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WHAT'S NEW IN THE FIELD OF GEOPHYSICAL METHODS TO STUDY WASTE MASS BEHAVIOUR LANDFILLED

Electrical Resistivity Tomography, ERT, is a well known methodology which can be used in landfill bioreactor to assess leachate injection systems. Even if the measurement equipments are more effective, the greatest advances come from the computing power allowing 3D inversion and statistical data analysis. The complex geometry of landfill lined by geomembranes can now be taken into account by inversion codes to avoid artefacts. Also, a methodology based on the assessment of a wide range of inversion parameters can be used to avoid the a priori choice of one inversion parameter set, depending on ERT user experience, even if the experience is crucial to manage these tools. Statistical application is presented to increase the relevance of ERT data results and have to be encouraged.

INTRODUCTION

Landfilling is still one of the most used waste management methods in France and all over the world. For a long time, the industrial operators act to increase the waste mass biodegradation and the concept of an ingeneering under control is no longer debatable in european countries. Bioreactor concept using leachate recirculation to reach optimal moisture or aeration process to change the microbial metabolism are applied to propose an active management process of municipal solid waste landfills. One of the key points is the measurement tool to study the waste mass evolution impacted by the industrial strategy proposed. Even if leachate and biogas analyses are necessary, they are associated with a global trend of the medium studied and couldn't highlight the evolution of the different areas.

Over the last few decades, geophysical methods were mainly implemented to locate old landfills or leachate plumes using the difference of electrical conductivity, from natural soils surronding those sites, with leachate. Among the available methods, ERT began a robust method to investigate landfill sites (Clement et al., 2010[START_REF] Moreau | Electrical resistivity survey to investigate the influence of leachate recirculation in MSW landfill[END_REF][START_REF] Rosqvist | Investigation of water flow and gas migration in a bioreactor landfill using geoelectrical imaging techniques[END_REF]. Electrical resistivity variations recorded during leachate injection event can be used to study the volume of waste mass impacted by leachate diffusion. Waste temperature is also a physical parameter, which can be studied by this method to detect smouldering fire or areas where exothermic reactions are suspected after air injection.

Recently, the significant evolution in using ERT method on waste landfills is mainly linked to: (1) inversion softwares applied to apparent resistivity measured which can now take into account the 3D geometry of the waste cell with the position of the highly resistive geomembrane (Audebert et al., 2014a), and (2) application of statistical analysis on many inversion results in order to avoid the subjective choice of one inversion parameter set (Audebert et al., 2014b).

A research program was developed with the landfill operator SAS Les Champs Jouault to evaluate the relevance of ERT method to assess leachate injection system and biodegradation evolution of waste mass during the post-closure period. The study presented here focuses on the waste cell, named CELL4, which was implemented in 2012 [START_REF] Grossin-Debattista | Innovative project for in-situ instrumentation of bioreactor landfill: Short and long term monitoring by geophysical and bio-chemical methods[END_REF] with ERT tools and optical fibers for distributed temperature measurements.

CHAMPS JOUAULT LANDFILL BIOREACTOR

The landfill bioreactor configuration of the industrial operator SAS Les Champs Jouault was presented in Sardinia 2013, Figure 1., [START_REF] Grossin-Debattista | Ii Situ innovative full scale instrumentation on bioreactor landfill[END_REF]. All the waste cells are operated according to bioreactor landfill strategy with leachate reinjection. The network implemented is composed of horizontal pipes located on the top of the waste body, used successively for biogas collection and leachate recirculation. The volume of waste deposit cell is around 60 000 m 3 for 10 to 15 m high and a surface of 5000 m 2 . Waste comes from municipal solid waste (50 % of waste mass) and non hazardous industrial waste (50 % of waste mass) collected in western France (Manche, 50).

In 2011, after 10 years of research studies on landfill bioreactors to assess leachate injection system [START_REF] Moreau | Electrical resistivity survey to investigate the influence of leachate recirculation in MSW landfill[END_REF], the research program addressed to the operator SAS Les Champs Jouault was to implement, on the same waste deposit cell, all our measurement techniques used independently before and with the last sotfwares of data interpretation associated. The industrial objectives were to confirm the leachate reinjection strategy applied and to study the potential of the data recorded to monitor the biodegradation evolution of the waste body in order to assess the post closure care.

The physical parameters studied are the electrical resistivity obtained with ERT method and the temperature recorded with fiber optics using the Distributed Temperature Sensing (DTS) method. The equipments used were implemented during landfilling operation with many protections associated to prevent mechanical and chemical impacts of waste mass, especially during the first months after the end of waste storage when important settlements appear.

The waste deposit cell instrumented is named CELL4 and was operated between September 2011 and July 2012 before implementation 4 months later (November 2012) of watertight cover (High density polyethylen HDPE geomembrane + 1 m thick soil) on the top of waste body.

