 
resist to the penetration of chloride ions. This is due to 
the presence of PET (hydrophobic, 0% water absorption) 
which blocks the passage of chloride ions. The findings 
thus obtained are in good agreement with those obtained 
by Benosman et al. (2008), Kou et al. (2009), Ghernouti 
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and Rabehi (2012), Senhadji et al. (2015) and Omrane et al. 
(2016).

From this study, it can be observed that the mortars 
containing the composite aggregate WPLA develop a bet-
ter resistance to the penetration of chloride ions (Fig. 10). 
Therefore, these mortars can be recommended as protective 
materials against reinforcement corrosion in various build-
ing structures.

Apparent chloride ion diffusion coefficients

The penetration depth of chloride ions follows the second 
law of Fick (Crank 1956), under the conditions of diffusion 
in a non-stationary regime. The mathematical solution of 
Fick’s second law is given by the following equation (Eq. 2):

Here, C: concentration of chloride ions, X: penetration 
depth of chloride ions, C0: concentration of chloride ions 
on the exposed surface of mortars, t: immersion time in the 
solution, D: chloride ion diffusion coefficient, and erf: the 
error function.

An approximation of formula (2) is given by the follow-
ing expression (Eq. 3) (Collepardi et al. 1972):

The graphs x −
√

t (Fig. 11) have negative intersections 
on the axis 

√

t—depending on the type of composite mortar 
and the ratio WPLA/natural aggregate. This means that the 
graphs x −

√

t do not follow Fick’s second law because of 
the reaction of chloride ions with certain cement hydrates 
(Gouasmi 2012). In addition, our results are consistent with 
those reported by Benosman et al. (2008) and Omrane et al. 
(2016). Therefore, the following equation (Eq. 4) may be 
recommended to be used for the evaluation of the apparent 
coefficient of chloride ion diffusion (Goto et al. 1979). The 
use of formula 4 (Eq. 4) instead of formula 3 (Eq. 3) has 
been widely justified and discussed by the research team of 
Collepardi et al. (1972) and Goto et al. (1979):

Da: apparent diffusion coefficient of chloride ions; it may be 
calculated from the slope of the line, k: empirical constant.

The apparent diffusion coefficient of chloride ions in 
each specimen was obtained from the slopes of the graphs 
x −

√

t , in Fig. 11a–e.
The above-mentioned apparent diffusion coefficient 

decreased with the substitution rate of the composite aggre-
gate WPLA in the mixture. Thus, for control mortar WPLA0, 
containing the conventional aggregate only, this coefficient 
was found equal to 1.125 × 10−8 cm2/s. However, this value 

(2)
C

C0

= 1 − erf

�

x

2
√

Dt

�

.

(3)x = 4
√

Dt.

(4)x = 4
√

Dat + k.

was 0.685 × 10−8 cm2/s for WPLA25, 0.286 × 10−8 cm2/s for 
WPLA50, 0.196 × 10−8 cm2/s for WPLA75, and 0.122 × 10−8 
cm2/s for WPLA100, as shown in Fig. 12.

It was found that the apparent diffusion coefficients of 
chloride ions in mortars, containing the composite aggregate 
WPLA, dropped considerably with respect to WPLA0. For 
the first substitution rate, this coefficient decreased by 40% 
for WPLA 25, 75% for WPLA50, and 83% for WPLA75; 
however, for WPLA100, the drop was much more impor-
tant, around 90%. This is probably due to the fact that the 
composite aggregate WPLA particles block or distract the 
transfer of chloride ions within the matrix of WPLAX mor-
tars due to the impermeability of PET (water absorption of 
PET = 0%).

On the other hand, Alqahtani et al. (2014) reported that 
the chloride ion permeability (Rapid Chloride Permeabil-
ity Test or RCPT) of concrete based on synthetic recycled 
plastic was 3% and 5% lower than that of control concrete 
and lightweight concrete, respectively, at 100% replacement 
rate of natural aggregate by the recycled plastic aggregate 
(RPA) based on linear low-density polyethylene (LLDPE). 
According to these authors, RPA particles allow cement to 
bond into the surface of the aggregate, thus blocking or dis-
tracting the transfer of chloride ions (Alqahtani et al. 2014).

In addition, Alqahtani (2017a) indicated that the charge 
passing through the concrete samples, containing RPA based 
on recycled plastic PET, was lower than that observed in 
normal concrete and conventional lightweight concrete. 
Alqahtani (2017a) suggested that the chloride ion penetrabil-
ity for RP3F1C, RP3F2C, RP3F3C, RP4F1C, RP4F2C, and 
RP4F3C decreased by 30, 66, 36, 36, 69, and 40%, respec-
tively, as compared to normal concrete.

The results obtained in this study are significantly better 
than those of Alqahtani et al. (2014) and Alqahtani et al. 
(2017c). Our results showed a decrease in the penetrability 
of chloride ions of the order of 90% for a 100% substitution 
rate of natural aggregate by WPLA lightweight composite 
aggregates based on PET plastic waste in screed mortars.

