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Abstract. This present study aims to investigate the evolution of structural response of PET-
Mortar composite test with a short-beam specimen in three-point bending tests, with
composite mortar ages and volumetric polymer rate and this, based on compression strength
tests. The ultimate PET-mortar composite structural responses are calculated at the mid
span of the short-beam by the mean of mechanics-of-materials theory basis. According to
this theory, the distribution of bending moments and shear forces at any point of the
composite short-beam specimen doesn’t depend on material mechanical properties
especially the young modulus of modified mortar composite; so, the structural response
analysis has been limited to investigate the evolution of ultimate deflection with several
volumetric PET rates and composite mortar ages. In the other hand, we present a
comparative study between experimental test results of splitting tensile and compressive
strengths with the ones predicted by codale previsions (ACI-363 and B.S) codes in terms of
PET mortar ages and volumetric PET rates in order to recommend the most suitable design
code for PET-mortar composite applications in construction industries.

Key words: Green Composites, Waste Polymer, Mortar Age, Young Modulus of elasticity, Three Point
Flexural Test, Short-beam Lateral Deflections.

1. Introduction

The production of a large amount of Polyethylene Terephthalate (PET) bottles has created an
environmental problem of gigantic proportions, since these bottles are not recycled by the
manufacturers and therefore are left as plastic waste, which do not decompose readily in nature
(Mahdi, 2007; Hannawi, 2010; Chowdhury, 2013).

The effective solution to solve this problem is to recycle them (Saikia, 2012; Ozbakkaloguluy,
2016). Waste PET bottles had been reworked for drinking bottles by melting and fusion, which
turned out to be too costly. The incorporation of PET waste in construction materials knows a
very high evolution in the last couple years, and this due to the significant economic impact of
this green materials used in construction industries where polymers are used as additives
(Sharma, 2016; Pacheco, 2013) in order to reduce certain disadvantages such as hardening
delay, low tensile strength, and the general drying shrinkage (Yazoghli, 2007).

Actually, composite materials (Yazoghli, 2007; Benazzouk, 2007; Cordoba, 2013; Naik, 1996) are
by now the subject of both theoretical and experimental investigations, motivated by a renewed
interest for the use of polymer-mortar composites in the civil construction industry for
different applications (Cordoba, 2013; Naik, 1996; Benosman, 2015, 2017a,b). So, if waste PET
bottles were reused as lightweight aggregates, positive effects are expected on the recycling of
waste resources and the protection of the environment (Ozbakkalogulu, 2016; Sharma, 2016;
Ochi, 2007; de Brito, 2013; Kazi Tani, 2017; Gouasmi, 2017). Considerable research and
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development work on plastic waste modification for cement mortar and concrete has been
conducted in various countries. As a result, many effective plastic waste modification systems
for cement mortar have been used in various applications in the construction industry for its
many excellent properties (Latroch, 2018; Chaib, 2017; Ozbakkalogulu, 2016; Sharma, 2016; de
Brito, 2013; Batayneh, 2007; Choi, 2005; Rebeiz, 1996). These researches generally investigate
the effect of incorporating PET waste on the properties of concrete and cementitious mortar.

Commonly, the results showed that granules or flakes of crushed PET post-consumer bottles can
be used to replace sand to produce good quality concrete products. On the other hand, our
previous work (Benosman, 2008, 2013, 2015, 2017a) indicated that PET waste could reduce the
apparent chloride ion diffusion coefficient of the composites, effectively enhance the reduced
volume of large-sized pores and improve the resistance to the absorption of the test solutions
(like acidic, basic, sulfatic solutions) as well as the thermal resistance and acoustic insulation
with an increase in polymer-cement ratio. This current study concentrates on the waste
materials without any further transformation beyond crushing, in order to minimize final
material costs.

Certain key proportions are also studied, in contrast with what has been undertaken in previous
work (Benazzouk, 2007; Benosman, 2011, 2015; Ghernouti, 2012; Safi, 2013; Badache, 2018) in
order to determine feasibility limits. Particularly PET wastes are used as substitute for
conventional materials, mainly cement as powder, in composites mixes. So, the main purpose of
this present research work is to characterize in the first time the mechanical properties of this
composite mortar for several PET-Mortar ages and volumetric waste PET polymer rates in
accordance to (ACI-318) and (BS-8110) codes of practice and based on experimental
compressive strength tests results.

