Exploring XLPE-Concrete as a Novel Sustainable
Construction Material

Gérard-Philippe Zéhil* ® and Daisy Saba®

! Faculty of Engineering, Notre Dame University — Louaize, P.O. Box: 72, Zouk Mikael, Lebanon

3 gpzehil@ndu.edu.lb
® dbsaba@ndu.edu.lb

Abstract. Cross-linked polyethylene (XLPE) is extensively used but complex to recycle. Alternative methods are thus
needed to better recycle XLPE waste. It is also well known that the extraction of natural aggregates for the production of
concrete has negative impacts on the environment. It is therefore here proposed to replace 5%, 10%, 15% and 20% of the
medium sized aggregates in structural concrete by XLPE waste shreds. The mechanical and physical properties of XLPE-
Concrete are investigated and compared to those of a control mix without XLPE inclusions. As the XLPE replacement
ratio increases, the unit weight of concrete decreases, the amount of superplasticizer needed to maintain the same level of
concrete workability increases and the modulus of elasticity tends to decrease. The tensile strength increases with the XLPE
content, up to a replacement ratio of 15 %, and then starts to drop. The compressive strength also increases initially, for a
replacement ratio of 5%, and then decreases gradually as the XLPE content is further augmented. Nevertheless, all XLPE-
Concrete mixes maintain a level of strength that is compatible with structural applications.

INTRODUCTION

The extraction of natural resources for construction has negative environmental impacts, including the
transformation of green areas into industrial fields. On the other hand, only part of a large amount of waste generated
yearly is adequately recycled [1]. One may therefore consider substituting natural aggregates in concrete by waste
materials. This said, the physical and mechanical properties of the resulting composite should be investigated first.

Indeed, the properties of concrete are affected by those of the waste materials used. Waste such as crushed bricks
and ceramics exhibit more strength and have better surface texture than natural aggregates, which improves the
properties of concrete [2-4]. Other materials, such as crushed concrete, have a higher absorption capacity and a lower
strength compared to natural aggregates [5] which, on the contrary, tends to weaken the properties of concrete.

Polymers and specifically plastic materials are widely consumed. These fall into several categories that are not all
well recycled [6]. The angular shape of polymers, their smooth surfaces and their weaker mechanical properties — as
compared to natural aggregates — tend to decrease the mechanical properties of the resulting concrete [7-9].

Cross-linked polyethylene (XLPE) is produced from polyethylene (PE) by mixing the latter with organic peroxides
through an extrusion process that increases the number of intermolecular connections and improves material properties
[10,11]. XLPE is thus suitable for firefighting-systems and for the insulation of electrical cables, among other
applications. However, XLPE materials are difficult to recycle [12].

A previous work by Shamsaei et al. [13] studied the effect of replacing several percentages of coarse aggregates
by XLPE materials in Roller Compacted Concrete Pavement (RCCP) with zero slump. Improvements in concrete
properties were noted at a replacement ratio of 5%.

This work studies the influence on the physical and mechanical properties of incorporating XLPE waste shreds to
partially replace medium-size natural aggregates in workable structural concrete.



MATERIALS AND EXPERIMENTAL METHODS

Materials and Mix Proportions

The cement used in all the mixes is type | Portland cement. The natural aggregates (excluding sand) are mainly
limestone and are divided into three sizes: large aggregates (LA), medium aggregates (MA) and small aggregates
(SA), having maximum nominal sizes of 19 mm, 12.5 mm and 4.75 mm respectively. The maximum nominal size of
the sand used is 4.75 mm. The average specific gravities on an oven-dry (OD) basis and a saturated surface dry (SSD)
basis are shown in Table 1, along with the average absorption capacities for the four types of aggregates. These are
determined according to the ASTM C 127 and the ASTM C 128 standards.

TABLE 1. Specific gravities (OD) and (SSD), and absorption of LA, MA, SA and Sand

Aggregate type SG (OD) SG (SSD) Absorption (%)
LA 2.62 2.64 0.73
MA 2.58 2.61 1.27
SA 2.60 2.64 1.53
Sand 2.59 2.64 1.69

The results of the sieve analyses, conducted according to the ASTM C 136 standard, are shown in Fig. 1 (a). The four
aggregate types are combined into two categories, and in suitable proportions: (i) coarse aggregates (CA) comprising
25% of LA and 75% of MA, and (ii) fine aggregates (FA) comprising 50% of SA and 50% of sand. With these
proportions, the resulting gradation curves of both CA and FA fit within the ASTM C 33 standard limits. The bulk
density of the coarse aggregates is 1536 Kg/m3 (ASTM C 29). The fineness modulus of the fine aggregates is 2.61.
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FIGURE 1. (a) Gradation curves (b) shredded XLPE materials
The XLPE materials are shredded and sieved as shown in Fig. 1(a) and 1(b). The moisture content and the absorption

capacity of XLPE are negligible. A superplasticizer is used to improve the workability of the different mixes of fresh
concrete, thus compensating for the fact that it would be reduced due to the incorporation of XLPE shreds.