ELECTRICAL RESISTIVITY TOMOGRAPHY ERT

Methods of measurement applied in landfill bioreactor

ERT is a suitable geophysical method to study the electrical resistivity distribution of the waste medium studied. This physical parameter is linked to water content, temperature, leachate conductivity and composition and mechanical characteristics of the waste mass. Several researchs used electrical resistivity variations recorded during leachate recirculation surveys to study the volume of waste impacted by a water content modification (Clement et al, 2010).

In CELL4 of Champs Jouault landfill bioreactor, ERT device is composed of 4 resistivity lines: 1 into the waste mass at 4 m from the bottom of the waste deposit cell and 3 lines at the top under the HDPE geomembrane (Figure 1.). Apparent resistivity is measured with 4 electrodes buried in the medium studied named a quadrupole. 2 electrodes (A and B) are used for current injection, I (A), and 2 other electrodes (M and N), for the potential difference measurement, V (V). Apparent resistivity,  app , is equal to:
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with K (m) a geometric factor depending on electrode spacing and location. To increase confidence on resistivity data according to depth and volume of measurement, quadrupoles with electrodes coming from different resistivity lines have been imagined. Each resistivity line located at the top allowed creating 1530 quadrupoles with gradient, Wenner and dipole-dipole arrays. Crossed measurements between the lines at the top and at the bottom have generated 7432 quadrupoles with cross dipole-dipole and pole-tripole arrays. No interline measurement was used between the 3 shallow surface lines (Table 1.). A total of 12022 quadrupoles, data of apparent electrical resistivity are recorded each month since November 2012.

To get the distribution of the interpreted electrical resistivity linked to a position in the waste body, an inversion code has to be used. Different solutions are available taking into account different boundary conditions considering an infinite or finite model for example. The landfill bioreactors are always lined by HDPE geomembranes to prevent environmental impacts from leachate and biogas. HDPE geomembranes are highly resistive, around 10 6 Ω.m, compared to the waste resistivity between 5 to 200 Ω.m. Depending on the distance between electrode lines and HDPE geomembranes, electrical current lines could be deflected by the finite boundary condition linked to the presence of the geomembranes and thereby apparent resistivity values could be impacted. To avoid inversion results plagued by artefacts, the choice of the inversion software and its application conditions are crucial for the electrical resistivity interpretation. Table 1. The three geophysical arrays used for the geophysical measurements of waste cell 4: the (a) dipole-dipole, (b) gradient and (c) tripole arrays

Inversion softwares used for landfill data application

Classical inversion softwares such as RES2DINV (Loke et al., 2003) or DC2DInv [START_REF] Günther | University of Mining and Technology[END_REF] have to be used on landfill applications with caution. The most important point is to know that these tools consider infinite boundary conditions. When the electrical resistivity array is far enough away from the geomembrane, application can be validated without risks to highlight arterfacts on the interpreted resistivity results (Audebert et al, 2014). For some years, new inversion softares are available and proposed 3 dimensional for interpretation of electrical resistivity data sets.

We used the inversion software BERT [START_REF] Günther | 3-D modeling and inversion of DC resistivity data incorporating topography -Part II: inversion[END_REF] to calculate interpreted resistivity from apparent resistivity measured. One of its potential on landfill applications is to take into account the complex geometry of the waste cell studied and to adress finite conditions to the boundaries where the HDPE is located. The size and the shape of the waste cells are known by the landfill operators for the recent constructions but could be difficult to get for the old ones.

Moreover, one advantage of BERT is to accept all the resistivity arrays available. The well known configurations such as Wenner or dipole-dipole arrays can be taken into account but our resistivity equipment with quadrupoles using electrodes from the resistivity lines located at the bottom and at the top of the waste body can also be used. These configurations are really interesting to increase the sensitivity area desired which is one of the limitation of the ERT technic when the electrodes are only located at the surface of the medium studied. But to achieve better results in ERT measurements and in inversion interpretation, the ratio between lines spacing and the total length of the resistivity line must not exceed 0.75, ideally 0.5.

To perform the 3D inversions, many parameters have to be selected. In our study, the selection for BERT application was: a Gauss-Newton minimisation with isotropic constraints (no preferential direction), an option to recalculate the Jacobian matrix each iteration and the "blocky model" option to yield sharp changes. Moreover, the value of the regularisation parameter λ has an influence on the interpreted resistivity models. Small values of λ will produce a highly structured model with huge parameter contrasts and large values of λ will provide smooth resistivity models [START_REF] Günther | University of Mining and Technology[END_REF].

