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a b s t r a c t

This paper investigates the measurement of moisture content in municipal solid waste using two different
indirect techniques: neutron scattering and time-domain reflectometry (TDR). Therefore, six laboratory-
scale landfill bioreactors were instrumented with both neutron and TDR probes; in addition to that a
gravimetric moisture balance was established for each cell. Different leachate recirculation modes were
vailable online 10 April 2010
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applied to perform different wetting conditions. In a first step, both probes were calibrated based on
the water balance from three cells presenting homogeneous water distributions and sufficient tem-
poral moisture variations. The calibration functions were then used for temporal and spatial moisture
monitoring of all six cells. The results show that both methods are sensitive to moisture variations and
provide interesting information on the complexity of vertical flows within the municipal solid waste.

hat n
eutron scattering
ime-domain reflectometry

Nevertheless, it appears t

. Introduction

.1. Background

Research on municipal solid waste (MSW) landfilling aims
ainly at controlling the different parameters that influence the

egradation of waste. The traditional approach of landfills with
ncontrolled biodegradation at natural water content which has

ong prevailed is now more and more replaced by new practices
nabling an improved control of biodegradation. It is generally
cknowledged that the main drivers for waste biodegradation are
ts organic content, its moisture content, in addition to the temper-
ture and pH conditions (e.g. [1–6]).
Landfill bioreactors are based on the principle of accelerated
n situ waste biodegradation by reaching a biochemical optimal

oisture content which lies above the moisture content at waste
lacement (at least in Western countries [7]). Typically, conven-
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tional landfills reach gravimetric moisture contents of 30–40% (wet
weight basis); a level that lies below the optimal range of 40–70% for
biodegradation [4,7]. Landfill bioreactor engineering thus mainly
focuses on the way to increase the moisture of the waste mate-
rial. Moisture is generally added in the form of leachate, which
is injected or recirculated in the landfill cells, and bioreactors
hence offer an alternative and cheap leachate treatment option
[1,8,9]. A continuous monitoring of MSW moisture seems essen-
tial to operate the landfill and this is only possible when real-time
and non-destructive moisture content measurements are made.
MSW moisture measurements are also needed to better predict
the remaining biodegradation potential of existing landfills and for
the study of multiphase flows [10] or landfill settlements [11].

Despite the fact that the thermogravimetric (oven drying)
method is the standard calibration method, this technique is
not appropriate for continuous moisture monitoring on site-scale
applications because it is both local and destructive [12]. There-
fore, indirect methods have been developed for agricultural and
engineering applications in order to offer non-destructive, fast and
repeatable measurements. These methods can be divided based
on their principle of operation into electromagnetism, electrical or

thermal conductivity, tensiometry and neutron scattering [10].

One original feature of the present paper is to use in parallel
two indirect methods, neutron scattering and time-domain reflec-
tometry (TDR). The aim of this paper is to validate and to clarify
the limits of neutron scattering and TDR for long-term moisture
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easurements in large-scale laboratory bioreactor cells. After a
rief introduction to the techniques and to the challenges of
oisture measurement in MSW, the materials and methods are

resented, followed by the results and a comparison of the tech-
iques. The results should be useful to improve MSW moisture
onitoring and landfill operation.

.2. Types of moisture measurement

The standard method to determine the gravimetric moisture
ontent w of a solid sample is the thermogravimetric method which
onsists in oven-drying small volumes of the material [12]. The
ravimetric moisture content w of the sample is defined by:

= Mw

Ms
(1)

here Mw is the mass of water and Ms is the total solid mass.
The mass of water is determined from the evaporated mass at a

iven oven temperature ranging from 60 to 105 ◦C depending on the
uthors. This direct method is both time-consuming and destruc-
ive for the sample. Indirect methods provide information on a
hysical parameter – e.g. dielectric constant, temperature, resistiv-

ty, electrical conductivity or neutron count ratio – that can be later
orrelated to the moisture content of the medium. Most of the indi-
ect moisture measurements are correlated with the volumetric
oisture content of waste � defined by:

= Vw

Vt
= w

�d

�l
(2)

here Vw is the volume of water (m3), Vt is the sampled volume
m3), �d is the dry density of the sample (kg/m3) and �l is the density
f the leachate (kg/m3), assumed to be the one of water.

