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[1] Spatial time domain reflectometry (spatial TDR) is a new measurement method for
determining water content profiles along elongated probes (transmission lines). The method
is based on the inverse modeling of TDR reflectograms using an optimization algorithm.
Bymeans of using flat ribbon cables it is possible to take two independent TDRmeasurements
from both ends of the probe, which are used to improve the spatial information content of
the optimization results and to consider effects caused by electrical conductivity. The
method has been used for monitoring water content distributions on a full-scale levee model
made of well-graded clean sand. Flood simulation tests, irrigation tests, and long-term
observations were carried out on the model. The results show that spatial TDR is able to
determine water content distributions with an accuracy of the spatial resolution of about
±3 cm compared to pore pressure measurements and an average deviation of ±2 vol %
compared to measurements made using another independent TDR measurement system.
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1. Introduction

[2] Since the late seventies time domain reflectometry
(TDR) has been a well-known and accepted measurement
method for determining the water content of soils [Hoekstra
and Delaney, 1974; Davis and Annan, 1977; Topp et al.,
1982; Robinson et al., 2003; Evett and Parkin, 2005]. Field
measurements are often the basis for inversely determined
hydraulic properties [Abbaspour et al., 2000; Ferré et al.,
2002; Vereecken et al., 2007]. TDR has been proven as a
useful tool for the collection of site-specific information,
especially for intensive soil sampling [Long et al., 2002;
Stenger et al., 2007]. Furthermore TDR can be applied for the
monitoring of changes in the water content in geotechnical
structures like landfills [Schofield, 2001] or in slopes [Li et al.,
2005]. Furthermore TDR is used for reference measurements
of soil moisture in GPR field applications [Huisman et al.,
2003; Lambot et al., 2004; Serbin and Or, 2003].
[3] Conventional TDR technology is restricted to the

point-wise determination of soil moisture, or mean water
content, along a TDR probe with a typical length of 10 to
30 cm [Robinson et al., 2003]. However, many applications

in hydrology, agriculture and geotechnical engineering re-
quire the determination of the temporal evolution of the water
content distribution on larger scales for characterizing soil
hydraulic processes in earth structures. The monitoring of a
sufficient number of soil moisture profiles is costly, laborious
and extremely invasive, if multiple conventional TDR probes
have to be installed at different depths. Therefore different
approaches based on electromagnetic measurement methods
have been proposed for determining water content profiles.
The simplest way is to use multisectional transmission lines
to receive water content profiles in a limited spatial resolu-
tion [Hook et al., 1992; Feng et al., 1999]. One of the first
approaches for the inverse determination of moisture profiles
was introduced by Laurent [2000] which is based on the
analysis of the impedance profile of a TDR signal. Another
possibility is to develop inversion algorithms based on a
straightforward calculation of thewave propagation along the
transmission line due to an incident voltage step. Here the
response of the transmission line can be calculated either in
the time domain [Lundstedt and Stroem, 1996; Lundstedt and
He, 1996; Feng et al., 1999;Oswald, 2000; Todoroff and Lan
Sun Luk, 2001; Lundstedt and Norgren, 2003; Rahman and
Marklein, 2005; Greco, 2006] or in the frequency domain
[Norgren and He, 1996; Heimovaara et al., 2004; Lambot
et al., 2004; Leidenberger et al., 2006; Scheuermann and
Huebner, 2009].
[4] A recently developed reconstruction algorithm [Schlaeger,

2002, 2005] allows the fast computation of soil moisture pro-
files along elongated and electrically insulated probes from
TDR signals, using either one- or two-ended measurements.
The application of this method leads to an appreciable reduc-
tion in the number of probes required accompanied by a higher
spatial resolution of the resulting moisture profiles. Probes
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made of flat ribbon cables have proven to be suitable for the
quantitative determination of moisture profiles and show
much less pulse attenuation than noninsulated probes. The
maximal length depends on the surrounding material. For
low-loss clean sand the typical maximal length is approxi-
mately 5 m. For lossy materials like clay soil or concrete the
maximum length should be reduced to approximately 3 m.
The two-parameter reconstruction used in the algorithm of
Schlaeger [2005] explicitly takes into account losses by dis-
sipation as one effect of the electrical conductivity.
[5] The technology of soil moisture profile determination,

including measurement devices and probes, reconstruction
algorithm and calibration procedures, has been introduced
as spatial TDR [Becker, 2004; Huebner et al., 2005]. So far
spatial TDR has been applied using different methods. It has
been implemented with open ended three-rod probes in small
catchments in Germany to develop a flood warning system
[Becker, 2004; Schaedel, 2006]. Currently spatial TDR is
being used with improved three-rod probes to investigate
near-surface moisture dynamics in small catchments. In
small-scale applications spatial TDR has been used for the
laboratory investigation of water content dynamics in unsat-
urated soils [Scheuermann, 2008]. Most frequently spatial
TDR with flat ribbon cables has come into use for the
observation of water content changes in levee models
[Scheuermann et al., 2001, 2005; Woersching et al., 2006]
and also recently in real levees for monitoring purposes
[Scheuermann et al., 2008].
[6] A full-scale levee model at the Federal Waterways