TABLE 2. Concrete mixes composition (in kg per m3 of fresh concrete)

CA FA
- XLPE . .

d Mix replacement  w/c  water  cement LA MA SA Sand  XLPE Additional SL(J)perpIastluzer
esignation ratio water [% of cement]
MO00/CM 0% 054 190.0 3519 2459 738.0 4142 4176 0.0 19.0 0.35

MO05 5% 054 190.0 3519 2461 7013 4148 4157 127 19.3 0.40
M10 10% 054 190.0 3519 2461 6643 4145 4156 254 19.4 0.46
M15 15% 054 190.0 3519 2460 6278 4145 4153 381 19.0 0.51
M20 20% 054 190.0 3519 2461 5904 4144 4148 509 19.5 0.80




Ratios of 5%, 10%, 15% and 20% of dry MA are replaced by the same volume of XLPE particles. A mix
without XLPE is also considered as a control mix (M0O0). A free-water to cement ratio of 0.54 is retained for all the
mixes.The moisture contents of the aggregates are determined before every mix and the mix proportions adjusted
accordingly. A suitable quantity of superplasticizer is added to each mix to achieve a common target slump of 150
mm. The compositions (Table 2) of the different XLPE-Concrete mixes were determined according to ACI 211.1.

Test Methods

For each batch, the aggregate constituents are weighted separately then thoroughly mixed. While continuously
mixing, part of the water is added, followed by the cement, then by the remaining water with the superplasticizer. A
slump test is conducted on the fresh concrete according to ASTM C 143 before casting concrete cylinders. Nine
cylinders of standard size (150 mm x 300 mm) are cast for each of the five mixes, yielding a total of 45 cylinders.
The fresh concrete is filled into the molds in three equal layers. Each layer is rodded 25 times with uniformly
distributed strokes over the cross-section and then tapped to release all trapped air according to ASTM C 192. After
24 hours, the concrete cylinders are demolded and cured in a water tank at ambient temperature. These cylinders are
tested at the ages of 28 days. Nondestructive ultrasound pulse velocity (UPV) tests are performed on all the specimens
(according to ASTM C 597), before destructive testing, to determine the influence of the XLPE content on the
ultrasound wave transmission speed through XLPE-Concrete and thus on its dynamic modulus of elasticity. For each
mix, the compressive strength is tested using unbonded caps according to ASTM C 39 and ASTM C 1231; the splitting
tensile strength is tested as per ASTM C 496, and the static (secant) modulus of elasticity is determined according to
ASTM C 469. Each test is conducted on three different specimens to insure repeatability.

RESULTS AND DISCUSSION

The unit weight of XLPE-Concrete varies with the XLPE content as shown in Fig. 2(a). Starting from 2365 kg/m?
for the control mix (MOO), the unit weight decreases to 2284 kg/m? as the XLPE replacement ratio is increased to 20%
(M20). Clearly, this drop in density is due to the fact that the specific gravity of XLPE (0.89) is significantly smaller
than that of the natural aggregates it replaces (2.58 for oven-dry MA). This outcome has positive consequences on the
dead load of structural and non-structural elements made of XLPE-Concrete.
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FIGURE 2. (a) Average unit weight (b) superplasticizer quantities used to reach a common target slump of 150 mm for all mixes

The quantity of superplasticizer that is needed to achieve a slump of 150 mm is plotted against the XLPE content
in Fig. 2(b). Clearly, the replacement of MA by XLPE shreds tends to decrease the workability of the XLPE-Concrete
miX, which requires suitable compensation by addition of superplasticizer. This outcome is most likely due to the
differences in shape between the natural aggregates and the XLPE shreds. The natural aggregates used present a
roughly rounded shape, while the XLPE shreds are more angular and thus characterized by a significantly larger angle
of repose, which gives rise to more internal friction. It is also interesting to note that the workability decreases more
sharply when the XLPE replacement ratio exceeds 15%, as the amount of XLPE particles becomes significant.