The methods chosen hereafter consider the volumetric moisture
ontent � which will be referred to using the acronym “VMC”.

Despite recent research efforts on indirect moisture measure-
ent methods, until now there is no commonly accepted way of
easuring the VMC of MSW [13]. MSW being a heterogeneous

ggregate of materials, indirect VMC measurements are challeng-
ng since this matrix has different compositions, particle sizes,
ensities, porosities and moisture contents for each component.

n addition to that, moisture is generally present in the form of
eachate which varies in strength and composition, thus poten-
ially altering the signal especially for EM techniques [14]. Two
ublications proposed an extensive review of different moisture
easurement techniques for MSW within landfills [15,16]. Ideally,
oisture measurement techniques should include characteris-

ics such as reliability, ease of measurement, non-destructiveness,
epeatability, accuracy and large sampling volume [10]. Most of the
echniques are sensitive to several parameters and require accurate
alibration.

Electro-magnetic and electrical methods were first applied to
oils [17,18] but numerous authors demonstrated their applica-
ility to MSW [7,11,13,16,19–21]. However fewer studies have
een conducted on neutron scattering in MSW. To our knowledge,
nly few publications referred to neutron scattering as a method
o determine the VMC of waste materials with satisfying results
10,22]. In this paper, both methods will be compared.

.3. Indirect moisture measurement techniques in MSW

.3.1. Principle of neutron scattering

Neutron probes emit fast neutrons from a radioactive source

nto the material. These high energy neutrons emitted from the
ource are either slowed down (or thermalized) through repeated
ollisions with the nuclei of atoms in the material (scattering) or
bsorbed by those nuclei [10]. Most atoms, except those with a
Materials 180 (2010) 165–172

very low molecular weight, scatter neutrons with little energy loss
because their mass is much greater than the neutron’s one. How-
ever, if the neutron hits a hydrogen atom its energy is reduced on
average to about half because neutrons and hydrogen nucleus have
the same mass [23]. Since hydrogen atoms are essential compo-
nents of water molecules, the resultant cloud density of slowed
neutrons detected by a counter, is assumed to be correlated to
the material’s VMC [10]. This is valid if the significant source of
hydrogen atoms results only from water molecules in the medium.
A suitable calibration curve is finally required to determine the
material’s VMC from the measurements of thermalized neutrons.

The count ratio CR is more typically used than the direct neutron
count to establish the calibration curve. It is expressed as the ratio
of the count x in the measured material to a standard count xs,
measured in a sample of pure water:

CR = x

xs
(3)

Using a calibration based on the count ratio rather than the direct
counts allows the same calibration equation, even if the source
strength decays [23]. It also guarantees that any change in the
counting time does not invalidate the calibration curve [10]. The
theory suggests a linear relationship between the count ratio and
the VMC [23,24]:

�N = aNCR + bN (4)

where the subscript N refers to the neutron technique and aN and
bN are the calibration constants.

1.3.2. Principle of TDR
TDR is an electro-magnetic (EM) technique that measures the

travel time of a fast rise-time pulse travelling along the TDR probe
waveguide placed into a material. The signal produced by the TDR
generator is sent via a coaxial cable through the probe’s head inside
the porous medium and reflected both when entering the probe’s
rod and at its end. The resulting waveform is collected and the travel
time T of the EM wave can be calculated. The bulk electrical permit-
tivity K (also called dielectric constant) is then calculated using Eq.
(5). Finally, the VMC can be inferred using semitheoretical models
or empirical formulas [18,21].

K =
[

cT

2L

]2
(5)

where c is the speed of light (3 × 108 m s−1), T is the travel time of
the EM wave, and L is the length of the probe.

The semitheoretical approach has been developed for soils and
relies on the addition of travel time for each phase of the material:
solid particles, liquid solution and air within the soil [18,25]. This
approach leads to Eq. (6) [18,19,25]:

�T = aT

√
K + bT (6)

where the subscript T refers to the TDR technique and aT and bT are
the calibration constants.