The second stage of this work consists to investigate the flexural behavior of modified PET-
Mortar specimen under three-point bending-tests in terms of elastic deflections based on
predicted data base of experimental test results.

The last part of this paper concerns the evolution analysis of tensile and compressive strength
(Ft/Fc) ratio with early mortar ages and volumetric PET rates between experimental test results
and predicted ratios suggested by the British Code of Practice BS-8007:1987 (BSI, 1987) and the
ACI-363 models (ACI, 1992), in the aim to direct designers and researchers to the most suitable
code for PET-mortar composite applications in the field of construction industries.

2. Raw materials

2.1. Cement

The cement used was a blended Portland cement type CPJ-CEM I11/A42.5 supplied by Zahana
factory, located in western Algeria, with 1022 kg/m3 bulk density; its compressive strength at 28
days was 42.5 MPa. The absolute density of the cement used was 3.15 g/cm3 and its specific
surface area measured with the Blaine method was 3532 cm?/g. Its initial and final setting times
were 170 and 245 min, respectively. Mineralogical and chemical compositions of cement are
listed in Table 1. The chemical composition was obtained using an X-ray fluorescence
spectrometer.

2.2. Sand

The crushed natural limestone sand was obtained from the quarry of Kristel, in Oran, West
Algeria. The maximum size of sand grains was 5 mm. The chemical properties shown in Table 1
were obtained by using an X-ray fluorescence spectrometer analysis. Its principal characteristics
are given in Table 2. The grading of crushed sand is presented in Table 3, according to standard
NF P18-560 (AFNOR, 1990).




176 Kazi Tani et al, ]. Build. Mater. Struct. (2018) 5: 174-184

Table 1. The mineralogical compositions of clinker and the chemical compositions of cement and sand used

(wt. %)
Constituent | Cement Sand
Si0q 2091 0.77
Al;03 5.52 0.11
Fe;03 3.56 0.36
Ca0 63.50 54.71

Chemical MgO 0.64 0.21

compositions SO3 2.79 Nil
K20 1.23 -
Naz0 0.13 -
CaO free 2.35 -
Chlorides - Nil
LOI 1.19 43.83
CsS 49.39 -

) , CaS 22.97 -
Mmeralgglcal CoA 8.61 N
compositions

C4,AF 10.83 -

Table 2. Physical properties of sand used (Benosman, 2011)

Designations Values
Absolute density (g/cm?3) 2.53
Equivalent of Sand (%) 84
Fineness modulus 2.55
Nature Limestone
Absorption coefficient (%) | 0.5

2.3. PET waste

Waste PET bottle granules (Scheme 1) used as particles were supplied by TRAMAPLAST PET
Bottle Plant, in Tlemcen, Algeria. These particles were obtained by collecting the waste PET
bottles and washing them; they are then crushed by granules into machines. In addition, they
have an irregular shape and a rough texture surface, which enables the adherence of the
particle-matrix. The bulk density of the waste PET particles used was 401.4 kg/m3.

After preliminary tests, PET waste particles of size lower than 1 mm were used in this study. The
sieve analysis of PET waste particles was carried out according to standard NF P18-560 (AFNOR,
1990) and is presented in Table 3.

0 0O
N\ Y,

1o o/ |

Scheme 1. Developed chemical formula of Waste Polyethylene Terephthalate
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Table 3. The sieve analysis of waste PET-Particles and crushed limestone sand (Kazi Tani, 2017)

. ) Cumulative passing (%)
Sieve size (mm) PET Waste Sand
5 99.92 99.83
2.5 98.16 98.37
1.25 96.82 65.37
0.63 55.78 38.3
0.315 35.48 19.07
0.16 18.28 8.20
0.125 9.56 3.325

3. Specimen preparation and experimental tests

Four PET-mortar composites mixtures were prepared to compare the effect of adding PET as a
cement replacement material. First, the control sample was without PET waste. The other three
polymer-mortar composite mixtures were made by replacing cement with 6%, 12%, and 17% of
PET by volume as shown in Table 4. The mortar mixes had proportions of 1 binder: 3 Sand (by
weight). The binder consisted of cement and PET waste. The water to binder ratio was kept
constant at 0.5. The physical properties of the pastes of mortars were determined in accordance
with EN 196-3 (EN196-3, 1995). The detailed mix proportions of the mortars are shown in Table
4. For the mechanical properties, the compressive strength of mortars was determined in
accordance with EN 196-1 (EN 196-1, 1995). The mortar was placed in 40x40x160 mm3
prismatic steel molds. After casting, specimens were left covered with a plastic sheet. After
removal from the molds, at 24 h of age, mortar specimens were immersed in water saturated
with lime at 20°C + 2°C until the age of testing. Compression and three point bending tests
Figure.1 were conducted at 3, 7, 14, 28, 56, 90, 180 and 360 days of age. The results reported are
the average of three flexural specimens and six compression tests.