The compressive strength of XLPE-Concrete at the age of 28 days varies with the content of XLPE shreds as
shown in Fig. 3(a). The average compressive strength of the control mix (MO00) is 35.4 MPa. It increases significantly
to reach 39.25 MPa when the XLPE replacement ratio is set to 5% (MO05). The compressive strength then decreases
gradually to 32.3, 31.9 and 28.6 MPa as the XLPE replacement ratio is further increased to 10% (M10), 15% (M15)
and 20% (M20), respectively. The compressive strength increases by +11% for M05 and decreases by up to -19% for
M20, as compared to the control mix. Again, a sharper drop is observed when the XLPE content exceeds 15%.
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FIGURE 3. (a) Average compressive strength (b) 90% confidence intervals on the average compressive strength (at 28 days)

It is possible that, for sufficiently small proportions of XLPE replacement (5% of MA), the significantly lower
stiffness of the XLPE shreds — as compared to that of the natural aggregates — contributes to a more even distribution
of stresses within the concrete volume ultimately resulting in a larger compressive strength. This positive influence of
XLPE compliance would however be outdone by the competing effect of the weaker bonds between the cement paste
and the smoother surfaces of the shreds when the later are present in larger proportions (10% of MA or more). Indeed,
reduced adhesion between particles and cement paste results in a weaker transition zone and thus in a lower concrete
strength. In addition to this surface effect, the XLPE shreds have zero absorption capacity, which results in a higher
local w/c ratio on the particle’s surface, further weakening the transition zone and thus the concrete strength. It must
nevertheless be noted that the compressive strength of all the mixes is larger than 28.5 MPa, which is significantly
above the minimum requirements of ACI318M-14 for structural concrete. The 90% confidence intervals on the
compressive strengths shown in Fig. 3(b) are tight around the average values. This reveals a satisfactory level of
consistency and repeatability in the experimental results. It is important to note that, while testing the cylinders for
compressive strength, a more ductile type of fracture was noted for larger XLPE contents. This might be due to brittle
failure prevention by the XLPE bridging of cracks.
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FIGURE 4. (a) Average tensile strength (b) modulus of elasticity of XLPE-Concrete

The average tensile strengths are plotted in Fig. 4(a). The gradual increase in tensile strength between 0% and 15%
of XLPE content can be attributed to the XLPE shreds acting as fibers and bridging tensile cracks in the concrete.



However, larger proportions of XLPE particles (20%) tend to have a net weakening influence on the concrete’s tensile
strength by creating a connected network of preferential cracking surfaces across the interfaces between the concrete
paste and the smooth XLPE shreds. This comes in addition to the well-known segregation effect that is due to large
proportions of flat and elongated shapes in the concrete mix.

The static (secant) modulus of elasticity determined according the procedure described in ASTM C 469 and the
dynamic Young modulus determined by testing of the pulse ultrasound velocity according to ASTM C 597 are shown
in Fig. 4(b). Concrete stiffness appears to follow a globally decreasing trend as the percentage of XLPE replacement
increases. The changes in stiffness observed can be explained by the larger compliance of the XLPE shreds as
compared to the natural aggregates to which these are substituted.

CONCLUSION

In this study, XLPE waste materials were incorporated into concrete. The medium sized natural aggregates were
replaced by XLPE shreds in proportions of 5 %, 10%, 15% and 20%. The mechanical and physical properties of
concrete were investigated. The amount of superplasticizer needed to maintain the same level of workability increased
with the XLPE content, while the unit weight decreased. The compressive strength increased by up to 11% as
compared to the control mix with a 5% XLPE replacement ratio; it then decreased by up to 19% for a 20% XLPE
replacement ratio. This said, the compressive strength of all the mixes remained significantly larger than the minimum
value required for structural concrete. The tensile strength increased gradually by up to 10% as the XLPE content
reached 15%; it then dropped sharply for an XLPE replacement ratio of 20%. As the XLPE content was increased, the
elastic moduli had a globally decreasing trend. Incorporating XLPE waste into concrete reduces simultaneously: (i)
the amount of natural aggregates extracted and (ii) that of landfilled materials. Further studies are needed to determine
the behavior of XLPE-Concrete with respect to aging and its resistance to fire.

ACKNOWLEDGEMENT

The authors are grateful to the undergraduate students Johnny Youssef, Georges Salwan, Joseph Khairallah and
Kamil Noujaim, for their valuable contributions to the lab experiments and to all the laboratory staff in the department
of Civil and Environmental Engineering at Notre Dame University — Louaize, for their helpful assistance. The authors
are also grateful to Robert El-Khoury (Rockyplast) for providing the XLPE shreds, and to “Mic-concrete” for
providing the natural aggregates, free of charge. Part of this work was jointly funded with the support of the National
Council for Scientific Research in Lebanon CNRS-L and Notre Dame University — Louaize.

