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Incorporating recycled plastic waste in concrete manufacturing is one of the most ecologically and economically
sustainable solutions for the rapid trends of annual plastic disposal and natural resource depletion worldwide. This paper
comprehensively reviews the literature on engineering performance of recycled high-density polyethylene (HDPE)
incorporated in concrete in the forms of aggregates or fiber or cementitious material. Optimum 28-days’ compressive and
flexural strength of HDPE fine aggregate concrete is observed at HDPE-10 and splitting tensile strength at HDPE-5
whereas for HDPE coarse aggregate concrete, within the range of 10% to 15% of HDPE incorporation and at HDPE-15,
respectively. Similarly, 28-days’ flexural and splitting tensile strength of HDPE fiber reinforced concrete is increased to an
optimum of 4.9 MPa at HDPE-3 and 4.4 MPa at HDPE-3.5, respectively, and higher than the standard/plain concrete
matrix (HDPE-0) in all HDPE inclusion levels. Hydrophobicity, smooth surface texture and non-reactivity of HDPE has
resulted in weaker bonds between concrete matrix and HDPE and thereby reducing both mechanical and durability
performances of HDPE concrete with the increase of HDPE.
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| 1. Introduction

About 2.01 billion tons of Municipal Solid Waste (MSW) is generated annually worldwide, and one third of MSW is openly
dumped without managing in an environmentally-friendly manner . Around 40% of MSW is discharged directly to
landfills, 19% of it is recovered through recycling or composting and another 11% of it is incinerated . With the rapid
trends of urbanization, it has been predicted that 3.40 billion tons of MSW will be generated by 2050 [, About 12% of
MSW generated are plastics, which is approximately 24.14 million tons . The plastic industry began in the early 1900s in
the USA . During the period of 1950 to 2015, 8.3 billion tons of plastics were manufactured worldwide and 6.3 billion
tons of them were discharged as waste Bl. Only 9% of plastic waste had been recycled, 12% were incinerated and the
majority of 79% was discharged into landfills or openly dumped Bl China ranks at the top in plastic manufacturing
followed by Europe which accounts for 30% and 19%, respectively. Furthermore, China tops even in plastic consumption
followed by Western Europe which is around 20% and 18%, respectively . Plastic is one of the vastly discharged wastes
to the environment which has adversely affected the wildlife, their habitats, and humans continuously over the past few
decades. This emphasizes that it is high time to rethink the necessity of plastic recycling and reusing.

Today, more than 30 types of primary plastics and over thousands of different secondary plastics can be found, produced
by using different combinations and proportions of primary plastics . Plastics can also be categorized based on many
aspects as illustrated in Figure 1 4Bl Different plastics have different characteristics such as mechanical properties,
durability resistances and diverse applications based on their compositions and chemical structures. The most commonly
manufactured and applied plastics in the world are polyethylene (PE), polypropylene (PP), polyvinyl chloride (PVC),
polyethylene terephthalate (PET) and polystyrene (PS) which represents 69% of the global plastic consumption ¥l Out of
global plastic production, the polypropylene (PP) and low-density polyethylene (LDPE) account for 17% and 16%,
respectively, followed by high-density polyethylene (HDPE) (13%) and polyphthalamide (PP&A) (13%). In addition,
additives used in plastic products’ manufacturing also have a significant share in global plastic production (6%) 4.
Moreover, the use of combustible claddings in high-rises significantly increase the risk of fire spread via the external
facades [8. Urgent work on the removal of polyethylene-based claddings is necessary to ensure the safety of the
occupants and buildings but also accounts for a substantial amount of PE sent to landfill.
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Concrete is ranked as the topmost man-made resource utilized in the construction industry worldwide. The global
aggregate requirement for concrete production accounts for about 4.5 billion tons per year which alarms the necessity of
finding alternative aggregate sources required for increasing trends of concrete production @, Incorporating recycled
plastic waste in concrete production is a sustainable approach for both disposing of plastic waste and aggregate scarcity,
due to its economic and ecological advantages. Concrete composites replace various types of recycled plastics in the
forms of aggregate, binder, filler or fiber reinforcement in different proportions where concrete properties are optimized [,
PP, PET and HDPE are the most used plastics in the construction industry. However, the application and research studies
on HDPE being used with concrete is very minimal compared with PP and PET.

HDPE is a thermoplastic synthetic polymer in the subset of the PE macro plastic group. PE polymer consists of
neverlasting hydrocarbon chains where each carbon molecule is bound to another two carbon molecules and two
hydrogen molecules. HDPE has minimal branches in its polymer chain which results to pack liner molecular chains
together regularly during crystallization. As a result, semi-crystalline HDPE polymers become much more dense, rigid, and
ductile with a comparatively strong bending strength between 20 to 45 MPa due to the regular packing of polymer chains
[BI4l8!,. HDPE also has a low density between 950 to 970 kg/m3, a better flexibility, and a high tensile strength between 20
to 32 MPa B4l Fyrther, HDPE is a chemically inert BI4IE material and its melting point is at 130 °C while ignition
temperature is at 487 °C 12,

| 2. Use of HDPE as an Aggregate in Concrete
2.1. Mechanical Properties of HDPE Fine Aggregate Concrete

