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2D modeling of the thermal conductivity of XLPE-modified concrete

Cross-linked polyethylene (XLPE) is a thermoset polymeric material extensively used in the industry, including in firefighting systems, hot water and sanitary piping, and for the insulation of electric cables. The cross-linking of polyethylene increases its performance while reducing its recyclability. A recent approach considers processing XLPE waste materials in the form of small flakes to partially replace natural aggregates in concrete mixtures. Ongoing experimental and numerical studies addressing the homogenized mechanical properties of such composite mixtures are showing their feasibility. Despite a decreased stiffness and strength due to the presence of XLPE inclusions (which are typically weaker than traditional aggregates) the modified concrete mixtures can still maintain working structural properties. In this vein, it is also interesting to characterize the role of XLPE inclusions in improving the thermal insulation of XLPE-modified concretes. A virtual concrete wall is thus modeled numerically, in 2D at the mesoscale, to study the statistical effect of varying the volume fractions of XLPE inclusions, and aggregates, on the homogenized thermal conductivity of the modified concrete. The equivalent thermal conductivity of the wall k eq typically drops as more aggregates are replaced by XLPE inclusions, thus achieving better thermal insulation. The dependence of k eq on the area fraction of XLPE is roughly linear, while the statistical variability is very low.

Introduction

Recycling has recently increased considerably as environmental awareness rises; yet, this remains insufficient since only 34.5% of municipal waste was properly recycled in 2012, as per the facts and figures of the US Environmental Protection Agency (EPA) [START_REF]Municipal Solid Waste Generation, Recycling, and Disposal in the United States: Facts and Figures for 2012[END_REF]. An actively researched method of recycling plastics consists of using these as replacement for natural aggregates in concrete mixtures. One of the most widely discussed plastic aggregate-replacement An interesting advantage of this plastic-waste recycling approach is the added benefit of improved thermal insulation, as discussed by Marzouk et al. [START_REF] Marzouk | Valorization of post-consumer waste plastic in cementitious concrete composites[END_REF] who studied PET aggregates in concrete mixtures. The study furthermore suggests that durability factors increase with the addition of PET, since the degradation of plastics is slow. Subsequent studies confirmed this hypothesis [e.g. [START_REF] Poonyakan | Potential use of plastic wastes for low thermal conductivity concrete[END_REF][START_REF] Yesilata | Thermal insulation enhancement in concretes by adding waste PET and rubber pieces[END_REF] by showing a reduced overall thermal conductivity. It is however important to note that the drop in thermal conductivity observed at a given replacement ratio depends in fact on the shapes of the inclusions [START_REF] Yesilata | Thermal insulation enhancement in concretes by adding waste PET and rubber pieces[END_REF]. Besides, despite addressing various geometries, previous works represent little data and therefore fail to establish a clear trend in the thermal effect and behavior of plastic aggregates in concrete mixtures. A statistical approach is thus retained in the current study: 30 different two-dimensional finite element simulations are run, at the mesoscale, for each volume fraction of inclusions considered, to build a representative set of data, from which clear conclusions can be drawn.

Cross-linked polyethylene (XLPE) is produced by forming molecular cross-links in the micro-structure of polyethylene to improve its physical and mechanical properties, including its stiffness and strength. XLPE is extensively used in the industry for its superior performance, including in firefighting systems, hot water and sanitary piping, and for the insulation of electric cables [e.g. [START_REF] Madani | Preparation of granular crosslinkable medium density polyethylene[END_REF][START_REF] Meola | Experimental Evaluation of Properties of Cross-Linked Polyethylene[END_REF]. The main drawback of XLPE corresponds to the increased difficulty to recycle thermosets. Replacing natural aggregates in concrete mixtures with XLPE waste shreds can thus be considered as a suitable method to reuse this type of plastic waste. This work complements our studies estimating the effect of XLPE shreds on the mechanical properties of XLPE-modified mixtures [START_REF] Zéhil | Determination of the elastic properties of cross-linked polyethylene mixed concrete using soft computing techniques (under review)[END_REF]. It models the effect of replacing aggregates by chopped XLPE flakes on the thermal insulation of the resulting concrete mixture.

Modeling

Computational domain and governing equation

In this work, we simulate the conductive heat transfer in a two-dimensional cross-section of a 5 cm thick and 10 cm high concrete wall. The wall's dimensions are retained following a set of preliminary iterations conducted to insure that the variability on the equivalent properties determined from the simulations would be suitably low. A 2D approach is adopted on the grounds that:

• Large depths (in the third dimension) are usually employed in walls while inhomogeneities in the meso-structure are distributed evenly, which justifies the assumption that the heat fluxes along the third dimension even out. • Given the wall dimensions, particle size-distributions and volume fractions involved in this work, it is assumed that artificially constraining the flow of heat to the plane of the model would not make the preferential paths of heat conduction significantly longer than these could be in three dimensions.

