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Abstract

Moisture content is the most important factor for enhanced biodegradation of solid waste materials. Measuring the moisture content and achieving an optimally high and evenly distributed moisture content within packed layers of heterogeneous solid waste materials is a serious challenge for engineers.

The goal of this paper were to develop 1) a reliable system to measure the in-situ moisture content of waste materials based on the principles of time-domain reflectrometry (TDR); and 2) an alternative cover material to facilitate the moisture distribution.  The research shows that TDR can be applied to measure in-situ moisture contents in solid waste materials, usually with an accuracy of ( 5% of actual volumetric moisture content, if its in-situ porosity and electrical conductivity of liquid can be estimated.  The capillary wicking layer (CWL) shows higher moisture adsorption (steady state moisture content of 70% to 82% by volume) and results in increasing moisture contents in MSW layer below CWL (between 47% and 74%).

The TDR technology and capillary wicking layer concept can now be integrated into an automatic moisture measurement and control system (AMMCS) to monitor and control the in-situ moisture content in bioreactor landfills. With AMMCS, the operator is able to control the leachate recirculation to improve the biodegradation rate and gas production rate in the landfill. 
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1.0  
Introduction

The bioreactor landfill is a new concept of using landfill as a biological treatment system to accelerated the decomposition process.

Although the bioreactor landfill concept is simple and the advantages over conventional landfilling are intuitive, this concept is not easy to implement.  It requires continuous monitoring to provide information about the performance of the bioreactor cell in order to achieve good performance.  Bioreactor data should provide the landfill operator with the moisture distribution within the waste, slope stability, leachate head, gas pressure, and the performance of the liner system.  The moisture content in the waste and the side slope will control the leachate recirculation, which may increase the pore pressures in the slope.

Moisture content is the most important factor for enhanced biodegradation of solid waste materials. Measuring the moisture content and achieving an optimally high and evenly distributed moisture content within packed layers of heterogeneous solid waste materials is, however, a serious challenge for solid waste engineers, bioreactor landfill operators and for waste management researchers.

The goal of the paper were 1) to develop a reliably automated system to measure the in-situ moisture content of solid waste materials based on the principle of time-domain reflectrometry (TDR), and  2) to develop an alternative cover material to facilitate and control the moisture distribution.

2.0 Existing moisture measurement techniques

The most common method to measure the water content of the waste is by gravimetric determination of samples directly collected from the landfill.  This technique is expansive and unable to reflect transient moisture contents at different locations throughout a landfill.  Therefore, an in-situ measurement technique is required.  However, there is no commonly acceptable technique available for in-situ moisture measurement in waste materials.  The following devices have been used in soil science and their application to waste materials will be assessed.

2.1  
Neutron probe

The operating principle of neutron probe is based on the characteristic of hydrogen atoms on slowing down the fast neutrons.  In most soils, the only source of hydrogen would be water, therefore, a relationship between the volumetric water content and count rate of observed slow neutron in soils can be established. In waste, however, both the free hydrogen in moisture and the bound hydrogen contents vary. Thus, variation in hydrogen content of waste, site recalibration, and radiation hazards hamper the application of neutron probes.   In addition, it is very expensive to automate the system for numerous locations.

2.2  
Gyspum blocks

Gyspum blocks are based on the principle that the change of electrical conductivity of a porous material is proportional to its water content.

Unfortunately, the change of electrical conductivity in waste materials is not only due to the amount of moisture, but also the varying electrolyte concentration of the leachate. 

2.3  
TDR

The basic principle of using TDR for soil moisture is based on the TDR sensitivity to changes in dielectric constant of material. 

A major limitation to the application in waste materials is the attenuation of the signal by high electrical conductivity leachate.

It seems that all existing methods have limitations, and cannot be applied directly to landfills. In order to measure the in-situ moisture content of waste materials in landfills, a new technique must be developed or modified from existing technologies.

3.0 Evaluation of TDR as an in-situ moisture measurement technique

3.1 
TDR theory

The principle of TDR moisture measurement is based upon the TDR sensitivity to changes in bulk dielectric constant of material. 