Throughout the paper, HDPE incorporated concrete is denoted in an abbreviation form, such as 10% of HDPE inclusion
as HDPE-10 and 100% of HDPE inclusion as HDPE-100, etc. Table 1 and Table 2 summarizes the mechanical
performances of HDPE fine aggregate concrete. It was observed that the slump (workability) is decreased from 70 mm to
30 mm when HDPE is increased from 5% to 15% while keeping the wic ratio a constant of 0.42 29 |n another

experiment, a constant slump of 90 mm is observed with the increase of wi/c ratio as 0.45 for HDPE-0, 0.50 for HDPE-25
and HDPE-50, 0.55 for HDPE-75 and 0.6 for HDPE-100 (L1 These conditions have resulted in a decrease in the
compressive strength by 40.2% when HDPE is increased from 0% to 50% and by 22.3% when HDPE is increased from
50% to 100% 1. A decreasing trend in the compressive strength of HDPE fine aggregate concrete with the increase of
HDPE percentage was observed. As illustrated in Figure 2a, the 28-days’ compressive strength varied between 27.5 MPa
to 42 MPa when HDPE is added from 0% to 20% W92l shanmugapriya and Santhi 12 observed a 3 MPa drop in
compressive strength when HDPE is increased from 0% to 5%. Then the optimum compressive strength of 35 MPa was

recorded at HDPE-10 12, Galupino et al. 23! have also observed the optimum compressive strength of 38.6 MPa at
HDPE-10. Biswas 19 has obtained 35 MPa of compressive strength at HDPE-5 concrete but decreased by 19.3% when
HDPE increased to 12.5%. Badache et al. 14 have observed a decreasing trend in 28-days’ compressive strength with a
drop of 52.4% and 57.8% when HDPE is increased from 0% to 50% and 50% to 100%, respectively.
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Figure 2. 28-days’ (a) Compressive strength; (b) Splitting tensile strength; (c) Flexural strength and (d) Modulus of
elasticity variation of HDPE fine aggregate concrete.

The 28-days’ splitting tensile strength also shows a decreasing trend with the increase of HDPE content from 0% to 15%,
Figure 2b. The HDPE-5 concrete shows the highest splitting tensile strength, 3.45 MPa, which is a 31.25% increase than
the standard concrete of HDPE-0 12, However, a drop of 18.8% is observed with the increase of HDPE from 5% to 15%
(121 |n another study, it was observed a 8.7% and 27.9% of splitting tensile strength drop when HDPE is added from 0% to
5% and from 5% to 7.5%, respectively 9. There was a tensile strength gain of 26.8% when HDPE is increased from
7.5% to 10%, however, a drop of 23.8% was noted when HDPE is increased from 10% to 15% 191,

Similar to compressive and splitting tensile strengths, the flexural strength also decreases with the increases of HDPE fine
aggregate percentage, Figure 2c. It is interesting to note that the flexural strength of concrete incorporated with HDPE up
to 15% was higher than the standard concrete 19121 The flexural strength has increased by 56.4% with the increase of
HDPE from 0% to 10% and obtained the optimum flexural strength of 6.1 MPa at HDPE-10 [12. Then, a slight strength
drop of 1.4 MPa was observed at HDPE-15 2. A similar flexural strength development was observed by Biswas et al. 12
when HDPE is increased from 0% to 15%. There was no change in flexural strength in HDPE-O and HDPE-5 concretes,
and then a 54.1% strength gain was noted with the increase of HDPE from 5% to 10% and obtained optimum flexural
strength of 5.98 MPa at HDPE-10 29, A drop of 28.9% was observed, when HDPE is added from 10% to 15% 19,

The modulus of elasticity is decreased with the increase of HDPE percentage, Table 2. According to Figure 2d, there was
a considerable elasticity modulus decrease, 74%, when HDPE content increases up to 15% 4115 |t is observed that the
density of the HDPE fine aggregate concrete is decreased with the increase of recycled HDPE content, Table 2. The
density of HDPE fine aggregate concrete has varied from 2165 kg/m3 to 1825 kg/m3, when HDPE increases from 0% to
15% 151, Badache et al. 4 have observed a 20% density reduction with the increase of HDPE from 0% to 60% and
obtained a density of 1760 kg/m3 at HDPE-60.

Table 1. Mix design and compressive strength properties of HDPE fine aggregate concrete.

Mix Design Mechanical Properties
Reference Coarse Compressive Strength
Cement HDPE Sand HDPE Sand Agaregates Water wic Admixtures/Superplasticizer
(kgim®) % % (kgim®)  (kg/m?) (kg?m;; (kgim®) Ratio  (w%) 3 7 14
9 days days days
[10]
315 0 100 0 892.2 1285.5 132.3 0.42 - - 17.77  23.09
[ - 0 100 - - - - - - - 2965 33.49
a2 320 0 100 - 848.6 1286.5 134.4 0.42 - - 24 28
@i - 0 100 - - - - 0.45 - - 15.55 24.75
o 118 kg 0 100 - 841 kg 522 kg 321 - - 19 - -
o4 400 0 100 - - - 200 0.5 0.8 - 34.5 -
[s1 118 kg 3 97 - 816 kg 522 kg 301 - - 18.5 - -
(o 315 5 95 44.6 847.6 1285.5 132.3 0.42 - - 23 27.8
[ - 5 95 . - - - - - - 1569 1841
a2 320 5 95 - 806.2 1286.5 134.4 0.42 - - 22 24.5