and Research Institute in Karlsruhe was equipped with a
spatial TDR system for the observation of water balance
processes in general and for the investigation of the influence
of the initial water content distributions on the transient
seepage through levees in particular [Scheuermann, 2005].
The motivation to use spatial TDR was to permit measure-
ments with a reasonable temporal resolution also at the water-
side slope of the levee even if the slope is flooded. Flood
simulation tests as well as sprinkler irrigation tests and long-
term observations were conducted on the levee model. The
measured water content distributions showed a distinctive
variability due to the hydraulic boundary conditions for both
the spatial distribution as well as for the absolute value of
the measured water contents. Here the spatial TDR method
is demonstrated with flat ribbon cables, as a special form of
transmission line, with two-ended measurements. The appli-
cation of the method will be presented with the help of the
experimental investigations on the levee model. Detailed
information on the investigations on the levee model is given
by Scheuermann [2005], Scheuermann et al. [2001], and
Scheuermann and Bieberstein [2006].

2. Spatial TDR Using Flat Ribbon Cables

2.1. Transmission Line Design

[7] In the simplest design of a TDR probe, noninsulated
metallic rods are used as transmission lines in the form of
either a two- or a three-rod probe. Many conventional appli-
cations use this kind of probe for point-wise measurements of
the water content. One advantage of the use of noninsulated
metallic rods is the possibility of the direct calculation of the
permittivity of the material surrounding the waveguide from
the wave velocity [Whalley, 1993; Heimovaara and Bouten,
1990], which can be determined using simple travel time

analysis. However, a serious limitation in the use of uncoated
rods is the restricted length, which is limited to a maxi-
mum of about 1 m for use in soils because of losses caused
by the electric conductivity of the moist soil [Dalton and
van Genuchten, 1986].
[8] For longer transmission lines, insulated flexible flat

ribbon cables can be used. They show much less pulse atten-
uation than uncoated metallic rods in the same medium.
Several cables with different geometries have been devel-
oped and manufactured in the past, from simple concentric
insulation to sophisticated multiwire structures with unilat-
eral sensitivity [Huebner and Brandelik, 2000a, 2000b]. The
flat ribbon cable used in the presented investigations was
originally developed for water content measurements in
snow [Huebner and Brandelik, 2000a] (see Figure 1). The
cable consists of three copper ribbons as wires covered with
polyethylene insulation. The advantage of flat ribbon cables
is the reduction of the influence from the electrical conduc-
tivity on the wave propagation. This permits the use of flat
ribbon cables with lengths of up to 40 m, if mean water
contents are to be measured [Stacheder et al., 2005]. How-
ever, the determination of electrical conductivity is more com-
plicated and less accurate compared to noninsulated probes.
It is only possible to obtain information about the conductive
behavior of the soil from TDR measurements within certain
limitations [Stacheder, 1996]. Using insulated probes means
there is less influence from soil electrical conductivity on
the TDR signal. Consequently, the determination of electrical
conductivity from the TDR signal is less accurate than in
the case of noninsulated probes. Nevertheless, the advantage
of lengthening insulated transmission lines outweighs this
minor disadvantage.
[9] In order to predict the time domain response of the

cable, the electromagnetic transmission line properties have
to be measured in laboratory experiments or calculated by
numerical methods on the basis of the equivalent circuit for
an infinitesimal section of a transmission line (Figure 2). The
equivalent parameters of the circuit are the series resistance
R, inductance L, shunt conductanceG and capacitanceC. The
fact that radiation and higher-order modes of electromagnetic
wave propagation are not included presents a limitation with
this model [Lundstedt and Stroem, 1996]. Open wirelines
show electromagnetic radiation when the spacing between
the wires is comparable or larger than the wavelength of the

Figure 1. Flat ribbon cable consisting of three copper wires
with polyethylene insulation.
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electromagnetic signal, thus forming a hybrid transmission
line/antenna system. The radiation strongly increases with
the frequency and may be a significant source of loss and
risetime degradation. However, for common probe designs
used in hydrology the equivalent circuit in Figure 2 provides
a reasonable approach for calculating the wave propaga-
tion along the transmission line. The minimum conditions to
be maintained in this case are: wave modes other than the
transversal-electromagnetic (TEM) mode and frequency de-
pendence of transmission line properties may be neglected.
In the following, the parameters of the equivalent circuit for
the flat ribbon cable are presented and discussed on the basis
of the equivalent circuit model. The sensitivity of the flat
ribbon cable as a transmission line for the measurement of
permittivity is discussed in section 2.1.3.
2.1.1. Inductance L and Resistance R
[10] Both L and R are parameters which are assumed to

be constant along the probe. The resistive losses of the flat
ribbon cable are influenced by the skin effect. At low fre-
quencies there is a uniform distribution of the current through
the cross section of the copper conductors. As the frequency
increases, the current is concentrated on the edges of the
conductors, and at the highest frequencies most of the current
flows in a very thin layer. Consequently, the cross-sectional
area available for current flow decreases and causes an
increase in series resistance (Figure 3). However, in most
practical cases resistance losses are very small compared to
dielectric losses (shunt conductance) except with long cables
in nearly lossless materials like snow. For this reason, the
influence of the resistance R can be neglected when the flat
ribbon cable is used in soils [Huebner et al., 2005].
[11] Because of the skin effect the inductance is also