TDR consists of a pulse generator which creates a fast rise step voltage pulse.  As the propagating step voltage encounters a change in impedance, i.e., the discontinuity between the cable and the bulk waste material, a portion of the energy is reflected back to the cable tester, the source of the voltage pulse. This returning energy can be displayed on an oscilloscope screen of TDR as a waveform.  The elapsed time between the partial reflection of the wave as it leaves the shielded cable to enter the bare steel waveguides in the waste material (the first discontinuity, marked with t1 on Figure 1) and the total reflection from the end of the probe (the second discontinuity, marked with t2 on Figure 1) can be measured. By determining the traveling time and with the known length of the probe, the bulk dielectric constant (Ka) of the bulk material can be calculated. 

The dielectric constant of air is 1, ranges from 3 to 5 for most soils, and is approximately 80 for water (at 20( C).  A small change in the moisture content of an unsaturated material will therefore cause a large change in the bulk dielectric constant of the air-solid-water medium, because of the much larger value of the dielectric constant for water. 
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Although the bulk dielectric constant, Ka, can be calculated from the measured reflection time, the relationship between the bulk dielectric constant and the volumetric moisture content depends on several solid material variables and liquid characteristics.

Figure 1   Waveforms of both coated and uncoated probes in different conductivity solutions

3.2 Material and Liquid Effects on TDR Moisture Measurement

The research results from the application of the TDR technology in the soil sciences show the following sources of variation, or discrepancy in the calibrated relationship between measured bulk dielectric constant and the volumetric moisture content:

1. Waste organic content - Roth et al. (1992) indicated that high organic content of the solid particles required different calibration equations. 

2. Ferrous metal content - Robinson et al. (1994) reported that the presence of iron minerals in soils had influenced the TDR soil moisture calibration, presumably because of change in the magnetic part of the electromagnetic wave for ferrous materials. 

3. Porosity – The local porosity in waste layers varies by the type of material and by compaction. The porosity (i.e., the ratio of the volume of voids over the total volume) constitutes the maximum volumetric moisture content, which is achieved when the porous medium is saturated. Conversely, the higher the porosity, the lower the volume of solids per unit of total volume, and, therefore, the less the influence and contribution of the solid phase and its characteristics on the bulk dielectric constant. As a consequence, the higher the porosity of a material, the higher the maximum value of the bulk dielectric constant Ka is likely to be, because there is more volume available to hold water (at a Ka ~ 80). Although there should be a correlation between higher porosity and higher maximum bulk dielectric constant value, it is not clear whether the slope of the calibration curves for different porosities will change. This is to be determined through the experimental calibration tests.

4. Electrical conductivity (eC) – High electrical conductivity of the liquid (as well as of the solid materials, although this is less a concern for all materials except ferrous metals, see above), attenuates the wave and therefore “flattens” the waveform. (see Figure 1, uncoated wave at 2.45 S/m eC). The bulk electrical conductivity is determined by the volume of moisture present and the electrical conductivity of the moisture.  The higher the liquid’s eC and the higher the volumetric moisture content, the more likely the wave will be attenuated to non-reflection. As a result, moisture contents above about 6 to 10% of a high eC leachate cause totally attenuated waves and prevent the measurement of an interpretable TDR wave and reflection time. Li and Zeiss (1999) observe that it is possible to measure the moisture in waste with different calibration curves when the electrical conductivity of leachate is low. However, signal loss effect limits TDR’s ability to measure moisture content for leachate with high electrical conductivity. In solid waste materials, however, undissolved salts are present. When water leaches through the waste, the salts dissolve and high electrical conductivity results. Leachate recirculation increase this effect.

Li and Zeiss (2000) show that the key effect of waste material type is reflected by its porosity (except for metals). The effect of varying and high liquid electrical conductivity can be reduced by using plastic coated probes. This modification, however, requires specific calibration curves.  Based on experimentally results, three dimensional calibration surfaces were developed and are shown in Figure 2 for water and leachate. Notably, as porosity increases, and as eC decreases (e.g., for water), a measured Ka value indicates a high moisture content. As the electrical conductivity increases, the sensitivity decreases and the measured Ka values correspond with lower moisture contents. These calibration surfaces provide the basic data for use of TDR probes for in-place moisture measurement in solid waste materials. 