Mix Design

Mechanical Properties

Compressive Strength

Reference Cement HDPE Sand HDPE Sand IC\ZZ:zZates Water WI(? Admixtures/Superplasticizer
(kg/im®) % % (kgim®)  (kg/mq) (kgim?) (kg/m3®)  Ratio  (W%) 3 7 14
days days days
1151 118 kg 6 94 - 790 kg 522 kg 301 - - 14 - -
ua 315 75 925 65.3 805.2 1285.5 1323 0.42 - - 21 25
[1s] 118 kg 9 91 - 765 kg 522 kg 301 - - 12 - -
1a 315 10 20 84.8 762.8 1285.5 1323 0.42 - - 242 268
(s3] - 10 20 - - - - - - - 23.69 34.87
£ 320 10 20 . 763.8 1286.5 1344 042 - - 24 27.5
1aq 315 125 875 1032 7223 1285.5 1323 0.42 - - 18.9 24
ua 315 15 85 149.6  847.6 1156.86 1323 0.42 - - 22.9 25
(B - 15 85 - - - - - - - 23.76  27.48
2] 320 15 85 - 721.3 1286.5 1344  0.42 - - 18 22
(4] 400 15 85 - - - 200 0.5 0.7 - 315 -
[s] 118 kg 15 85 - 715 kg 522 kg 291 - - 6.5 - -
i - 25 75 . - - . 0.5 - - 12.44 23.852
a4 400 30 70 . - - 200 0.5 0.6 - 275 -
a4 400 45 55 - - - 200 0.5 0.55 - 23 -
B - 50 50 - - - 393.75 05 - - 11.33  14.81
(4 400 60 40 - - - 200 0.5 0.5 - 185 -
EY - 75 25 - - - 433125 0.55 - - 9.55  13.18
£ - 100 0 - - 4725 0.6 - - 91 1155

Table 2. Tensile strength, elastic modulus, density, and workability properties of HDPE fine aggregate concrete.

Reference

Mechanical Properties

Split Tensile Strength
(MPa)

Flexural Strength (MPa)

Modulus of Density

7 14 28
days days days

Elasticity (GPa)  (Kg/m®)

7 14 28 90 180
days days days days days

Slump

(mm)

E

2.1 2,72 3.65

2.92 3.28 3.88 - - - -

B

B

1.25 29 3.2

2.4 3.1 3.9 - - - -

E

B

2165

E

3.75 - 4 32.5 2220

B

20.5 2097

E

2.75 3.33

2.15 3.1 3.88 - - - -

E

S

2.85 3.45

25 3.8 4.8 - - - -

B

2022

E

1.28 1.8 2.4

2.18 2.26 4.92 - - - -

65

B

1930

E

2.65 3.28

3.2 3.2 5.98 - - - -
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Mechanical Properties

Split Tensile Strength

Reference  (MPa) Flexural Strength (MPa)

Modulus of Density Slump

7 14 28 7 14 28 90 180 Elasticity (GPa)  (Kg/m®) (mm)

days days days days days days days days
(12 195 265 325 35 47 6.1 - - - - -
o 1.88 2.38 2.9 2.28 2.27 4.82 - - - - 40
EY] 1.35 2.01 25 3.27 3.15 4.25 - - - - 30
[13] - - . - - - - - - - -
1z 1.8 2.3 2.8 2.2 3.6 47 - - - - -
(4] - - - 3.25 - 3.3 3.7 4.4 24.5 2120 -
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2.2. Durability Characteristics of HDPE Fine Aggregate Concrete

Water adsorption of HDPE fine aggregate concrete has increased from 5% to 10.4%, when recycled HDPE content
increases from 0% to 15% 31, Similarly an increment of 5.5 kg/m%/min has been observed in initial rate of adsorption
(IRA) from 0.5 kg/m2/min to 6.0 kg/m%min, with the increase of HDPE from 0% to 15% 13, It is observed that the chloride
ion penetration is reduced and lies in the range of 2000-4000 Coulombs with the increase of HDPE content in concrete
(12 For instance, when HDPE increased from 0% to 15% in concrete, the chloride permeability has reduced from 4250 to
2700 Coulombs which is a 36.5% reduction (12,

After 28 days of curing, the Ultrasonic Pulse Velocity (UPV) test was performed on HDPE fine aggregate concrete and it is
observed that the velocity has decreased from 3880 m/s to 2720 m/s, with the increase of HDPE from 0% to 60% in 15%
intervals 141 Additionally, slight drops of 6 m/s, 41 m/s, 19 m/s, 118 m/s and 170 m/s were observed in UPV at HDPE-0,
HDPE-15, HDPE-30, HDPE-45 and HDPE-60, respectively, over the curing period of 28 to 90 days 14!,

Thermal conductivity has dropped from 2 W/m-K to 1.14 W/m-K when HDPE increases from 0% to 60% at 7 days (24,
Similar readings have been observed in thermal conductivity variation for 14, 28, 90 and 365 days which are slight drops
of 0.8 W/m-K, 0.81 W/m-K, 0.76 W/m-K and 0.69 W/m-K, respectively, with the increase of HDPE percentage in concrete
(4] |t was also observed that thermal conductivity has dropped between 7 and 90 days, when HDPE is added from 0% to
60% in 15% intervals 14, These reductions are recorded to be by 11%, 5.2%, 6.7%, 3.8% and 10.5% for HDPE-0, HDPE-
15, HDPE-30, HDPE-45 and HDPE-60, respectively 4. However, after 90 days, both standard and HDPE fine aggregate
concretes have shown a stable conductivity as the decrease of thermal conductivity between 90 and 365 days are 2.8%,
3%, 0%, 4% and 1.9% for HDPE-0, HDPE-15, HDPE-30, HDPE-45 and HDPE-60 concrete, respectively 141,