dependent on the frequency (Figure 3). Internal inductance

decreases with frequency and only external inductance
remains. The transition frequency is around 100 kHz. This
means that within the usual time window of TDR measure-
ments (<100 ns, which corresponds to a low-frequency limit
of about 10 MHz) no significant influence of the inductance
increase at low frequencies is to be expected. The measured
external inductance corresponds with that calculated by elec-
tromagnetic field calculation [Huebner, 1999].
2.1.2. Capacitance C and Conductance G
[12] Unlike R and L, C and G are dependent on the

dielectric properties of the moist soil surrounding the flat
ribbon cable. The frequency dependence of the permittivity
is considered to be less pronounced in the TDR frequency
range. It is possible to derive a relationship between relative
permittivity em and C for the flat ribbon cable using a simple
capacitancemodelwith the three capacitancesC1,C2 andC3 as
shown in Figure 4. C1 considers the influence from the em of
the surrounding soil. The other two capacitances take into
account the influence of the insulation between conductor and
soil (C2) and between the conductors (C3). In this way the
capacitance model represents a combination of capacitances
connected in series and in parallel (Figure 4, right):

C emð Þ ¼ emC1 � C2

emC1 þ C2

þ C3 ð1Þ

For the lossless case, it is possible to calculate the relation
between em and C with full wave numerical field simulation.
The capacitance model of equation (1) and the field calcu-
lation correspond very well. [Huebner et al., 2005]. Conse-
quently, the capacitance model can be used to parameterize
the relationship between em and C. The three unknown capac-
itances C1, C2, and C3 can be derived either from numerical
electromagnetic field calculation or using calibration measure-
ments in the laboratory with three different media around the
cable. Normally air (em,a = 1) and water (em,b � 80, depend-
ing on temperature) are used as calibration media. As a third
medium water saturated glass beads have been proved suit-
able for calibration purposes, since the resulting permittiv-
ity is roughly em,c� 25–30, which represents approximately
the permittivity of saturated soils. The measurements are
conducted for probes of a known length. The wave velocity
along the transmission line can be calculated using simple
travel time analysis. With the known L of the transmission
line themean capacitance along the probe is calculated for the
three calibration media with the equation

vi ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

L � Ci em;i
� �q ð2Þ

Figure 2. Equivalent circuit of an infinitesimal section of
a transverse electromagnetic (TEM) transmission line. V(x)
and I(x) are the voltage and the current at the beginning and
the end of the line.

Figure 3. Series resistance and inductance of the flat ribbon
cable for symmetric excitation.

Figure 4. Capacitance model of the flat ribbon cable.
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for i = a, b and c. On the basis of equation (1) and the three
capacitances (Ca,Cb andCc) for the known calibration media
the parameters (C1, C2 and C3) can be calculated for the
capacitance model. Figure 5 shows a comparison of the
relationships between relative permittivity em and C from
experimental investigations and electric field calculation. The
corresponding parameters are summarized in Table 1. The
difference between the measured and numerically calculated
parameters can be attributed to uncertainties concerning the
thickness of the insulation, which is a very sensitive param-
eter, especially for high permittivities.
[13] The dielectric losses in the polyethylene insulation

are small compared to losses caused by soil conductivity and
can therefore be neglected [Huebner et al., 2005]. Only soil
remains as a source of electrical losses. It can be shown that
the equivalent circuit parameters C and G may have a dis-
persive behavior, although the electrical properties of the em
and conductivity sm of the soil are assumed to be frequency
independent. This can be attributed to the Maxwell-Wagner
effects [Nyfors and Vainikainen, 1989]. Figure 6 shows the
frequency dependence of C and G of the flat ribbon cable for
em = 1 and sm = 0.1, 0.01, and 0.001 S/m. At low conductiv-
ities (sm < 0.001 S/m) the dispersion of C and G can be
neglected for the dominant frequency range of the TDR sig-
nals used for reconstruction (f > 10 MHz). The equivalent
circuit model is valid for common properties of soils. Only for
high conductive conditions (e.g., for saline pore water) does
the model need further refinement.
2.1.3. Sensitivity of the Flat Ribbon Cable
and Soil Sensor Interaction
[14] The consideration of an idealized equivalent circuit,

which is a simplification frequently utilized in TDR applica-
tions, does not consider losses due to the skin effect or
radiation from the sensor and includes the assumption of
a homogeneous sensitivity distribution along the sensor