The empirical approach consists in fitting parameters of mathe-
matical expressions to calibrate the relationship between the VMC
and the permittivity. Eq. (7) was proposed for a wide range of soils
[17,18]:

�T = −0.053 + 0.0292K − 0.00055K2 + 0.0000043K3 (7)
A similar polynomial was suggested for MSW basing the results on
various experiments at the laboratory scale [21]. A more detailed
description of the TDR theory can be found in other publications
[13,21].
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Table 1
Advantages and disadvantages of thermogravimetric, neutron and TDR measurements [10,12,15,16,21,23]. The major findings of this research are also included as referred
to in Section 4.

Advantages Disadvantages Major findings of this research

Thermogravimetric method
Accurate absolute measure Small sampling volume Questionable sampling size, especially

for heterogeneous VMC distribution
Very simple calculation Destructive and

time-consuming method
Impossibility to track evolutions

Neutron scattering
Vertical profiles of VMC may be
obtained with one probe

Only relative values of VMC Robust method, insensitive to ageing
effects or failures

Large measurement volume Measurements may be
material-sensitive

Good means to track spatial and
temporal evolutions

Linear relationship between CR and � Risks and costs due to the use
of radioactive material

Time-domain reflectometry
Relatively inexpensive method Absolute measurement of

VMC is difficult
Automated long-term, reliable
method to measure moisture

Automation possible Small measurement volume Local and not average measurement
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Relatively insensible to material and
liquid effects when coated probes are
used

.3.3. Application of the methods to MSW and resulting
imitations

According to some publications, neutron scattering is appro-
riate to monitor VMC changes in MSW but fails to determine
he absolute VMC notably because of the bound hydrogen effect
10,16]. In fact, the wood and plastics present in the waste account
or neutron scattering that is not caused by the presence of water

olecules. This effect may alter the offset of Eq. (4) but no influ-
nce on the relative VMC measurements was reported [10]. Hence,
eutron scattering can be used to measure moisture changes with
cceptable errors if the presence of neutron capture elements is not
mportant.

On the other hand, EM techniques are less expensive but sen-
itive to leachate quality [13,16,21] which can be successfully
ounterbalanced by using coated probes [13]. However, it was
hown that absolute VMC measurements in MSW with TDR are not
ntirely reliable [21]. Here, only relative VMC measurements will
e made in accordance with the approach chosen for the neutron
easurements.
As in soils, both techniques have a limited measurement volume

n MSW, namely a sphere of influence of approximately 15 cm in
adius (approximately 14 L in volume) for the neutron probes and
cylinder of approximately 4–5 cm in radius and 50 cm in length

approximately 3 L in volume) for the TDR probes used in this paper

unpublished results). As the probes are intended to measure the
MC of shredded materials, it is believed that the measurement
olume of the probes is sufficient for this study. However, the mea-
urement volume may be limited for site-scale applications with
oarser particles.

able 2
haracteristics of the six bioreactor pilots at the LGCIE [26].

Reactor A1 B1 A2

Characteristics Saturated-drained,
coarse shredding

Saturated-drained,
fine shredding

High inj
coarse s

Volume (m3) 0.82 0.82 0.77
Initial dry mass (t DM) 0.30 0.36 0.30
Initial dry density, �d (t m−3) 0.37 0.45 0.40
Initial waste height, zi (cm) 110 109 102
Initial moisture added (L) 391 328 0

Injection rate (L/(t DM day)) 0 8.0 8.0
Start of injection – Day 199 Day 87
�G at start of injection – 36% 15%
End of injection – Day 241 Day 190
�G at end of injection – 45% 32%
Disturbance of the material
when the sensor is installed

While both methods have some limitations, the methods are
rather complementary as they do not share these limitations.
Table 1 proposes a summary of advantages and disadvantages of
the techniques used in this paper.

2. Experimental

2.1. The bioreactor cells

Six bioreactor cells of 1 m diameter and 1.2 m3 in total volume
referred to A1, A2, A3, B1, B2 and B3 were built at the LGCIE Institute
in Lyon (France). These cells were filled with a MSW from a French
landfill. In fact before filling the waste into the cells, it was shred-
ded and sieved at 15 cm (coarsely shredded waste) for the 3 ‘A’ cells
and 7 cm (finely shredded waste) for the 3 ‘B’ cells. The main waste
components were yard and kitchen waste (31%), papers (21%), plas-
tics (14%), cardboard (6%), glass (6%) and metals (5%). More details
about the waste characteristics can be found in another publication
[26].