2.3. Mechanical Properties of HDPE Coarse Aggregate Concrete

The workability (slump) of HDPE coarse aggregate concrete has reduced from 61 mm to 55 mm, and to 28 mm, when
HDPE is increased from 0% to 4% in 2% intervals while keeping the water/cement (W/C) ratio at 0.55, Table 3 28], HDPE-
6 and HDPE-8 showed zero slump with the same W/C ratio of 0.55 18], Another experiment has recorded 55 mm and 13
mm slumps at HDPE-0 and HDPE-100 concretes 7. Both experiments have observed a reduction in the workability of

the HDPE coarse aggregate concrete with the increase of HDPE. Philomina and D'Mello X8 have observed that the
slump has increased from 95 mm to 118 mm, an increase of 24.2%, when HDPE is added from 0% to 32%. Similarly, it
has also observed an increment in the slump from 10 mm to 18 mm with the increase of HDPE from 0% to 30% in 10%
intervals (19,

Similar to HDPE fine aggregate concrete, the compressive strength of HDPE coarse aggregate concrete decreases with
the increases of HDPE percentage, Figure 3a. Lopez et al. 29 observed compressive strength reduction from 11.6 MPa to
2.3 MPa when HDPE is added from 0% to 30%. Authors further noted that the variation of HDPE coarse aggregate size
between %" and %" has not made any significant impact on the compressive strength 2%, Philomina and D'Mello 18!



reported a compressive strength reduction from 42.14 MPa to 30.98 MPa with the increase of HDPE from 0% to 32% in
8% intervals. Rahim et al. 22 have observed that the 28-days’ compressive strength has dropped from 28.4 MPa to 18.24
MPa, when HDPE is added from 0% to 30% in 10% intervals, which is a drop from 28 MPa to 15.5 MPa by Habib et al.
(21 \when HDPE is increased from 0% to 20% in 5% intervals and a drop of 15.9 MPa by Kodua 8 with the increase of
HDPE from 0% to 8% in 2% intervals. In another study, there is no compressive strength change noted up to 10% of

HDPE incorporated in concrete, but afterwards, a little strength drop (i.e., from 26.54 MPa to 22.45 MPa) was observed
when HDPE is added from 10% to 30% [22. Similarly, the compressive strength has decreased from 34 MPa to 28.5 MPa
with the increase of HDPE from 0% to 10%, an increment of 5.5 MPa during 10% to 15% increase and again, a drop of

5.5 MPa, when HDPE is increased from 15% to 20% 121, |t is identified that optimum 28-days’ compressive strength of 34
MPa is achieved at HDPE-15 12, However, Lopez et al. 29 suggest that optimum 28-days’ compressive strength is

obtained at HDPE-10.

Table 3. Mechanical properties of HDPE coarse aggregate concrete.

Mix Design Mechanical Properties
eferences  coment HDPE Crushed HDPE g{;‘::ed sand  Water  WIC gdmi’“:‘"’t?’ _ compressive Strength (1P)
(kgim®) % stone%  (kgim?) % (kgim?)  (kgim?)  Ratio (V:'OZ‘;"’ asticizer . 14 28 5
days days days days
a7 380 0 100 0 1045 665 190 0.5 - - - 29.19 -
(22 - 0 100 - - - - 0.55 - 2132 2368 26.54 -
2] 320 0 100 0 1286.5  848.6 - - - 24 28 34 -
(21 - 0 100 - - - - 0.5 - 18.5 22 28 -
e - 0 100 - - - - 0.45 X 2371 305 4214 43.61
20 - 0 100 - - - - - Y 11.59 - - -
sl 400 0 100 0 1200 800 - 0.55 - 13.9 19.5 30.6 -
(9 - 0 100 - - - - 0.55 - 20.236 25.482 28.402 -
2 - 0 100 - - - - 0.4 - - - ;g?lig -
el 400 2 98 24 1176 800 - 0.55 - 12,6 16.1 19.8 -
el 400 4 94 a8 1152 800 - 0.55 - 125 14.1 18.5 -
(21 - 5 95 - - - - 0.5 - 17 19 25 -
6] 400 6 94 72 1128 800 - 0.55 - 11.3 13.6 16.1 -
el - 8 92 - - - - 0.45 X 225 26.3 4023 45.32
Ll 400 8 92 96 1104 800 - 0.55 - 9.4 10.3 14.7 -
221 . 10 90 . . - - - - 1824 2235 2564 -
i1z 320 10 90 128.68 1157.86  848.6 - - - 22 24 285 -
21 - 10 90 - - - - 0.5 - 14 17 22 -
- ?()1’120 90 - - - - - 4.147 - - -
120] Y
. ?()3’140 90 . . - - - 3.183 - - -
9 - 10 90 - - - - 0.55 - 18.964 22.706 26.617 -
23 - 10 90 - - - - 0.4 - - - N“:;?Ifg -
(22 - 15 85 - - - - - - 17.23 2049  23.37 -
1z 320 15 85 192.99 109355  848.6 - - - 24.5 26.5 34 -
(21 . 15 85 - . - - 0.5 - 13 14 18.5 -
23] - 15 85 - - - - 04 - - - N3rfl?|fg -
el - 16 84 - - - - 0.45 X 2118 2473 37.66 43.86
221 . 20 80 . . - - - - 15.67 1913  22.45 -
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eferences Cement HDPE Crushed HDPE g:::::ed Sand Water wic gsxl)'(;:‘;:tiizer
kg/m?3 kg/m?3 kg/m3 kg/m3 i
(kgim3) % Stone %  (kg/im?) (kgim?) (kgim?)  (kglm“)  Ratio (W%) 7 14 28 56
days days days days
1z 320 20 80 257.31 1029.23 848.6 - - - 21.5 23.5 28.5 -
21 - 20 80 - - - - 0.5 - 11 13 15.5 -
(12
2)20 80 3
[20] Y
(314
?)20 80 2
(9 - 20 80 - - - - 0.55 - 14.161 18.298 22.997 -
3000
[23] - - - - - - - - -
20 80 0.4 Nm/kg
(s8] - 24 76 - - - - 0.45 X 16.66 22.91 35.54 42.28
2200
[23] - - - - - - - - -
25 75 0.4 Nm/kg
(2
2) 30 70 1.445
[20] Y
(314
2)30 70 23
(9 - 30 70 - - - - 0.55 - 10.835 14.037 18.244 -
el - 32 68 - - - - 0.45 X 14.84 20.46 30.98 39.85
u 380 60 40 172 412 665 190 0.5 - - - 19.85 -
an 380 80 20 229 209 665 190 0.5 - - - 13.37 -
an 380 100 0 286 0 665 190 0.5 - - - 11.79 -
. ® Al Bakri Shanmugapriya Zainal and AL [22]  (a)
40 L] etal. [17} anc Santhi (12)
F n b 4 # Habils ot al. [21] ® Philomina » 1/2" - Lopez ct al. [20]
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Figure 3. 28-days’ (a) Compressive strength; (b) Splitting tensile strength and (c) Flexural strength variations of HDPE