[Heimovaara et al., 2004; Huebner and Kupfer, 2007]. On
the basis of this model, the sensitivity of a sensor can be
defined by two main sensor properties which result from the
interaction with the surrounding soil. The first one is related
to the sensor specific calibration and corresponds to the
changes of the capacitance depending on the soil permittivity.
The second property concerns the spatial distribution of the
electromagnetic field defining the sensitive area around the
sensor.
[15] The sensor specific calibration, defined by the rela-

tionship between the real permittivity of the soil em and the
measured capacitance C (Figure 5), is the result of the design
of the sensor including the geometry and the materials used.
In Figure 5 the linear evolution of the relationship between
permittivity and capacitance is additionally presented for the
hypothetical case of a given design of the flat ribbon cable
without insulation. In this case C2 and C3 vanish in the
capacitance model and C1 is only dependent on the geometry
of the sensor. The differences between measurement and
calculation are attributed to the uncertainty in measuring the
thickness of the insulation, which is a very sensitive param-
eter, especially at high permittivities. As can be seen in the
graph, the flat ribbon cable shows a satisfactory sensor
sensitivity within the range of permittivities related to the
water content measurements in soils (em = 5 for dry soils and
up to 30 for saturated soils).
[16] The sensitive area around the sensor is strongly

dependent on the contact conditions between the sensor
and the surrounding material. For this reason the sensitivity
of a flat ribbon cable was investigated with 3-D electromag-
netic finite element modeling (Ansoft-HFSS, high-frequency
structure simulator) taking the frequency-dependent complex
dielectric permittivity into consideration [Wagner et al.,
2007a]. Figure 7 shows an example of the numerically cal-
culated result of a flat ribbon cable surrounded by air, moist
clay and quartz powder as well as natural water. On the top
left side of the graph the electric field distribution is given as a
3-D view, and on the top right the cross-sectional distribu-
tions for the electric field (above) as well as for the magnetic
field (below) are shown. Moreover, longitudinal sections
of the cable sensor stimulated with different frequencies are
given.
[17] As can be seen in the 2-D and 3-D graphs, the

electromagnetic field is concentrated around the conductors

Figure 5. Relation between permittivity and capacitance
for the lossless case and symmetric excitation of the cable
(Figure 1).

Table 1. Parameters of the Capacitance Model of the Flat Ribbon

Cable

Circuit Element C1 (pF/m) C2 (pF/m) C3 (pF/m)

Measured 14.8 323 3.4
Calculated 13.7 303 4.0

Figure 6. Capacitance C and conductance G of the flat
ribbon cable embedded in a material with real permittivity
em = 1 and conductivities of sm = 0.1, 0.01, and 0.001 S/m.
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and defines a sensitive area of 1 cm up to 2 cm on both sides
of the sensor cable (Figure 7). However, qualitatively the
numerical calculation has shown that the sensitivity character-
istic of the flat ribbon cable changes along the sensor depend-
ing on the dielectric relaxation behavior of the surrounding
material. For highly electrically lossy material, an increase in
the TDR risetime as well as a strong absorption of multiple
reflections could be observed for increasing volumetric water
contents. This finally leads to a frequency-dependent decrease
of the spatial resolution and the penetration depth of the elec-
tric field (sensitivity region around the sensor) along the flat
ribbon cable on the one hand and on the other hand to a
limited maximum length of the sensor available for moisture
measurements.
[18] One main conclusion of this investigation is that

coupling problems caused by air or water gaps lead to

dramatic travel time distortion even for very small gaps. An
air-filled gap with a thickness of 0.25 mm on both sides of a
flat ribbon cable already leads to the drastic underestimation
of the water content by approximately 36%. In contrast, a
drastic overestimation occurs in the case of a water-filled gap
for the same gap size. Therefore, careful installation of the
probes and effective probe-soil coupling are essential for the
quantitative determination of the in situ water content. The
influence of structural changes on the determination of the
permittivity was investigated by Rothe et al. [1997].

2.2. Spatial TDR Measurement Procedure
for Two-Ended Measurements

[19] The setup procedure for two-ended spatial TDR
measurements using flat ribbon cables as transmission lines
is shown in Figure 8. The differences between this setup and

Figure 7. (a) Electric and magnetic field distribution of a flat ribbon cable section surrounded by air at a
frequency of 1 GHz. Electric field distribution (steady state standing wave) (b) of a 30 cm flat ribbon
cable exited from port 1 with different frequencies surrounded by air, moist clay, quartz powder, and
natural water (for details, see Wagner et al. [2007a]) for a longitudinal horizontal section and (c) for a
longitudinal vertical section of the simulated structure. The appropriate gravimetric water content w, bulk
density r, and wavelength l of the surrounding material is indicated.
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the setup for conventional TDR measurements mainly con-
cern (1) the electrical boundary conditions at the end of the
transmission line and (2) the use of multiplexers for auto-
mated measurements. A TDR device, which consists of a
pulse generator and an oscilloscope (i.e., Tektronix cable
tester 1502B/C or Campbell Scientific TDR100), emits a fast
risetime (about 200 ps) voltage step via a bus-controlled
multiplexer into a coaxial cable, which acts as an input lead
within the active circuit (black line with arrows). The multi-
plexers are based on a modular design, which also permits
large installations at a very low cost. At the transition
between the coaxial cable and the flat ribbon cable part of
the pulse is reflected because of impedance mismatch. The
remaining pulse travels along the flat ribbon cable until it
reaches the transition to the second coaxial cable at the oppo-
site end of the flat ribbon cable (Figure 8). At the transition
to the flat ribbon cable the inactive circuit (gray line) acts as a
50W boundary condition leading to a further impedance mis-
match in the TDR measurement. In highly conductive soils
the impedance mismatch may vanish in such a configuration.
[20] The second TDR measurement is conducted from the