Fig 1. Three point bending test equipment

Table 4. Mix proportions and physical properties of PET-mortar composites

Mix PET/C | Binder: Sand (by | Water-Cement | Water demand for | Setting Time
design (%) weight) ratio (%) Standard (%) (min)

/ / / / / Initial | Final
PETO 0 1:3 50 24.5 120 200
PET 6 6 1:3 50 25 125 205
PET 12 12 1:3 50 25.5 130 210
PET 17 17 1:3 50 26 145 225
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4. Results and discussion

4.1. Mechanical characterization of PET-Mortar Composites

The static modulus of elasticity E (Young Modulus) represents one of the most important
mechanical characteristics of construction materials (Concrete, Reinforced concrete, mortars,
composites ...etc.). This intrinsic property is considering as the basic parameter for the
computing deflections in construction structures. Various countries have been established their
design codes based on empirical relationship between static modulus of elasticity E, and
compressive strength of plain concrete at 28 days of curing.
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Fig 2. Evolution of Young modulus with volumetric PET rate and composite mortar ages via (a) ACI-318 and
(b) BS-8110 codes.

The ACI code (ACI-318, 2005) defines the relationship between elastic modulus of concrete and
compressive strength for calculating deflection as:

Ec = w'5.0,043.\/f. (1)

The British Code of practice (BS-8110, 1997) recommends the following expression for static
modulus of elasticity with cube compressive strength of concrete as:
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E; = w?.0,0017. £.°33 (2)

Where

Ec: The static modulus of elasticity (E) at 28 days in MPa
fc: Compressive strength at 28 days in MPa

w: Air dry density of mortar

Based on experimental compressive tests on PET-Mortar composite specimens (Benosman,
2011), and there densities, graphs in figures 2(a)-2(b) show the evolution of Young modulus
evaluated by empirical relationships in accordance to (ACI-318, 2005) and (BS-8110, 1997)
codes.

The graphs plotted in the figures 2(a)-2(b) show that the Elastic Young Modulus values
predicted by The British Code of practice (BS-8110) are in the higher side comparing them with
the ones evaluated by (ACI-318) code and this, for all studies cases regarding volumetric PET
rates and mortar ages. In order to have an accurate prediction of the Elastic Young Modulus of
PET-Mortar Composite which is very important for structures and that required a strict control
of deformability. International codes such as ACI-318 and BS-8110 propose a wide variety of
formulae which establish a relationship between modulus of elasticity and compressive
strength.

4.2. Flexural strain analysis

As shown in Figure 3, which illustrates three points bending test method, the PET-mortar
composite specimen is supported by the reaction noses and the load P is applied at a constant
speed through the loading nose. The stress and strain fields at any point in the short-beam
section can be evaluated to a first approximation with mechanics-of-materials theory. This
theory is based on the necessary conditions for static equilibrium, which pertains here because
the rate of deformation is small.

L2 P4

| r
L o a=40
|

A A-4
L=160mm -

Fig 3. Three-point-bending test on PET-Mortar Composite specimens (40x40x160) mm3

The basic assumptions of the theory are as follows:

. The external forces are applied at thin lines and not distributed over finite areas.

. oy = 0, = 0 (oy and o, are the transverse normal stresses).

. ox = E ex (where oy is the longitudinal normal stress and E the elastic Young
modulus).

. Txy = 0, (Txy is the in-plane shear stress).

After the equilibrium conditions are applied for stresses ox and Ty, these two major components
of the stress can be obtained.

oy has its maximum tensile or compressive value at the lower or upper point of the specimen:

%% = 2pt2
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Where P is the load and b is the width of the specimen. According to the Euler-Bernoulli theory,
the maximum elastic deflection arising from a flexural stress in a rectangular beam Omax is:

3
Pl (4)
max — A8E]

Where, I denotes the moment of inertia of the specimen section.

In the following, we present a parametric study which can allow us to investigate the effect of
waste PET additions in the construction mortars in terms of flexibility and flexural strain
evolution.