coarse aggregate concrete.

The splitting tensile strength also shows a decreasing trend with the increment of HDPE content, Figure 3b [L2I18121] A
tensile strength reduction of 1.4 MPa (is observed at 28 days with the increase of HDPE from 0% to 20% [21, There is no
tensile strength change recorded until HDPE is added up to 8%, but 0.8 MPa strength reduction was noted when HDPE
increased to 32% 18 Shanmugapriya and Santhi 4 noted the contradicted behavior illustrating a significant splitting
tensile strength reduction of 23.4% when incorporated with 10% HDPE in concrete. However, tensile strength gain
(26.5%) was observed with the increase of HDPE content from 10% to 15% and, again, a drop of 16.1% when HDPE

increased from 15% to 20% 121, 1t is identified that HDPE-15 achieves the optimum 28-days’ splitting tensile strength.



Flexural strength or bending strength reduces with the increase of HDPE when incorporated as coarse aggregate in
concrete Figure 3c. Bakri et al. i1 noted that the flexural strength decreased from 17.56 MPa to 15.47 MPa with the
increase of HDPE content up to 60%. The flexural strength has dropped by 6.1 MPa when the HDPE is added from 60%
to 100% . |t has also been observed that the 28-days’ flexural strength of HDPE coarse aggregate concrete is dropped
by 1.9 MPa (from 6 MPa to 4.1 MPa) when HDPE increases from 0% to 20% in 5% intervals 21, A 2 MPa flexural strength
drop is observed with the increase of HDPE from 0% to 8% 16181201 Shanmugapriya and Santhi 22 observed the
opposite trend as a 2.5 MPa flexural strength gain obtained at 28 days for HDPE-15 concrete. The same experiment has
achieved the optimum 28-days’ flexural strength of 6.4 MPa at HDPE-15, followed by a drop of 3.1 MPa, when HDPE is
increased by another 5% 2. |t is noted that the optimum 28-days’ flexural strength is attained in different HDPE
percentages: for instance, 6.4 MPa at HDPE-15 (Shanmugapriya and Santhi) 12 4.28 MPa at HDPE-8 (Philomina and
D'Mello) 28 and 1.075 MPa at HDPE-10 (Lopez et al.) (29,

The density of HDPE coarse aggregate concrete is decreased with the increase of HDPE content, Table 3 1820121 |t jg
observed that there was a 5.2% reduction in density with the increase of HDPE from 0% to 32% and a 6.1% reduction
during 0% to 20% of HDPE addition 2221, The density of " HDPE coarse aggregate concrete matrix has reduced by
776.1 kg/m? and by 675.72 kg/m? in %" HDPE coarse aggregate concrete matrix only with the increase of HDPE from 0%
to 30% 29, This reveals that a greater density drop could be achieved when the aggregate size is reduced from %" to %"
regardless of the HDPE inclusion percentage. Another notable observation is that the rate of reduction of dry density was
0.2% per volume percent of waste polymer added in HDPE coarse aggregate concrete 23],

2.4. Durability Characteristics of HDPE Coarse Aggregate Concrete

Porosity and permeability of HDPE coarse aggregate concrete have increased with the increase of HDPE content 24, The
HDPE-0 standard concrete displayed a porosity of 22.67 and increased it up to 36.21 when HDPE was added to 30% 29,
The typical value of permeability of a pervious concrete ranges from 0.135 to 1.219 cm/s and all the HDPE coarse
aggregate concretes display a higher permeability than the range specified 22, Permeability of %" HDPE coarse
aggregate concrete has increased by 5.28 cm/s, when the HDPE increases from 0% to 30% in 10% intervals 29,
Similarly, the permeability was increased by 4.03 cm/s, when %" HDPE coarse aggregates are increased in the same
range 29, It can be noted that the permeability of HDPE coarse aggregate concrete of this research study has exceeded
the industry standards and varies between 0.135467 to 1.2192 cm/s 29 Moreover, the porosity of HDPE coarse
aggregate concrete has increased by 65% and 59.7%, with the increase of HDPE from 0% to 30% for %" and %"
aggregate sizes, respectively. An extensive study carried out on sorptivity of HDPE coarse aggregate concrete results in a
drop of 45.4% in sorptivity with the increase of HDPE from 0% to 32% 181,