opposite end of the flat ribbon cable via the second coaxial
cable connected with the TDR device via a separate multi-
plexer channel. The TDR device records the sum of the inci-

dent signal and the reflected signal (step response), also called
the TDR trace, fromwhich the travel time and the mean wave
velocity in the sensor line section can be determined. Al-
though the measurements are conducted from opposite ends
of the flat ribbon cable, the mean velocity of both measure-
ments must be equal. This acts as a first indication of the
quality of the TDR measurement. An example of an actual
two-ended measurement along a flat ribbon cable (without
the waveforms along the coaxial cables) is given in Figure 9.
As can be seen from the graph, although the information
content of both TDR traces is the same, the temporal evo-
lution differs significantly. In particular the time, when the
transition from the dry to the wet zone (curve for end 1) or
from the wet to the dry zone (curve for end 2) is reached,
differs because of the dependence of the velocity on the
permittivity of the soil. It is obvious that simple signal anal-
ysis cannot provide a spatial analysis of the TDR traces. For
this purpose sophisticated inverse strategies are required.

2.3. Soil-Specific Calibration

[21] The relationship between volumetric water content
and dielectric permittivity is affected by various factors such
as measurement frequency, temperature, mineralogical com-
position, structure, texture, bulk density and chemical com-
position of the pore fluid [Shen et al., 1987; Ishida et al.,
2000; Boyarskii et al., 2002; Gutina et al., 2003; Hilhorst
et al., 2001; Topp et al., 1980; Logsdon, 2005]. Therefore, the
objective of numerous experimental, numerical and theoret-
ical investigations is the development of general calibration
rules for a broad range of soil textures and structures [Wang
and Schmugge, 1980; Topp et al., 1980; Roth et al., 1990,
1992; Jacobsen and Schjønning, 1993; Friedman, 1998].
These models are mostly based on the assumption that there
is a constant dielectric permittivity in a frequency range
around 1 GHz as a function of the volumetric water content
[Sihvola, 2000; Behari, 2005; Regalado, 2006].
[22] However, the frequency dependence in the dielectric

relaxation behavior below 1 GHz due to a certain amount of
clay minerals in soil is not adequately taken into consider-
ation [Heimovaara et al., 2004,Logsdon, 2005;Wagneret al.,
2007a]. In clay-water systems multiple relaxation processes
may occur but these are complicated and poorly understood
[Ishida et al., 2003; Logsdon, 2005; Wagner et al., 2007a,

Figure 8. Basic TDR setup and signals. Oscilloscope and
pulse generator are usually integrated in a single TDR device.

Figure 9. Measurements on a flat ribbon cable (half of the cable is located in saturated soil): (a) reflection
data from the top (labeled 1) V1

(m)(x, t) and from the bottom (labeled 2) V2
(m)(x, t) of a flat ribbon cable,

(b) spatial distribution of the capacitance, (c) distribution of the real permittivity, and (d) distribution of the
volumetric water content. The increase at the top is caused by a vegetated topsoil layer. The decrease below
is an artifact of the inverse modeling and is influenced by the steepness of the input signal.
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2007b, 2007c; Asano et al., 2007]. The levee model soil is a
well-graded clay free sand. In order to analyze the frequency
dependence, the complex dielectric permittivity of the levee
soil was examined in a frequency range from 100 MHz to
1 GHz at room temperature and under atmospheric pressure
with a dielectric measurement setup according to Huebner
[1999]. Selected measurement results are shown as a function
of the frequency in Figure 10. As expected, losses and
dispersion of the levee soil are very weak. Furthermore, the
critical frequency fC of the soil is expected to be below1MHz.
Here, fC defines the boundary between quasi–steady state
phenomena and wave phenomena, at which the ratio of the
absolute value of conduction current density and displace-
ment current density equals 1 (for details, see Katsube and
Collet [1974],Kirsch [2006], andWagner et al. [2007b]). For
these reasons, it is justified to assume that effective dielectric
permittivity is constant in the TDR-frequency range and the
material calibration with gravimetric sampling is performed
at a measurement frequency of 1 GHz. The experimental
results of the calibration experiment are given in Figure 11
(black dots).
[23] The complex relative permittivity ~em at a frequency of

1 GHz of all the investigated samples was analyzed with a
simple three phase mixing model according to Lichtenecker
and Rother [1931]:

~em ¼ q � ~eaw þ 1� nð Þeas þ n� qð Þeaa
� �1=a ð3Þ

with volumetric water content q, porosity n, permittivity of
air es = 1 of solid mineral grains es = 4.5, the temperature-
dependent complex relative dielectric permittivity of free
pore water ~ew according to Kaatze [2005] and Buchner et al.
[1999] and a so-called structure parameter a. In previous
broadband investigations of a silty clay loam from a levee
along the river Unstrut/Germany it has been shown that
structure parameter a and direct current pore water conduc-
tivity sw depend on the volumetric water content and the
porosity [Wagner et al., 2007b, 2007c]. The approach of
Wagner et al. is applied to the material from the levee model
instead of empirical calibration functions frequently used in
soil science (Figure 11). The determination of the volumet-
ric water content from the spatial TDR measurements on the
levee model is achieved with this relationship.