4.0
USE CAPILLARY WICKING LAYERS (CWL) TO CONTROL MOISTURE IN SOLID WASTE LANDFILLS

A basic challenge in leachate recirculation and moisture control in a landfill is to achieve equally distributed high moisture contents and flows.  This challenge is due in part to the extreme heterogeneous nature of the waste material.  Conventional rainwater infiltration and recirculation system lead to narrow flow channels in large pores.  Due to this channeling of moisture, the desired effects of recirculation are limited because only a narrow sleeve of waste around the channel will have a higher leachate content. 

One possible mechanism, that would help redistribute the moisture content in landfill and overcome the challenge of channel flow, is the use of a capillary material.  Capillary wicking layers (see Figure 3) are intended to intercept channeled flow, absorb and transport the moisture through capillary suction both laterally and vertically from channels to the dry matrix material pockets in the MSW layers. Zeiss and Li (2000) suggests that pulp sludge is a good material for capillary wicking layer because of it moderate hydraulic conductivity and high water retention capacity.  Figure 4 illustrates that the pulp sludge layer exhibits significant capillary wicking effects in that it absorbs moisture and establishes consistent moisture contents throughout the sludge.   The pulp sludge is able to absorb moisture up to 82% by volume.  The resulting moisture contents in the MSW layer below the CWL are 47% to 74%.  These results prove that CWL can absorb free moisture and transfer them selectively to the dry pockets of solid waste. 

Thus, applying suitable byproducts, such as pulp sludge, as alternate cover material (instead of soil), can increase the biodegradation performance, eliminate the disposal cost for the pulp sludge, and avoid the cost of the soil cover material.

5.0 
Proposed Aumotmated Moisture Measurement and Control    System

Figure 5 illustrates the schematic diagram of Automated Moisture Measurement and Control System (AMMCS).  TDR probes could be installed into layers in landfill to monitor the moisture content.  With this AMMCS, the operator is able to monitor the in-situ moisture content during the bioreactor process and control the leachate recirculation to optimize the biodegradation and gas production.
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6.0  
Research Issues

The TDR technology can be integrated with capillary wicking layer and leachate recirculation system into an automated moisture measurement and control system.  This system is not only able to monitor the in-situ moisture content, but also able to control and transfer the moisture to dry pockets where conventional leachate circulation would not be effective.  This AMMCS would improve the biodegradation rate in the landfill.  Of course, this system is also valuable as a scientific instrument to track moisture movement and distribution patterns. 

However, further issues for research are needed in order to improve this system. They are as follows:

a) In-situ porosity measurement: As mentioned in the previous section, the in-situ moisture measurement with TDR depends on the porosity of the material.  With the known difficulties of getting in-situ porosity, more research on this topic is needed.

b) Cable effect: It is known that attenuation occurs in the connection coaxial cable. This attenuation depends not only on the type of the cable, but also the length of cable. The longer the cable, the higher the attenuation of same type of cable. Also, different types of cable vary in the material used which will affects the sensitivity of the cable.  Currently, the maximum cable length in our system is approximately 40 m.  For large landfill, it may not be long enough, more research should be done on reducing the attenuation of the signal in cable.

c) Settlement measurement: Current method in measuring the settlement is based on the settlement plates.  To incorporate this measurement into the AMMCS will be difficult. Further improvements on the measurement technology are necessary.

d) Biodegradation indicators: Up to date, no technology is available to measure the in-situ biodegradation.  The measurement of BOD, COD, gas production, redox  potential, and settlement can only provide certain information, however, no clear picture can be drawn from such information.  Further research works are needed in this area.  
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Figure 3      Capillary wick design scenario and flow stages
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Figure 4b   Moisture content  in layer 3 (CWL)
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Figure 4b   Moisture content  in layer 3 (CWL)
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Figure 4c   Moisture Content  in layer 2 (MSW)
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