In each cell, a 10 cm-thick gravel layer for leachate drainage was
set at both the top and bottom of the cell. The initial height of waste
in cell (i) is referred to as zi (Table 2); evidently this value decreases
with time due to settlement. A 45 mm-diameter central aluminium
tube was used for moisture measurements by the neutron probe

and for the measurement of vertical displacement of a magnetic
plate on the top of the waste sample using a specific probe, moved
downward in the tube. Three TDR probes were placed at differ-
ent heights and in different horizontal directions. The cells were
maintained at a constant room temperature of 35 ± 2 ◦C. The settle-

B2 A3 B3

ection rate,
hredding

High injection rate,
fine shredding

Moderate injection
rate, coarse
shredding

Moderate injection
rate, fine shredding

0.80 0.81 0.83
0.36 0.30 0.36
0.45 0.37 0.44
106 107 110
0 0 0

8.0 2.0 2.0
Day 87 Day 157 Day 157
23% 14% 22%
Day 206 Day 364 Day 311
45% 27% 30%



168 M.J. Staub et al. / Journal of Hazardous Materials 180 (2010) 165–172

bes (n

m
d
M
s

t

-

-

T
p
r
t
v
m

2

2

G
F
p
5
t
T
a
f
o

Fig. 1. Schematic diagrams of the TDR and neutron pro

ent measurements are not detailed in this paper, but the vertical
isplacement of the TDR probes is accounted for (Section 2.2.2).
ore information can be found in another paper dedicated to the

ettlement measurements and modelling [27].
Two different operating procedures for leachate addition were

ested (Table 2) [26]:

The cells A1 and B1 were saturated with leachate collected from
the landfill where the waste was collected. Leachate was injected
into both cells from the bottom under constant head and it was
verified that the leachate level inside the cell reached the top of
the column. After 12 h, leachate was drained out by opening a
bottom valve. Cells A1 and B1 kept respectively 148 L and 145 L
of leachate. Given that cell B1 had not reached field capacity, a
late injection phase at a rate of 8 L/(t DM day) (litres per tonne
dry matter per day) was performed from Day 199.
A leachate circulation was performed from the beginning for the
remaining four cells. 8 and 2 L/(t DM day) were injected down-
wards once a week during 1 h for the pilots A2–B2 and A3–B3
respectively (Table 2) after an initial period without injection
events.

able 2 provides detailed information on the successive injection
hases. The global VMC �G given by Table 2 corresponds to the
atio between the cumulated volume of leachate, obtained by sub-
racting the leachate outflow to the leachate inflow, and the global
olume of waste measured experimentally (Eq. (2)). The experi-
ental setup was monitored for 13 months.

.2. The setup for moisture measurement

.2.1. The moisture measurement devices
Three-rod type TDR probes have been designed at the LTHE in

renoble for the experiments carried out at the LGCIE in Lyon.
ig. 1 shows a schematic diagram of the 50 cm-long probes. The TDR
robes are placed in staggered rows at three different levels z: 20,
0 and 80 cm from the bottom of the waste. Each one is connected

hrough a coaxial cable to an automatic data acquisition system,
DR100 from Campbell Scientific (Logan, UT, USA) which gener-
tes and acquires the signal. A coaxial multiplexer, SDMX50, also
rom Campbell Scientific, is used to make several measurements at
nce. Measurements were taken at regular time intervals prior to
ot to scale) and their position in the bioreactor tanks.

the injection events. Readings were also taken from cells A1 and B1
at the same time interval.

A neutron probe from Campbell Pacific Nuclear (CPN, InstroTek,
Raleigh, NC), was used, model 503 DR Hydroprobe. The radioactive
source consists in an Americium-Beryllium source of fast neutrons.
Fig. 1 shows a schematic diagram of the measuring setup. The probe
is inserted manually in the central aluminium tube of the cell, and
measurements are taken at a vertical spacing of 10 cm.