2.4. Reconstruction Algorithm

2.4.1. Basic Consideration
[24] The travel time of a reflected electromagnetic signal

includes the information of the mean dielectric properties
around the probe. However, the full reflectogram contains far
more information. The section between the first and second
main reflections from the beginning and the end of the probe
is a finger print of the dielectric profile along the waveguide,
which is dominated by the water content (Figure 9). In order
to reconstruct a water content profile from TDR measure-
ments, a procedure has been developed consisting of three
steps. This procedure is described in detail by Schlaeger
[2005]. In the first step the spatially distributed transmission
line parameters C(x) and G(x) are reconstructed with two
independent measurements from both ends of the flat ribbon
cable. If only one TDRmeasurement is available, we assume
G(x) to be constant or related to C(x). This relationshipG(x) =
f(C(x)) has to be determined experimentally and can be
used directly in the reconstruction algorithm [Hakansson,
1997; Becker, 2004]. In the second step C(x) is transformed
to em(x), e.g., for the flat ribbon cable with the help of equation
(1). In the third step em(x) is converted into a water content
profile either by standard transformations [Topp et al., 1980] or

Figure 10. (left) Real part e0m of the complex effective relative dielectric permittivity ~em = e0m � je00m and
(right) real part s0m of the complex effective electrical conductivity ~sm = jw~em = s0m + js00m as a function of
frequency f of the levee model sand for selected volumetric water contents.

Figure 11. Complex relative effective dielectric permittiv-
ity ~em = e0m � je00m at a measurement frequency of 1 GHz as a
function of volumetric water content (T = 22�C).
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by material specific calibration functions (see Figure 11).
The first step is a key component for the reconstruction
procedure and will be discussed below in the procedure for
two-ended TDR measurements. Detailed information about
the reconstruction algorithm can be found in Schlaeger
[2002, 2005].
2.4.2. Procedure for Two-Ended Measurements
[25] Figure 12 shows a schematic setup for receiving

reflection data from both ends of the unknown material.
The telegraph equation (4) describes the variation of voltage
V(x, t) and current I(x, t) due to an incident voltage step along
the transmission line. C(x) and G(x) are influenced by q(x)
along the waveguide. L is a function of the transmission line
only and is assumed to be constant and known for coaxial and
flat ribbon cable. Any resistance along the waveguide has
been neglected. All parameters are given per unit of length.

@

@x
V x; tð Þ ¼ �L

@

@t
I x; tð Þ

@

@x
I x; tð Þ ¼ �G xð ÞV x; tð Þ � C xð Þ @

@t
V x; tð Þ

ð4Þ

In order to reconstruct C(x) and G(x) simultaneously, two
independent TDR measurements V1

(m)(x, t) and V2
(m)(x, t) are

needed. To solve this inverse problem, the forward problem
with full wave solution V1

(s)(x, t) and V2
(s)(x, t) is calculated

for given distributions for C(x) and G(x). The simulated
TDR reflectograms Vi

(s) for both ends are compared between
the first main reflection at t = 0 and the second main reflec-
tion at t = T to the measurements Vi

(m) using the objective
function (5):

J C;Gð Þ ¼
X2
i¼1

ZT

0

V
sð Þ

i xi; t;C;Gð Þ � V
mð Þ

i xi; tð Þ
h i2

dt ð5Þ

The conjugate gradient method is used to minimize the
objective function (5) with the inversion parameters C(x) and
G(x). The gradient of this objective function can be calculated
directly by means of the corresponding adjoint partial differ-
ential equation of equations (4) [Schlaeger, 2005]. The
conjugate gradient is necessary to determine the improved
distributions of C(x) and G(x), which are used for the next
iteration step. This procedure is repeated until the objective
function is minimized. The direct calculation of the gradients
is one reason for the fast iterative search. However, during the
optimization process it is necessary to calculate the solution
of the forward problem for many different distributions of
C(x) and G(x). Therefore it is also important to use an algo-

rithm for the solution of partial differential equations that is
computationally efficient to guarantee fast convergence. For
example, the reconstruction of the water content distribution
for a 2 m flat ribbon cable with a discretization of 2 mm
requires approximately 90 min for 20 iteration steps on a
3.8 GHz computer and 2 GB RAM.
2.4.3. Reconstruction Example for an Artificial,
Lossy Material
[26] The result of a numerical simulation is used for

the verification of the reconstruction algorithm. In this way
uncertainties, which are unavoidable during sampling in
actual experiments, can be neglected. The transmission line
with C(x) and G(x) is now considered as shown in Figure 13.
[27] The TDR reflections from the left and the right of

the transmission line in Figure 13 are shown on the left of
Figures 14a and 14b. For the opposite end of the transmission
line an open circuit is used for each simulation, which results
in a total reflection occurring at about 22 ns. In this example,
the variation of the capacitance can be roughly estimated
from the amplitude variations in the TDR trace. High am-
plitude means low capacitance and vice versa. Since two
independent TDR traces are available, only measurements
between first and second main reflections are necessary
to reconstruct C(x) and G(x) [He et al., 1994; Rahman and
Marklein, 2005].
[28] As can be seen on the TDR traces, losses reduce signal

energy and decrease the amplitude of the signal. The pro-
nounced downward slope of the signal prevents an estimation
of the capacitance profile by simple analysis of the amplitude
variation. In a lossy case the reconstruction algorithm
requires reflection data from both ends of the transmission
line to achieve reasonable accuracy. The results shown on the
right of Figure 14 approximate the true profiles for C(x) and
G(x) to a satisfactory degree (see Figures 14c and 14d). Addi-
tional examples are given by Schlaeger [2005] and Huebner
et al. [2005].