The differential equation governing the transfer of heat in steady-state is given by:

∂ ∂x k ∂T ∂x + ∂ ∂y k ∂T ∂y = 0, ( 1 
)
where T is the temperature field and k the local thermal conductivity.
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Essential boundary conditions are prescribed on the right edge of the wall, i.e. T Right = 10 • C at x = 5 cm, whereas natural conditions are applied to the remaining boundaries: a uniform heat flux q Lef t = 500 W/m 2 is applied across the left edge of the wall, while the upper and lower boundaries are thermally insulated. The thermal conductivities of the individual material components retained in this work are: k mortar = 1.73, k aggregates = 2.70 and k XLP E = 0.45 W/(m. • C) for the mortar, the aggregates and the XLPE inclusions, respectively [START_REF] Khan | Factors affecting the thermal properties of concrete and applicability of its prediction models[END_REF][START_REF] Marie | Thermal conductivity of hybrid recycled aggregate -Rubberized concrete[END_REF][START_REF] Morgan | The thermal conductivity of crosslinked polyethylene insulation in aerial bundled cables[END_REF][START_REF] Md | Thermal conductivity of silane cross-linked polyethylene composites[END_REF][START_REF] Siwińska | Thermal conductivity coefficient of cement-based mortars as air relative humidity function[END_REF][START_REF] Thomas | Thermal conductivity of carbonate rocks[END_REF][START_REF] Zhang | Mesoscale model for thermal conductivity of concrete[END_REF].

This boundary value problem is solved numerically by means of a finite element scheme implemented on the commercial software Matlab. To this aim, the domain is discretized using typical four-node (linear) quadrilateral finite elements of size 0.25 mm. The mesh was retained following a convergence analysis considering the size of the particles in the system. The aggregates are added selectively inside a homogeneous mortar, one after another, followed by the inclusions. The algorithms for generating the natural aggregates and the XLPE flakes are similar. Briefly, these operate as follows:

Meso-structure generation

1. The total size-range [S min , S max ] of aggregates and inclusions is divided into sub-ranges [S k , S k+1 ] of aggregate diameters (S = D) and inclusion lengths (S = L). Each subrange is characterized by a corresponding target area fraction āf (k) determined from a given cumulative size-distribution, as shown in Figure 1, for the aggregates. Sub-ranges are filled in order of decreasing particle size. While filling the sub-range [S k , S k+1 ], particles of size S ∈ [S k , S k+1 ] are randomly generated and placed, one after the other, and the area fraction a f (k) is continuously updated.

2. Following the random selecton of a particle's size, the coordinates of its centroid x and y, and a factor α ∈ [0, 1] are also picked randomly, so as the particle is inside the domain.

The factor α concerns aggregates only: the size of an aggregate's trace in the plane of the wall's cross-section is given by d = αD.

3.

A test is performed to reject any new particle that overlaps with the ones already in place. This is practically achieved by comparing the number of mortar nodes inside the particle's projected location (A), to the total number of nodes inside the same (B). If A and B are equal, the projected location contains no previous particles and it can thus be considered. Otherwise, step (2) is repeated until the condition is satisfied.

4. The area fraction a f if updated when the new particle is retained/accepted.

5.

Only particles achieving a f (k) ≤ 1.01ā f (k) are accepted. This forces the random sizedistribution to fit within 1% of the prescribed distribution mentioned in step (1). The particle is otherwise rejected and the algorithm goes back to step (2).

6. When a f (k) ≥ āf (k) the algorithm starts filling the next sub-range of smaller size particles.

Component proportions and simulation plan

The control concrete mixture retained contains 1375 kg/m 3 of mortar (including cement, sand and fine aggregates) and 985 kg/m 3 of coarse aggregates, characterized by a density of 2600 kg/m 3 . The control mix is modified by replacing an increasing proportion of the coarse aggregates by an equivalent volume of XLPE inclusions whose density is 920 kg/m 3 . The mass of coarse aggregates in a modified mixture is thus given by:

m aggregates = 985 - 2600 920 m XLP E . (2) 
In this work, the total mass of XLPE inclusions is varied from 0 to 230 kg/m 3 , by increments of 10 kg/m 3 , which corresponds to a total of 24 cases of XLPE content. In each case, 30 different random aggregate and inclusion structures are generated and a similar number of finite element simulations are run to build a statistical database of equivalent homogenized thermal properties. This corresponds to a total of 720 simulations.