Water absorption rate of HDPE coarse aggregate concrete is increased by 34.7%, when the HDPE increase from 0% to
20% [22. |n another experiment, a similar gain, 35.5% in water absorption was observed with the increase of HDPE
content to 8% 18!, However, Philomina and D’Mello 18! have observed a 6.13% drop (from 4.4% to 4.13%) in water
absorption rate of HDPE coarse aggregate concrete when HDPE is added from 0% to 32% 18],

At direct UPV test, the pulse velocity of HDPE coarse aggregate concrete has increased from 4200 m/s to 4650 m/s,
when HDPE is added from 0% to 16% 18], After reaching the maximum velocity, 4650 m/s at HDPE-16, a drop of 560 m/s
was recorded with the increase of HDPE from 16% to 32% (18], The same experiment has performed an indirect UPV test
for HDPE coarse aggregate concrete. Initially, the velocity is increased by 560 m/s, when HDPE increases from 0% to 8%
(18] Then, an 830 m/s velocity drop during 8% to 16% HDPE addition is observed, followed by a 1030 m/s velocity gain
with the increase of HDPE from 16% to 24% and, finally, a drop of 1860 m/s, when HDPE is added from 24% to 32% 18],
The same study has carried out the rebound hammer test and have obtained rebound values at 56-days’ compressive
strength 28, The 56-day rebound values have increased from 40 to 42 when HDPE is added from 0% to 8% and then
have dropped from 42 to 36 with the increase of HDPE from 8% to 32% [18. Compressive strength obtained through
rebound hammer test as well as through a destructive test show similar increments by 2.1 MPa and 1.71 MPa when
HDPE increases from 0% to 8% and drops by 6.32 MPa and 5.47 MPa when HDPE is added from 8% to 32%,
respectively 18,

When considering the sulphate attack test, the compressive strength of HDPE coarse aggregate concrete (with the
increase of HDPE from 0% to 32%) is increased when immersed with Na2S0O4 apart from the standard concrete matrix
(HDPE-0) 18, Compressive strength is observed to be dropped by 1.48 MPa in the standard concrete matrix (HDPE-0)
after immersion in Na2S04 81, Compressive strength is increased by 0.33 MPa, 0.51 MPa, 0.58 MPa and 1.63 MPa at
HDPE-8, HDPE-16, HDPE-24 and HDPE-32 concretes, respectively L8, This has further displayed a 6.25% of weight loss
due to a sulphate attack test in HDPE coarse aggregate concrete with the increase of HDPE from 0% to 32% (18],

An acid attack test was carried out through a comparison of compressive strength values obtained after immersing HDPE
coarse aggregate concrete mixes in both water and hydrochloric (HCI) acid after curing for 28 days 8. When the HDPE
is increased from 0% to 32% in 8% intervals, the compressive strength has reduced by 12.21 MPa and 12.45 MPa after
immersion in HCI acid and water, respectively. When comparing the compressive strength drop of each HDPE coarse
aggregate concrete matrix: HDPE-0, HDPE-8, HDPE-16, HDPE-24 and HDPE-32 due to immersion in HCI acid is
recorded to be 2.7%, 5.0%, 4.1%, 3.31% and 2.97%, respectively 18l The least compressive strength drop was recorded



in HDPE-0 concrete matrix and, however, it can be observed that the compressive strength drop has reduced significantly
with an increase of HDPE. The same experiment has observed an increase of 54.5% in weight loss percentage, with the
increase of HDPE from 0% to 32% 18!, According to Kodua 1€, when concrete mixes are immersed in nitric (HNO3) acid
solution, compressive strength of HDPE coarse aggregate concrete is decreased by 53.9% with the increase of HDPE
from 0% to 8%. An increase in weight loss of 34.1% was also observed, after immersing in HNO3, when HDPE is
increased from 0% to 8% (18], Therefore, the effects imposed due to acids on HDPE coarse aggregate concrete are very
minimal and can withstand the chemical reactions within the concrete (181,

| 3. Use of HDPE as a Fiber Reinforcement in Concrete
3.1. Mechanical Properties of HDPE Fiber Reinforced Concrete

Table 4 illustrates that the workability (slump) of HDPE fiber reinforced concrete was reduced by 73.8% when adding
1.25% of HDPE fibers having a diameter of 0.25 mm and a length of 23 mm while maintaining the same wi/c ratio of 0.62
(241(25] pesi¢ et al. 24 reveal that varying the fiber diameter from 0.25 mm to 0.4 mm and length from 23 mm to 30 mm,
has reduced the slump by 3 mm at HDPE-0.4 and by 4 mm at HDPE-0.75 and HDPE-1.25. It also suggests that
increasing the water content used in HDPE concrete matrix and adding water-reducing agents can prevent segregation of
plastic fibers in the reinforced concrete mixes 28, As a result, Dehydol LS-12 (LS-12) nonionic surfactant is used to
increase the wettability of plastic materials 28], with the addition of the Dehydol LS-12, it was observed that the slump
values are decreased from 130 mm to 20 mm when wi/c ratio is increased from 0.5 to 0.6 and the HDPE fiber are

increased from 0% to 30% [28].