3. Examples of Measurements Taken
on a Full-Scale Levee Model

3.1. Levee Model and Instrumentation

[29] The levee model is located at the Federal Waterways
and Research Institute in Karlsruhe (see Figure 15a). It is
constructed homogeneously with uniform sand (grain size
0.2–2 mm) with a pore volume of	37% and is situated on a
base consisting of a waterproof plastic sheet, so that water
infiltrating into the levee body flows to a drain at the toe of the
land-side slope (Figure 15c). The slope inclinations are 1:2.0
on the water side and 1:2.25 on the land side. Both slopes
of the levee are covered with an approximately 20 cm thick
topsoil layer. The discharge of the water collected in the drain
is recorded in a monitoring and data collection container.

Figure 12. The nonuniform flat ribbon cable, situated be-
tween x1 and x2, is connected to two lossless uniform coaxial
cables with matched impedances Zi at their end points.

Figure 13. Sectionwise constant distribution of C(x) and
G(x) for an artificial, lossy material.
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[30] In order to assess the pore water pressures within
the levee body, the model is equipped with piezometer
gauges which are also distributed along the base of the levee
(Figure 15c). Twelve flat ribbon cables from1m to 3m in length
were installed vertically inside the levee body (Figure 15b).
For this purpose, boreholes were sunk into the levee body
down to the base and the cables were placed into the holes
along one wall of the borehole. The coaxial cable, which
was connected with the flat ribbon cable via an epoxy filled
plastic box, was placed on the opposite side of the hole to

prevent any disturbances to the sensitive area. The holes were
filled up with more or less the same density as before using
borrow material. This procedure was possible since the levee
is constructed homogeneously with well-graded sand.
[31] Via a multiplexer the flat ribbon cables are connected

with coaxial cables on both sides to a TDR device (Tektronix
cable tester) located in a box on the crest of the levee. A con-
ventional PC situated at the toe of the land-side slope auto-
matically controls data collection and operation of the TDR
device andmultiplexer using a program created by the authors.

Figure 14. (left) TDR reflections measured from the (a) left and (b) right. (right) Reconstruction of (c) C(x)
and (d) G(x) from two-ended data.

Figure 15. (a) Full-scale levee model (water side on the left) at the Federal Waterways and Research
Institute in Karlsruhe, (b) positions and lengths of the flat ribbon cables in the cross section of the levee,
and (c) positions of piezometer gauges.
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With this system the data acquisition time for the whole cross
section lasts only 5 min.

3.2. Measurement Examples

3.2.1. Overview
[32] Different experimental investigations were carried out

on the levee model. Several flood simulation tests were
conducted under different initial hydraulic conditions which
were left unaltered or were artificially changed using sprin-
kler irrigation or by conducting a small precursory flood
situation. Furthermore, long-term observations were made in
order to investigate meteorologically influenced water bal-
ance processes. The access tube probe TRIME-T3 [Laurent
et al., 2005] from IMKO was used as the only comparison
method for the spatial TDR system. With this probe it is
possible to take manual water content measurements in
plastic tubes. Six tubes are installed in one levee cross section
near the cross section with the flat ribbon cables. The mea-
surement results from flood simulation and sprinkler irriga-
tion tests are presented in the following. The focus here lies
on the spatial TDRmeasurements and the main findings from
these results. Finally, two examples of water content mea-
surements with different previous meteorological histories
are presented.
3.2.2. Flood Simulation Test
[33] In December 2000 a flood simulation test was carried

out with a natural water content distribution as the initial
hydraulic condition. The transient evolution of the seepage
water through the levee body can be observed by the water
content distributions shown in Figures 16a–16c. The mea-
sured phreatic surface and the location of the transition of the
water contents from the wet to the dry zone correspond very
well. On the basis of this comparison an accuracy of the spa-
tial resolution of ±3 cm can be derived. It is also possible to
recognize the capillary border above the phreatic surface. The
water contents measured during the stationary condition
(Figures 16c and 16d) both with the flat ribbon cables and
with the access tube probe from IMKO correspond well.
In this regard, with both systems different values of water
contents were recorded underneath the phreatic surface. The
pore volume of the sand in the levee is about 37% which is
equivalent to the volumetric water content at full saturation.
The water contents below the phreatic surface measured
with both systems are between 30 and 35% indicating a
fairly high residual amount of air remaining in the pores. It is
known that the amount of residual air in almost saturated
conditions depends on the hydraulic conditions, which have
led to the saturation, and can reach values of up to 20% of the
pore volume [Fredlund and Rahardjo, 1993]. This qualita-
tive empirical correlation verifies the observations made with
these measurement systems.
3.2.3. Infiltration of Water Due to Precipitation
[34] An extreme precipitation event for Karlsruhe expected