REFERENCES

1. US. EPA, Municipal Solid Waste Generation, Recycling, and Disposal in the United States: Facts and Figures

for 2012, US Environmental Protection Agency, EPA-530-F-14-001 (February 2014) (www.epa.gov/wastes)

J.M. Khatib, Cement Concrete Res. Letters 35, 763-769 (2005).

M. Adamson, A. Razmjoo and A. Poursaee, Constr. Build. Mater. Letters 94, 426-432 (2015).

Z. Bartosz, S. Maciej and O. Pawel, Constr. Build. Mater. Letters 122, 736-742 (2016).

M. Batayneh, I. Marie and I. Asi, Waste Manage. Letters 27, 1870-1876 (2007).

European Association of Plastics Manufacturers, Plastics — the Facts 2017. An analysis of European plastics

production, demand and waste data, PlasticsEurope (2018) (www.plasticseurope.org

7. F. Algahtani, M. I. Khan, G. Ghataora and S. Dirar, J. Mater. Civil Eng. Letters 29(4), 04016248-1 to
04016248-12 (2017).

8. 0.Y.Marzouk, R.M Dheilly and M. Queneudec, Waste Manage. Letters 27, 310-318 (2007).

9. L.Guand T. Ozbakkaloglu, Waste Manage. Letters 51, 19-42 (2016).

10. M. Madani, N. Sharifi-Sanjani, E. Rezaei-Zare and R. Faridi-Majidi, J. Appl. Polym. Sci. Letters 104, 1873-
1879 (2007).

11. C. Meola, G. Giorleo and U. Prisco, Mater. Manuf. Process. Letters 18 (1), 135-144 (2003).

12. B.K Baek, J.W. Shin, J.Y Jung, S.M Hong, G.J. Nam, H. Han and C. M. Koo, J. Appl. Polym. Sci. Letters
132, 41442-1 to 41442-7 (2015).

13. M. Shamsaei, I. Aghayan and K. A. Kazemi, J. Clean. Prod. Letters 165, 290-297 (2017).

oL


http://go.galegroup.com.neptune.ndu.edu.lb:2048/ps/advancedSearch.do?method=doSearch&searchType=AdvancedSearchForm&userGroupName=ndul&inputFieldNames%5b0%5d=AU&prodId=AONE&inputFieldValues%5b0%5d=%22M.+Adamson%22
http://go.galegroup.com.neptune.ndu.edu.lb:2048/ps/advancedSearch.do?method=doSearch&searchType=AdvancedSearchForm&userGroupName=ndul&inputFieldNames%5b0%5d=AU&prodId=AONE&inputFieldValues%5b0%5d=%22A.+Razmjoo%22
http://go.galegroup.com.neptune.ndu.edu.lb:2048/ps/advancedSearch.do?method=doSearch&searchType=AdvancedSearchForm&userGroupName=ndul&inputFieldNames%5b0%5d=AU&prodId=AONE&inputFieldValues%5b0%5d=%22A.+Poursaee%22
http://go.galegroup.com.neptune.ndu.edu.lb:2048/ps/advancedSearch.do?method=doSearch&searchType=AdvancedSearchForm&userGroupName=ndul&inputFieldNames%5b0%5d=AU&prodId=AONE&inputFieldValues%5b0%5d=%22Zegardlo+Bartosz%22
http://go.galegroup.com.neptune.ndu.edu.lb:2048/ps/advancedSearch.do?method=doSearch&searchType=AdvancedSearchForm&userGroupName=ndul&inputFieldNames%5b0%5d=AU&prodId=AONE&inputFieldValues%5b0%5d=%22Szelag+Maciej%22
http://go.galegroup.com.neptune.ndu.edu.lb:2048/ps/advancedSearch.do?method=doSearch&searchType=AdvancedSearchForm&userGroupName=ndul&inputFieldNames%5b0%5d=AU&prodId=AONE&inputFieldValues%5b0%5d=%22Ogrodnik+Pawel%22
http://www.sciencedirect.com.neptune.ndu.edu.lb:2048/science/journal/0956053X
http://www.sciencedirect.com.neptune.ndu.edu.lb:2048/science/journal/0956053X
http://www.sciencedirect.com.neptune.ndu.edu.lb:2048/science/journal/0956053X