Table 4. Mechanical properties of HDPE fiber reinforced concrete.

Mix Design Mechanical Properties
HDPE Compressive Split Tensile glt(:::
eference Cement HDPE Crushed sand Water wic Strength (MPa) Strength (MPa) (MPa
(kgim?) (kgim?) (S;;;:‘fs) (kgim?) ﬁ(‘;’;::;;t Ratio

L d 7 28 90 7 28 90 7

(mm) (mm) days days days days days days days
(241 380 - - (i} (i} 860 780 235 0.62 - 332 381 - 279 3.32 -
(251 - - - 0 0 - - - - - 332 381 - 279 3.32 -
27 - - - 0 0 - - - 042 25 37 - 3 3.75 - 1.7
261 33 kg - - 0 0 - 66kg 165kg 0.5 - 26 - - 3 - -
(241 380 23 025 04 - 860 780 235 0.62 - 343 401 - 3.08 3.47 -
(24 380 30 04 04 - 860 780 235 0.62 - 31 372 - 3.03 34 -
29 - 23 025 0.4 - - - - - - 343 401 - 3.08 3.47 -
20 - - - 0.5 - - - - - 29 37 - 2.9 3.8 - 1.75
(24] 380 23 025 0.75 - 860 780 235 0.62 - 311 384 - 295 3.49 -
(24] 380 30 04 0.75 - 860 780 235 0.62 - 31 377 - 293 347 -
251 - 23 025 0.75 - - - - - - 311 384 - 295 3.49 -
27 . . . 1 - - - - - 295 375 - 32 385 - 1.9
24 380 23 025 1.25 - 860 780 235 0.62 - 323 377 - 296 3.43 .
(241 380 30 04 125 - 860 780 235 0.62 - 30.5 387 - 2.88 3.53 -
25 - 23 025 1.25 - - - - - - 323 377 - 296 3.43 -
20 - - - 1.5 - - - - - 30 38 - 33 3.9 - 2
27 - - - 2 - - - - - 305 385 - 34 41 - 21
21 - - - 25 - - - - - 31 39 - 24 425 - 21
27 - - - 3 - - - - - 32 39 - 3.6 4.3 - 2.2
1271 - - - 35 - - - - - 33 40 - 37 44 - 2.25
L - - - 4 - - - - - 30.5 385 - 36 4.2 - 2.2
27 - - - 45 - - - - - 30 375 - 355 4.1 - 2.1
27 - - - 5 - - - - - 295 36.5 - 35 3.9 - 2.05




Mix Design Mechanical Properties

HDPE Compressive Split Tensile glt(:::
eference Cement HDPE Crushed sand Water wic Strength (MPa) Strength (MPa) (MPa
3 3, Stone 3, Content .
(kg/m?) (kg/m?) (kgim?) (kg/m?) (kgim?) Ratio
L d % 7 28 90 7 28 90 7
(mm) (mm) days days days days days days days
(28] 30.12 - - 5 0.14 - 60.24 15.06 0.5 - 16.5 - - 1.8 - -
kg kg
27 - - - 5.5 - - - - 29 36 - 34 38 - 2
L - - - 6 - - . - 275 345 - 33 37 - 1.9
(28] 30.12 - - 10 0.28 - 60.24 15.05kg 0.5 - 12 - - 1.9 - -
kg kg
[26] 30.12 ; ) 15 0.42 ; 60.24 16.57 0.55 ) 9 N ; 13 ) }
kg kg kg
[26] 30.12 ) B 20 0.56 ) 60.24 18.07 0.6 B 55 i ) 0.7 i
kg kg kg
[26] 30.12 } : 30 0.84 ) 60.24 18.07 0.6 } ) } ; } ;
kg kg kg

As illustrated in Figure 4a, the compressive strength has decreased by 8.13% when HDPE fibers with a diameter of 0.4
mm are added from 0% to 1.25% [24]. Moreover, when the HDPE fiber diameter is 0.25 mm, the compressive strength has
increased by 3.3% with the increase of HDPE fibers from 0% to 0.4% and, again, dropped by 5.8% when fibers are added
from 0.4% to 1.25% 2411231 Malagavelli and Patura 270 showed that the optimum compressive strength of 40 MPa was
achieved by HDPE-3.5 concrete when the fiber content is varied between 0% and 6%. When the fibers are added by 5%
intervals from 0% to 20%, the compressive strength has significantly dropped from 26 MPa to 20 MPa [28. However, it has
been identified that the large volume fraction of HDPE fibers often lowers the compressive strength of concrete [28],
Poonyakan et al. 281 have suggested that all concrete used for precast wall panels (non-structural load carrying) must
have a minimum compressive strength of 16 MPa which can be fulfilled by adding HDPE fibers up to 5% [28],
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Figure 4. 28-days’ (a) Compressive strength and (b) Split tensile strength variations of HDPE fiber reinforced concrete.