Neutron measurements are made at the same time interval as
the TDR measurements, i.e. just before the injection events.

2.2.2. Neutron and TDR calibrations
The global VMC �G for each cell and local probe measure-

ments are provided. Consequently, only a correlation between the
global VMC and an average probe measurement can be consid-
ered; the average of all measurements on the entire cell height
for each probe is the most representative value. Looking for this
kind of correlation, it is more relevant to restrict the calibration
to the cells with the more homogenous probe responses along
the vertical axis, indicating limited spatial moisture distribution
heterogeneity. It is supposed that at each time step an average
of all measurements on the entire cell height for both probes is
the most representative. For the neutron probe, a neutron leak-
age could occur if the measurement volume comprises gravel from
the drainage layers at the boundaries of the waste sample (Fig. 1)
therefore the measurements at z = 0 and z = 90 cm are not included
in the average. Hence, only the eight medium neutron count ratios
are averaged for each global VMC (Fig. 2a). The TDR probes’ mea-
surement volumes are completely included in the waste volume,
and the average of the three measurements is considered (Fig. 2b).
It is worth noting that the vertical settlement of waste is also
accounted for, reflected by the position of the TDR probes as
well as by the modification in �G (as the volume Vt is decreasing,
Eq. (2)).

Fig. 2 illustrates some results obtained over a short-time period
(200 first days), using the cell B2. The dashed lines delimitate the
central domain where the neutron measurements are averaged

(Fig. 2a). Convenient scales are used for every type of measurement,
CR,

√
K and �G for a better readability (Fig. 2b).

Knowing the initial global VMC of the material and tracking
moisture variations, it is possible to calibrate the probes using the
relative measurements.
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Fig. 2. (a) Temporal profiles of count ratios and square roots of the permittivity
versus height in B2, (b) global VMC �G (G), neutron count ratio average (N) and
square root of the average permittivity (T) versus time in B2 (reactor with high
injection rates).

Table 3
Calibration results for the A2, A3 and B2 cells.

Reactor Neutron calibration TDR calibration

aN r2 aT r2

r
m
(
l
l
c
t
n
n

T
S

A2 1.291 0.88 0.082 0.83
A3 1.265 0.98 0.075 0.96
B2 1.492 0.88 0.126 0.90

In accordance with the limitations of Section 1.3, a linear
elationship between �� and �CR is supposed. As incre-
ents are considered, the offset of the relationship is 0

��N,T = (�N,T)Day D − (�N,T)Day 0). When the variations of VMC are
ow, the variations of the measurement outputs are also low and the

inearity may not be always obvious; therefore a calibration using
ells with significant VMC variations must be considered. In fact,
he cells with the highest temporal VMC variations and a homoge-
eous spatial VMC distribution were hence selected for calibration,
amely A2, A3 and B2. Table 3 shows the calibration results.

able 4
tatistical analysis of the VMC estimation performance.

Cell Neutron RMSE (m3 m−3) TDR RMSE (m3 m−3) Neutron

A1 0.063 0.104 0.100
B1 0.028 0.071 0.055
A2 0.018 0.030 0.037
B2 0.030 0.052 0.053
A3 0.015 0.022 0.042
B3 0.041 0.014 0.062
Materials 180 (2010) 165–172 169

Following calibration functions are used, according to Eqs. (4)
and (6):

��N = aN �CR (8)

��T = aT �
√

K (9)

The slopes of the two calibration functions are an average of slopes
from the cells A2, A3 and B2:

��N = 1.350 �CR (10)

��T = 0.094 �
√

K (11)

The value for aT shown in Table 3 for the shredded material (cell
B2) falls into the same range as the slopes of 0.12–0.15 found
by using another testing method on the same waste material
[21].

3. Results

3.1. Temporal moisture evolution

Eqs. (10) and (11) are used, in agreement with the calibration
results, to compare global VMC and average signal values:

�N = �0
N + 1.350 �CR (12)

�T = �0
T + 0.094 �

√
K (13)

The assumption is that �0
N and �0

T are taken as the initial �G for the
first measurement with the respective method for each bioreactor,
as the initial global VMC �0

G is easy to assess.