Correction and interpretation of electrical resistivity data set

Temperature correction applied to electrical resistivity data set

The distribution of the interpreted resistivity available from inversion process gives us an overview of the heterogeneity of this physical parameter influenced mainly by water content, temperature, leachate conductivity and the composition and mechanical characteristics of waste mass. One of the difficulties is to explain this spatial resistivity distribution which is going to evolve over time.

Among all these influent parameters on electrical resistivity data, the impact of the temperature T can be removed by normalizing the electrical resistivity ρ T to a standard temperature equal to 25°C using the Campbell equation (Keller, G.V. and Frischknecht, F.C., 1966):
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For long term study, several years of resistivity data comparison, this correction is necessary due to temperature variations induced by waste biodegradation and because of the influence of the boundaries of cell deposit colder than the heart of waste body. To achieve this goal, temperature sensors or temperature modeling can be used to understand the temperature variations of the waste mass from the beginning of the landfilling to the end of the post closure period. The spatial temperature distribution of waste body can be achieved with implementation of fiber optics and applying the Distributed Temperature Sensing method [START_REF] Grossin-Debattista | Ii Situ innovative full scale instrumentation on bioreactor landfill[END_REF]. The critical point of this technique is the location of the fiber optic into the waste mass.

The study of performances of leachate reinjection networks is less impacted by temperature variation because the period is shorter, only one or two days. During this survey, no modification of waste mass is considered and the only temperature variations could come from the difference between the leachate temperature reinjected and the waste mass temperature. This difference is almost always neglected because the influence of water content variations is much more significant than the temperature impact on the variations of electrical resistivity observed.

Multiple inversions managed on electrical resistivity measurements

The computing power of the available computers today allows to carry out a large number of inversion in a very short time. This possibility allows to avoid the a priori choice of the parameters of inversion process based only on the experience of the operators. With only one apparent resistivity data set, several inversions were performed by varying parameters that have a significant influence on the resistivity model: (1) the model norm L1 or L2, which tends to produce a resistivity model with sharp or smooth boundaries, respectively, (2) the anisotropic factor w z (i.e. the flatness ratio), which can emphasise horizontal or vertical structures and (3) the regularisation parameter λ (i.e. the damping factor), which can lead to highly rough-textured models with good data misfit for small λ values or to smooth models with weak data misfit for large λ [START_REF] Labrecque | ERT monitoring of environmental remediation processes[END_REF][START_REF] Tikhonov | Solutions of ill-Posed Problems[END_REF].

The large amount of resistivity data interpreted could lead to a new question of interpretation of all these results. First, the relevance of the inversion results is analysed through the error criteria: RMS (root mean square error between the apparent resistivity measured and calculated by the model) or the CHI 2 which takes into account the error for each quadrupoles of measurement. Secondly, statistical analyse can be provided.

Statistical analysis of electrical resistivity interpreted

The study of leachate reinjection network performances asked the question of the delineation of the infiltration area. The decrease of electrical resistivity induced by leachate resistivity around 0.5-2 Ω.m lower than waste resistivity, from 5 to 200 Ω.m, is calculated according to Equation (3):
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where ρ 0 (Ω m) is the resistivity of the initial resistivity model and ρ t the resistivity of the resistivity model at time t. The decrease is very important under the recirculation pipe and decreases the farther away [START_REF] Moreau | Using electrical resistivity 2D tomography in solid waste to evaluate hydraulic performances of leachate recirculation networks in landfills[END_REF].

Applying a k-means iterative clustering algorithm (Dubes and [START_REF] Jain | Algorithms for Clustering Data[END_REF] on resistivity model, the objective of this clustering is to divide model resulting into two clusters: the leachate infiltration area (corresponding to a negative Δρ) and the surrounding waste medium (corresponding to a Δρ close to zero). The k-means clustering method is based on a collection of genes. In the present case, a gene corresponds to a mesh cell of the resistivity model. The distance between two genes is computed with the Euclidian distance between the two Δρ values. The k-means clustering starts with a priori user information on the number of clusters k chosen equal to 2 and with the location of the two corresponding centroids (i.e. the two cells representing each cluster). The centroid representing the infiltration area is located under the leachate injection pipe, whereas the centroid representing the surrounding medium is located far enough from the pipe where no resistivity decrease is expected. Then each gene of the resistivity model is assigned to the centroid from which it has the smallest distance. A new centroid is assigned in computing the average in each cluster. Again, each gene is assigned to the closest centroid. These two last steps are repeated until an optimal solution is found. Audebert (2014b) proposed an interpretation methodology of time-lapse ERT for leachate injection monitoring by associating this approach leading to the partitioning of the resistivity model and the multiple inversions presented before in a methodology called MICS. Applying, for all time steps, the clustering strategy to all the inversion results, the area of waste mass impacted by leachate reinjection is the one that appears systematically on all. This highly stringent criterion of 100% for a mesh cell to belong to the infiltration area was chosen because it allows us to be more confident about the infiltration delimitation obtained.