Numerical results

Temperature distributions

The random distribution of aggregates and XLPE inclusions inside the mortar phase, as generated by the algorithm presented in section 2.2. , is illustrated for two selected examples, in Figure 2. The mortar appears in dark blue, the aggregates in yellow, while XLPE inclusions are shown in aqua blue. It can be noted that 190 kg/m 3 of XLPE corresponds to an area fraction of a f = 0.198.

The temperature fields corresponding to the random structures represented in Figure 2 are also shown in Figure 3. It is clear, in both cases, that the local temperatures are affected by the presence of particles of different thermal properties than those of the mortar phase. A closer observation of Figure 3 reveals that the presence of XLPE flakes creates temperature fluctuations with somewhat sharper contour lines. This can be attributed to the sharp geometry of the XLPE flakes combined with their relatively small thermal conductivity. The latter modify the path of the thermal bridges in the mortar phase to more irregular shapes, hindering the heat diffusion process.

Figure 4 shows quiver plots of the heat flux vector field defined by q = -k ∂T ∂x i + ∂T ∂y j , where i and j correspond to the unit vectors in directions x and y, respectively. It is interesting 

Equivalent Thermal Conductivity

We designate by l x and l y the thickness and the height of the concrete wall, respectively. The temperature can be averaged over the left boundary of the wall, i.e.

T Lef t = 1 l y y T (0, y) dy. (3) 
The equivalent thermal conductivity of the composite can be determined macroscopically as: The equivalent thermal conductivities k eq calculated according to equation (4) for the 720 simulations performed in this work are presented in Figure 5. For each area fraction of XLPE content, a f (XLPE), the average value of k eq is plotted, with error bars showing the standard deviation, over 30 simulations. The thermal conductivity of the wall drops as the proportion of XLPE inclusions is increased in the mixture. Replacing traditional aggregates by an equivalent volume of a less conductive waste material improves the thermal insulation of the modified concrete. The dependency of k eq on a f (XLPE) is clearly linear as it is well fitted by a straight line corresponding to the rule of mixtures.

k eq = q Lef t • l x T Lef t -T Right . (4 
It is also interesting to note that the very small standard deviations obtained confirm that the size of the domain retained for the simulations is appropriate, i.e. of the order of magnitude of the representative elementary volume.

Conclusion

This study addressed the statistical influence of partially replacing typical aggregates in concrete mixtures by recycled XLPE flakes, on the thermal insulation of the modified concrete. This was achieved by means of a large number of 2D finite element simulations. The thermal properties and the shapes of the inclusions affected the diffusion of heat and led to local and global changes in the temperature field inside of an XLPE-modified concrete wall. As a result, the equivalent thermal conductivity of the wall dropped linearly as the area fraction of XLPE content was increased. The low variability between simulations confirmed that the size of the model is statistically sound. The results of this work must be confirmed by 3D simulations taking the third spatial dimension into consideration.

Nomenclature a f

  area fraction of inclusions d size of aggregate's trace in the domain, m D aggregate diameter, m k thermal conductivity, W/ (m. • C) L length of inclusions, m l x wall/domain thickness (x-direction), m l y Wall/domain height (y-direction), m m mass, kg q heat flux, W/m 2 T temperature, • C x position through wall/domain thickness, m y position through wall/domain height, m Greek symbols α cross-section/trace factor of aggregates Ω 2D wall domain Subscripts -(.) aggregate traditional aggregates -(.) Lef t left wall/domain boundary -(.) mortar mortar matrix -(.) Right right wall/domain boundary -(.) XLP E XLPE inclusions/flakes

Figure 1 :

 1 Figure 1 : Target and simulated cumulative size-distribution of aggregates.

  (a) m XLP E = 0 kg/m 3 (b) m XLP E = 190 kg/m 3

Figure 2 :

 2 Figure 2 : Random aggregate and inclusion structures for 0 and 190 kg/m 3 of XLPE.

  (a) m XLP E = 0 kg/m 3 (b) m XLP E = 190 kg/m 3

Figure 3 :

 3 Figure 3 : Temperature fields for 0 and 190 kg/m 3 of XLPE (cases of Fig. 2).

Figure 4 :

 4 Figure 4 : Heat flux vector for 0 and 190 kg/m 3 of XLPE (cases of Fig. 2).

Figure 5 :

 5 Figure 5 : Equivalent thermal conductivity versus area fraction of XLPE inclusions.

  Congrès Français de Thermique SFT 2019, Nantes, 3 -6 juin 2019 is polyethylene terephthalate (PET) waste. Several previous works have shown that plasticmodified mixtures have lower overall stiffness, compressive strength and density, considering that traditional aggregates are characterized by typically larger such properties [e.g. 2, 3].
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