In general, the apparent diffusion coefficient tends to 
decrease with the increase in the composite aggregate con-
tent. Thus, the higher the substitution rate, the lower the 
apparent diffusion coefficient. It then becomes clear, from 
the data obtained, that the resistance to chloride ion pen-
etration in mortars modified by the composite aggregate is 
much greater than that in the unmodified mortar (WPLA0). 
The results obtained make it possible to deduce that mor-
tars containing the composite aggregate PET-siliceous sand 
(WPLA) can be used for the protection of reinforcements 
in reinforced concrete structures. In addition, the recycling 
and valorization of plastic bottles certainly help to protect 
the nature from this type of pollution.

The relationship between the compressive strength 
and the apparent chloride ion diffusion coefficient of the 
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composite mortars is illustrated in Fig. 13. One can easily 
note a linear relationship between the apparent chloride ion 
diffusion coefficient and the compressive strength, with a 
correlation coefficient of about R2 = 0.85. In this study, the 
diffusion coefficient decreased as the compressive strength 
went down. This may be attributed to the waste PET light-
weight composite aggregate particles that obturate the trans-
fer of chloride ions.

The relationship between sorptivity and the apparent chlo-
ride ion diffusion coefficients of the composite mortars is 

shown in Fig. 14. A polynomial correlation was found between 
sorptivity and the apparent diffusion of chloride ions; it is 
represented by the equation y = 6.4497 x2 − 4.0417 x + 4.521, 
where y is the sorptivity and x is the apparent chloride ion 
diffusion coefficient. This polynomial seems to give the best 
value of the correlation coefficient R2 (R2 = 80.16%); this value 
is greater than 0.80. The addition of WPLA as sand substitute 
led to an improvement in the apparent chloride ion diffusion 
coefficient of the composite mortars. This may be attributed 
to the WPLA aggregate particles that prevent the transfer of 
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Fig. 11   a–e Immersion time versus chloride ion penetration depth in composite WPLAX mortars immersed in 5% NaCl solution
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aggressive solution (chloride ions). It can be concluded, there-
fore, that lower sorptivity means lower chloride ion diffusion. 
This finding is in agreement with that of Ganesan et al. (2008) 
and Siad et al. (2014), who found a good correlation between 
sorptivity and diffusivity. According to GCI (2009), chloride 
ions in solution are first “drawn” into the pores along with the 
water absorbed. Beyond the absorption zone, chloride penetra-
tion occurs by diffusion.

Correlation between the durability and mechanical 
properties

Figure 15 summarizes the physico-mechanical and durabil-
ity properties of the WPLAX composite mortars. Finally, 

it can be said that the waste PET lightweight composite 
aggregate WPLA can be used for the replacement of natu-
ral aggregates in screed mortars, as well as in mortars and 
concretes in general. The use of WPLA aggregate-based 
composite mortars in the construction and building sector 
is very attractive from the ecological or economic point of 
view; these mortars are also highly recommended for the 
protection of structural structures containing reinforcement 
and even for the repair of various reinforced concrete struc-
tures exposed to severe chemical attack, such as chloride 
ion penetration (saline environment, seas, oceans, etc.). In 
addition, this type of composite mortar is able to withstand 
even the harmful effects of de-icing salts.

Conclusions

The effects of replacing conventional sand by WPLA com-
posite aggregates on the physico-mechanical and durability 
properties of composite mortars are summarized in Fig. 15. 
Based on the results obtained, it can be concluded that 
WPLA composite aggregate contributes to:

•	 the good adhesion between the PET polymer phase and 
the mineral phase (siliceous sand); it is worth noting that 
there is no chemical interaction between the compounds 
of these two phases.

•	 The compressive strength of WPLAX decreases when 
the substitution rate of the conventional aggregate by the 
light composite aggregate increases.

•	 Capillary pores are blocked due to the water-repellent 
effect of PET (PET is impervious to water; its water 
absorption coefficient is zero).
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•	 The permeability (sorptivity) of composite screed mor-
tars decreases. Thus, a reduction of 51% was found for 
WPLA25, 43% for both WPLA50 and WPLA75, and 
65% for WPLA100 with respect to WPLA0.

•	 The apparent coefficient of chloride ion diffusion 
decreases. There was a reduction of up to 40% for 
WPLA 25, 75% for WPLA50, and 83% for WPLA75. 
For WPLA100, this drop was much greater, since it was 
around 90% with respect to control mortar WPLA0.

•	 The penetration of chloride ions decreased signifi-
cantly, giving composite mortars protective character-
istics for structural structures containing reinforcement. 
This should help to reduce the rate of corrosion, espe-
cially in environments with high salt concentrations.

The adhesion test of composite mortar as a substrate on 
concrete proves to be very useful for a future study that 
could be the subject of a research project. This is another 
innovative technique for the realization and application of 
WPLAX composite eco-materials in the field of construc-
tion. Moreover, this approach allows the management and 
recycling of PET plastic wastes; it helps to preserve the 
environment and make the production of modified mortars 
more profitable.
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