RESULTS AND DISCUSSION

Application of statistical analysis during leachate reinjection survey

BERT inversion software allowed us to take into account the 3D complex geometry of the waste cell CELL4 and the boundary conditions linked to the HDPE geomembranes, electrically insulated. According to the 4 resistivity lines implemented, the high sensitivity area is presented in Figure 2. 

Two dimension results

During leachate injection survey conducted in 2013, resistivity was recorded to calculate variations of electrical resistivity according to Equation (3). As presented before, MICS for Multiple Inversions and a Clustering Strategy is applied to all data sets and the results are illustrated for the same cross section showed in Figure 2.

The results of a standard inversion with a unique inversion parameter set (i.e. the L1-norm, w z =1 and λ=30) are presented in Figure 3 (profile of ρ before infiltration and of Δρ at the two time steps after the beginning of the infiltration) to show the advantages of using MICS. On the two cross sections (Figure 3a) corresponding to two time steps (4.5 h and 6.5 h after the beginning of leachate injection), a decrease in resistivity ranging between -20 and -25% can easily be observed under the leachate injection pipe, corresponding to the infiltration area. As expected, the infiltration area for the second time step is larger than the first one. These standard results also show the problem choosing one Δρ isocontour to delineate the leachate wetting front and the volume of waste wetted by the leachate injection process. Moreover, a 25% increase in resistivity can be observed for the two profiles on the left side of the infiltration area, where no changes are expected. This artefact is most probably due to the inversion process and due to the choice of inversion parameters. Indeed, this artefact disappears with a higher λ value, with a more diffuse infiltration front at the same time. Figure 3b presents the MICS final cross sections for the same two time steps. MICS allows us to obtain an infiltration area with sharp boundaries (blue mesh cells; Figure 3b) taking into account a wide range of resistivity models and avoiding the choice of a Δρ isocontour. As previously, the second infiltration area is larger than the first one. Moreover, MICS eliminates the artefact which appeared on the standard inversion results (Figure 3a).

Three dimension results

Using the same data set, the zone impacted by leachate injection and calculated using MICS can be represented in 3D inside the high sensitivity area for five time steps after the beginning of the injection (i.e. at 2 h, 2.5 h, 5 h, 6.5 h, and 9 h). Figure 4 presents the volume delimited by MICS, V MICS , for each time step. V MICS increases from 500 m 3 at 2 h to 910 m 3 , 9 h after the beginning of the injection.

A parameter, ε a , corresponds to an estimate of the pore volume used for leachate flow and was defined as an "apparent porosity" by Clément et al. [2011a]. ε a can be expressed as follow:

(%) 100 . V V MICS inj a           (4)
where V inj corresponds to the leachate injected volume into the waste mass determined from flow rate measurements and V MICS the volume delimited by the MICS methodology. This parameter was calculated by Audebert et al., 2016a to study hydrodynamic behavior of waste media The very low ε a values obtained in this study indicate that a very small fraction of the pore volume is available for leachate flow. The authors assumed that this small fraction of the pore volume implies preferential pathways into the waste medium. Following these results, Audebert et al. 2016b proposed to model waste medium with a dual continuum approach, in considering two interacting pore domains, the first one corresponding to preferential pathways (or macropores) with rapid water flow and the second one corresponding to the surrounding matrix domain (or micropores) with slow water movement.

CONCLUSIONS

Electrical resistivity tomography is becoming a popular method to monitor electrical resistivity variations during the leachate recirculation process in bioreactors for example. The inversion softwares used to calculate interpreted resistivity from apparent resistivity measurements are numerous but it is important to know their good conditions of use in order to avoid errors during resistivity data interpretation.

BERT inversion software takes into account the complex geometry of different waste cells in landfill, all the resistivity arrays using resistivity lines implemented at different levels in waste mass and many parameters to fit the data. The large amont of results induces statistical analysis for resistivity data interpretation in time. MICS is a strategy to manage many inversions on the same apparent resistivity data in varyring inversion parameters and to propose a clustering methodology in order to interpret one final result. Applied to leachate injection surveys, the waste mass can be separated in two clusters corresponding to the leachate infiltration area and to the surrounding waste medium. The results propose and validate a new methodology which will allow bioreactor landfill operators to delimitate the leachate infiltration area more accurately compared to the classical ERT inversion results presenting smoothed contours. This methodology also opens up many research perspectives. Indeed, a better delineation of the infiltration area may allow us to assess waste hydrodynamic properties using a combined hydro-geophysical approach including MICS.

Electrical Resistivity Tomography and the interpretation data associated applied on municipal solid waste landfill have to be encouraged to evaluate the potential of this methodology to monitor waste biodegradation during post-closure period. For this purpose, a research program is underway on SAS Les Champs Jouault landfill.
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