Figures 4(a)- 4(b) bellow show the evolution of ultimate deflections computed by (ACI-318) and
(BS-8110) codes with composite mortar ages and this for different volumetric polymer rates.
The obtained simulation results show that the most significant values of ultimate PET short-
beam specimen composite deflections are given when Young modulus is evaluated by (ACI-318)
code, especially where composite mortar ages vary between 3 and 28 days. At long term of PET-
modified mortar ages, the results of ultimate beam responses seems the same for both
evaluation cases of Young modulus by (ACI-318) and (BS-8110) codes.

The volumetric rate of waste PET polymer has a significant impact of the flexural behavior of
PET-composite mortar and this for short and long term of composite mortar ages. The increased
rate of Polyethylene Terephthalate gives to composite mortar specimen more flexibility and
then, PET-Mortar composite became more ductile before to be brittle for the case of ordinary
mortar.

Finally, it is important to notice that under the action of the same loads which correspond to the
tensile strength of PET-mortar composite specimen, the highest volumetric rate of PET increases
the values of ultimate deflection for both evaluation cases of Young modulus by (ACI-318) and
(BS-8110) codes.

The utilization of the PET waste as a binder instead of cement in the manufacture of such
composites and as sustainable building materials in the construction industry helps to cleaner
environment. Therefore, the substitution of cement by the PET polymer waste is beneficial for
energy efficiency and sustainability in buildings.
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Fig 4. Evolution of short-beam specimen ultimate deflections with volumetric PET rate and composite mortar

ages: (a) ACI-318 and (b) BS-8110 codes.

4.3. Splitting tensile and compressive strengths ratio (Ft/Fc)

The ratio between tensile and compressive strength (Ft/Fc) is an important material property of
mortars and concrete. In this section, we investigate the evolution of the (Ft/Fc) ratio between
splitting tensile strength and compressive strength with volumetric PET rate and early PET-
mortar composite ages (07 and 28 days) and this, based on experimental test results
(Benosman, 2011). In the other hand, we present a comparative study between the experimental
evaluation of splitting tensile strength and compressive strength ratio (Ft/Fc) and the predicted
ratios given by the British Code of Practice (BS-8007,1987) and the (ACI-363, 1992) models
respectively as follows:
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Fig 5. Evolution of (Ft/F.) with volumetric PET rates for 7 and 28 days short-beam
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The graphs plotted in the figure 5 above show that (Ft/Fc) ratio follow an increased slight
evolution with volumetric PET rates and this ratio became more significant at early age of PET-
mortar composite (7 days) for the case of codal prediction. Predicted ratio between tensile and
compressive strength (Ft/Fc) suggested by ACI-363 code is closer to the experimental (Ft/Fc)
ratio. This prediction seems to be more realistic if we compare it to the model given by British
Standard code of practices BS-8007:1987. Therefore, ACI-363 code can be considered as the
most suitable for the prediction of mechanical properties of PET-mortar composite material in
its several applications in the field of construction industry.

5. Conclusion

This study of semi-experimentally obtained mechanical properties of PET mortar composites
and its flexural strain analysis, led the following main conclusions:

. The experimental measured values of compression and flexural strength of PET
mortar composite specimen can be useful to predict the elastic Young modulus
through the corresponding codal previsions (ACI-318 and BS-8110 codes). For all the
mortar composite ages, the prediction of BS-8110 code values is in higher side
compare with predicted Young modulus values given by ACI-318 code.

o For all the studied cases, the PET volumetric rates have a significant effect of the
mechanical properties of PET-Mortar composite especially at the long term mortar
age where Young elastic modulus decreases significantly with the increasing PET
volumetric rates of the composite mortar regardless of the code prevision (ACI-318
and BS-8110).

. Flexural strain analysis of PET-Mortar composite show that the incorporation of PET
wastes in the mortar give more flexibility of PET-Mortar composite, especially when
the PET volumetric rate is relatively higher (%PET= 12 and 17). This can be
explained by the increasing of the ultimate deflection specimen with PET volumetric
rate and mortar ages.

. Unlike the case of Young modulus codal prediction, predicted ratio between tensile
and compressive strength (Ft/Fc) given by ACI-363 code are closer to the (Ft/Fc)
ratio evaluated by experimental test results. For all studied cases, the volumetric PET
rates have a slight effect on (Ft/Fc) ratio especially at early age of PET-mortar
composites.

In this way, the obtained PET waste modified mortars would appear to be low-cost composite
materials which would contribute to resolving some of the solid waste problems in addition to
conserving energy.
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