�0
N = �0

T = �0
G = �0 (14)

Average global �G and measured �N and �T are in good agreement
for A2, B2 and A3. This seems logical, as these pilots were consid-
ered for the calibration relationships. To validate the calibration
functions, these latter must be tested on cells with other injection
rates.

Cells B1 and B3 show an overall good agreement between �G and
�N, �T. The late injection phase after Day 199 is in particular clearly
visible for cell B1. Cell A1 shows a good agreement only during the
saturation phase (up to Day 31). This may be due to the repetition
of measurements with low �G variations (the only variations of �G
are due to waste settlement) which is not appropriate for a linear
calibration. From the third measurement, the variation both in �G
and in the response of the probes is negligible. An erroneous VMC
estimation at the third measurement date results in a systematic
discrepancy for all following measurements, explaining the poor
moisture monitoring performance on this cell.

In the cell B3, �G increases by 10% in 389 days, but �N does not
follow the trend (Fig. 3). Two suggestions can be made: either the
slope of the calibration function is not high enough (poor sensitiv-

ity), or the neutron probe did not observe the water front. This will
be investigated more thoroughly in the next section.

The influence of shredding is not clearly highlighted by these
results, although there is a difference in sensitivity between the
two different series of test (‘A’ and ‘B’). A given �G variation

maximum discrepancy (m3 m−3) TDR maximum discrepancy (m3 m−3)

0.177
0.112
0.079
0.073
0.045
0.022
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Fig. 3. Temporal VMC evolution monitored by both methods in the six bio

esults in a greater signal variation for the cells filled with ‘A’
aste (coarsely shredded) than for the ‘B’ waste (finely shred-
ed) (Fig. 3). But this result should be interpreted with care
ecause the measurement volumes of the probes are limited.

t was chosen here to use one unique calibration curve for
ach technique as the MSW composition of both series of cells
as identical, but this result indicates that for different types

f waste it seems essential to establish a separate calibration
urve.

To better assess the prediction accuracy, Table 4 gives the
rror calculation for the VMC estimates in the 6 cells. The root
ean squared error (RMSE) is always below 0.11 m3 m−3 for both
ethods, showing that the trends are well correlated. The RMSE

ssociated to the cells used for calibration are low. For the TDR,
3 has the lowest RMSE although it is not used for calibration. It
ust be noticed that the highest TDR RMSE values are associated
ith the saturated-drained cells A1 and B1. Neutron scattering gen-
rally provides better VMC estimates except in cell B3 which was
ot used for calibration. The maximum discrepancies are presented
o get a concrete idea of the largest errors in VMC estimation. As
ointed out before, the largest discrepancies are observed for the
aturated-drained cells A1 and B1.
r cells (G corresponds to �G , N corresponds to �N and T corresponds to �T).

3.2. Spatial moisture evolution

Figs. 4 and 5 respectively show the spatial VMC evolution over
time in two cells with finely shredded MSW, B1 and B2, obtained
by using Eqs. (12), (13) and (14) to convert raw measurements in
VMC (�N and �T). These two cells highlight interesting behaviours
and provide some clues to understand complex flows within MSW.
It must be noticed that, in accordance with Section 2.2.2, some
measurements at the top and the bottom were removed, being
irrelevant due to partial neutron leakage into the gravel drainage
layer.

On Fig. 5, the profiles obtained by neutron scattering follow the
water balance: the moisture of the waste increases due to regular
leachate injections. Moreover, downward injections and drainages
by the bottom of the cell result in higher VMC at the cell’s top. The
results shown in Fig. 4 from the initially saturated cell B1 highlight
the opposite behaviour: moisture is accumulating at the bottom

of the cell during saturation (Day 31). In cell B2 (Fig. 5), TDR and
neutron VMC estimations only coincide at the bottom at Day 199.
This indicates probably that the waste was not wetted at the bottom
during the first 150 days, or at least not wetted in the measurement
volumes of the probes at these times.
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ig. 4. Temporal VMC profiles versus height from neutron (N) and TDR (T) measure-
ents in B1 (saturated-drained reactor).