The 28-days’ splitting tensile strength of HDPE fiber reinforced concrete has increased by 10.4%, when fibers with 0.25
mm diameter are added from 0% to 0.4% and again a 3.9% drop is observed, when fibers are added from 0.4% to 1.25%,
Figure 4b [241251 similarly, the splitting tensile strength has increased from 2.79 MPa to 3.03 MPa, when fibers with 0.40
mm diameter are added from 0% to 0.4%, and a drop of 0.15 MPa is observed, when HDPE fibers are added from 0.4%
to 1.25% 24, Similar to compressive strength observations, Malagavelli and Patura 21 have observed the optimum
splitting tensile strength of 4.4 MPa at HDPE-3.5, when the fiber content varied between 0% and 6%. In another
experiment, the splitting tensile strength has dropped by 40% with the increase of HDPE from 0% to 5%, followed by a
slight gain of 5.6% at HDPE-10 and then, again, tensile strength has dropped by 63.2%, when HDPE fibers are added
from 10% to 20% [28. On the other hand, the 28-days’ flexural strength of HDPE fiber reinforced concrete is always
greater than the standard concrete (HDPE-0) regardless of the HDPE fiber percentage being added, Table 4 27, |t is

observed that, the flexural strength has increased from 3.4 MPa to an optimum of 4.9 MPa when the HDPE fibers are
added from 0% to 3% in 0.5% intervals and then the flexural strength has dropped by 1.3 MPa when the HDPE fibers are
added from 3% to 6% in 0.5% intervals 22,

A slight increase (1.0 GPa) is observed in the elastic modulus of HDPE fiber reinforced concrete with the increase of 0.25
mm diameter HDPE fibers from 0% to 1.25%, Table 4 24, The same experiment shows that the elastic modulus has
increased by 1.3 GPa, when the 0.4 mm diameter HDPE fibers are added from 0% to 1.25% [24],

3.2. Durability Characteristics of HDPE Fiber Reinforced Concrete

When considering the water permeability after 45 days, it has been identified that, the height of water penetration in HDPE
fiber reinforced concrete has reduced from 43 mm to 26 mm, when HDPE fibers with 0.4 mm diameter are added from 0%
to 1.25% 24, Similarly, HDPE fibers with 0.25 mm diameter have reduced the height of water penetration from 43 mm to



28 mm in similar HDPE percentages [24. HDPE fiber reinforced concrete has contributed in reducing the water intake from
35% to 80% with the increase of HDPE fibers from 0.40% to 1.25% compared to HDPE-O standard concrete [24,
Poonyakan et al. (28] have observed that the porosity of the HDPE fiber reinforced concrete has increased by 45% when
HDPE is added from 0% to 30%. Hence, it has been identified that the recycled HDPE fibers greatly improve the durability
of concrete.

It has been observed that the overall number of cracks and the widths of cracks were reduced in HDPE fiber reinforced
concrete when compared with the standard concrete 24, Average crack width and the maximum crack width of 0.25 mm
HDPE fiber reinforced concrete have been reduced by 83.63% and 81.8%, respectively when HDPE fibers are added
from 0% to 1.25% [241. Similarly, average crack width and the maximum crack width of 0.4 mm HDPE fiber reinforced
concrete have been reduced by 76.4% and 77.3% when HDPE fibers are added from 0% to 1.25% 241, Crack reduction
ratio of 0.25 mm and 0.4 mm HDPE fiber reinforced concrete increased from 34.5% to 83.6%, and from 54.5% to 76.4%
when HDPE fibers are increased from 0.4% to 1.25%, compared with the standard concrete matrix (HDPE-0) [24],

| 4. Use of HDPE as a Cement Binder

Aattache et al. [28 investigated the cement replacement using HDPE up to 6%. It is observed that the 28-days’
compressive strength has decreased from 37 MPa to 22 MPa, which is a 40.5% drop, when HDPE is added from 0% to
6% [28]. Similarly, the 7-day and 90-day compressive strength variations display decreasing trends with a strength drop of
46.7% and 28.6%, respectively, with the increase of similar HDPE percentages 28], Similar to compressive strength, the
splitting tensile strength also decreases with the increase of HDPE from 0% to 6% in 2% intervals over 7, 28 and 90 days
28] They have observed tensile strength decrease of 1.7 MPa, 3.9 MPa and 3.2 MPa at 7, 28 and 90 days, respectively,
with the use of HDPE in 6% [28],

HDPE has a comparatively low thermal conductivity of 0.33 W/m-K compared with the concrete 28], |t was observed that
the thermal conductivity of cement replaced HDPE concrete is decreased with the increase of HDPE [28]. At 20 °C, the 28-
days’ thermal conductivity of cement replaced HDPE concrete is decreased by 15.6%, when HDPE is increased from 0%
to 6% in 2% intervals (28], Similar observations are recorded for 28-days’ thermal conductivity for 140 °C, 250 °C and 350
°C which reduce by 15.8%, 22.2% and 12%, respectively. Thermal conductivity of cement replaced HDPE concrete is
decreased with an increase of temperature from 20 °C to 350 °C, when HDPE is added up to 6% (28, |t was also observed
that concrete mixes with a superplasticizer have a higher thermal conductivity in comparison with the standard concrete
matrix (HDPE-0) since the 28th day 28],

On the other hand, Naik et al. 2 investigated the use of HDPE as a filler material in concrete, where HDPE is added up
to 2% in 0.5% intervals. It was observed that the 28-days’ compressive strength of HDPE filler concrete was increased by
2.5%, when HDPE is added from 0% to 0.5% 9. Then, a drop of 46.3% has been observed in compressive strength with
the increase of HDPE from 0.5% to 2% in 0.5% intervals 22, Similar gains of 3.2% and 13% were observed for 3-day and
7-day compressive strengths, respectively, when HDPE is increased from 0% to 0.5% 23, Additionally, 25% and 42.3%
drops in 3-day and 7-day compressive strength were observed when HDPE increased from 0.5% to 2% 29,
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