For both cells, the upper and central measurements made using
DR and neutron scattering generally do not coincide. On Fig. 5,
he two methods give quite different VMC values after Day 150,
specially at the top of the cell. In fact, before Day 150, leachate
ddition resulted in higher VMC as the porous matrix is efficiently
etted. After Day 150, most of the leachate percolates through the

ell without increasing the VMC. This could be interpreted as the
nhancement of preferential flows. Indeed, preferential pathways
ere also observed by other authors in large-scale cells [22,28],
hich may potentially have an effect on the waste stabilization pro-

ess [5]. It is a matter of fact that measurements by both techniques
re sensitive to the location of the probe: in case of heteroge-
eous percolation, central measurements (neutron probe) may
iffer much from lateral measurements (TDR probes) (Fig. 1). Con-
equently, the observed discrepancy between the two methods can
e attributed to an actual spatial discrepancy of the VMC and not
o a calibration problem.

It may be supposed that flows are more homogeneous in the
aturated-drained cell B1, because of the initial saturation which is
more homogeneous way to wet the material than downward per-
olation. This explains why spatial variations of VMC versus time
re in better accordance in cell B1.

. Discussion
This paper presented long-time measurements of VMC using
DR and neutron scattering in large-scale cells subject to unsteady
eachate flows. Both types of probes were able to monitor mois-
ure over the entire experience time without any technical failure,

ig. 5. Temporal VMC profiles versus height from neutron (N) and TDR (T) measure-
ents in B2 (reactor with high injection rates).
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physical resistance problem, or ageing effect. Both methods have
proven to be relevant for the temporal moisture monitoring (Sec-
tion 3.1). However, the monitoring of spatial VMC variations is more
difficult when using TDR (Section 3.2). With only three vertical
measurements and smaller measurement volumes, TDR appears
in fact to be less relevant in predicting spatial VMC distribution.
This limitation could be counterbalanced by installing more TDR
probes in the setup. When using the neutron probe, even if one
measurement initially derives much from the average, due to the
number of spatial measurements, the other measurements gen-
erally give a good estimate of local VMC. The limitation of this
method comes from the initial VMC distribution of the waste.
Indeed, if the waste presents initial heterogeneous distribution of
the VMC, all following profiles should be modified. It implies that
an accurate global calibration can only be made if water is ini-
tially well-distributed along the vertical axis, i.e. waste must have
local VMC values close to the global one. Neutron scattering is
probably more adequate for water monitoring in large-scale biore-
actors: despite initial local heterogeneities, the leachate injection
events and the water distribution are clearly visible. Moreover, this
method can detect significant variations of VMC. Hence, it appears
that with this calibration method, neutron scattering is more con-
venient.

Remarkably, when compared to the classical gravimetric
method to determine moisture content, both indirect methods have
shown the ability to track moisture evolution in space and time,
which is obviously not possible with the direct method, as it is
destructive. Table 1 includes some of the findings of this paper
as far as the advantages and disadvantages of the methods are
concerned.

This research points out that a multi-technique approach is rel-
evant especially because of the complex nature of flows in MSW
and the relatively small measurement volumes for both probes. In
other respects, this kind of monitoring could contribute to a better
calibration of a numerical modelling of leachate flow through the
waste body.

5. Conclusion

The coupled use of two methods for moisture monitoring
in laboratory-scale bioreactors with MSW yielded the following
results:

(1) Despite the impossibility to assess local water balances, it was
possible to calibrate both TDR and neutron probes from the
overall water balance.

(2) In addition, one unique calibration curve for each method
valid for all six bioreactors could be fitted. The calibration is
related to VMC increments, since it is considered that absolute
values of VMC cannot be obtained directly from the two mea-
surement methods. Nevertheless, some discrepancies between
probe measurements and global water content were observed,
depending on the type of injection and shredding.

(3) Calibration functions were used to determine spatial VMC pro-
files. Their accuracy depends on the initial vertical moisture
distribution in the bioreactor and also on the moisture distri-
bution in the measurement volumes of the probes, as leachate
flows in the waste are complex.
(4) Neutron scattering seems to be more convenient as it offers
a better accuracy at the bioreactor-scale and additional spatial
information. Also, its measurement volume is much larger than
that of the TDR which can be a significant advantage in the
presence of coarse particles.
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