to occur once in every 100 years was simulated using sprinkler
irrigation equipment. The irrigation was performed in three
phases of 9 h each over a time period of 57 h. Figures 17a–
17c show distributions of the volumetric water content during
the irrigation test. The first phase started at midnight on
29 May 2002; the corresponding initial condition for the test
is shown in Figure 17a. After 9 h of irrigation the measured
water content distribution in Figure 17b showed a moisture
front, which had infiltrated the levee body up to a depth of

approximately 0.75 m. The irrigation phases were repeated at
the same times during the following two nights.
[35] After the last irrigation phase (9:00 A.M. on 31 May

2002) the saturation distribution of Figure 17c was measured.
It can be seen that despite the high quantity of irrigated water,
no homogeneously distributed saturation was reached. In
fact, the larger part of the water was stored near the surface in
the slopes of the levee. Compared to the water content
distribution of Figure 17c the water did not percolate much
deeper into the levee body than a maximum depth of about
2 m. The consequence of the lateral water flow is an area in
the middle of the cross section which remains nearly un-
changed (Figure 17d). The explanation for this observation is
that in themore saturated areas near the slope surface the sand
has a higher hydraulic conductivity due to the higher water
content, so that water can flow laterally to the waterproof
sealing at the base of the levee, which is equivalent to a
capillary barrier effect. Similar observations in comparatively
homogeneous soils are reported byMcCord et al. [1991]. The
investigations on the levee model have also given indications
of the occurrence of fingering during the sprinkler irriga-
tion test [Scheuermann, 2005; Scheuermann and Bieberstein,
2007].
3.2.4. Long-Term Observations
[36] Since the beginning of 2000 water content changes

have been observed continuously on the levee model. Apart
from isolated sprinkler irrigation during the summer time to
water the grass cover and a few flood simulation tests, the
water content changes are mainly influenced by precipita-
tion and evapotranspiration. Because of its construction it is
possible to use the levee model as a lysimeter to investigate
the meteorologically influenced water balance processes.
Figure 18 shows examples of water content distribution in
the levee model resulting from previous meteorological
effects characterized by precipitation events. In addition the
discharge through the levee is shown in the graphs. As can be
seen, the water content distributions show distinctive differ-
ences not only concerning the mean volumetric water contents
(given in the graphs), but also concerning the distribution of
the water inside the levee body. In particular, it should be
pointed out that after the precipitation period in March 2001
(see Figure 18 (left)) the water content primarily increased
up to a certain depth as already shown for the precipitation
experiment. The observations on the levee model have now
already covered a time span of 7 years.

4. Discussion and Conclusion

[37] Spatial time domain reflectometry is a useful method
for determining soil moisture profiles along buried transmis-
sion lines. A new sensor has been developed, which can be
used in lengths up to several meters and which is less affected
by the electrical conductivity of the surrounding soil than
uncoated probes. The maximal length depends strongly on
the surrounding material. In lossless sand a length of 5 m
is realistic whereas lossy soil only allows a sensor length
of about 3 m. A new reconstruction algorithm allows the
calculation of moisture distributions from two-ended TDR
measurements on the basis of transmission line models and
soil specific calibrations.
[38] The use of spatial TDR in combination with flat

ribbon cables as probes on the levee model has proven the
feasibility of this method. It was possible to achieve a data
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acquisition time of about 5 min for measuring the complete
cross section with the available measuring devices in the
levee model. Because of this data acquisition, a quantitative
monitoring of time transient water transport processes was
achieved for the first time with this spatial resolution. The
comparison of the results with the independent measure-
ments of the phreatic surface measured with the pressure
gauges at the base and the water contents recorded with the
access tube probe have shown that (1) a spatial resolution of
about 3 cm could be reached and (2) a quantification of the
water contents was possible with an average deviation of
about ±2 vol %.

[39] Although the quality of the results is very satisfactory,
it should be pointed out here that they cannot be easily
transferred to other materials or even other applications for
the following reasons. (1) The subsequent instrumentation of
the levee model with flat ribbon cables using simple boreholes
was only possible, since the levee was constructed homoge-
neously with well-graded sand without any structures within
the levee body. (2) The dielectric property of the sand shows
no frequency-dependent behavior, which means that the
influence of the length of the flat ribbon cables on the
resulting permittivity is negligible. Thus it can be concluded,
that the good quality of the measurements taken from the

Figure 16. Measurements of the water content distribution inside the levee model during a flood simu-
lation test: (a–c) transient development of the seepage measured with the flat ribbon cables and (d) water
content distribution during the stationary seepage condition measured with the access tube probe from
IMKO in comparison to Figure 16c. The vertical orientation of the dots represents the positions of the
individual flat ribbon cables. The rhombuses show the hydraulic headmeasured by the pore water gauges in
the base of the levee (Figure 15c) representing the approximate position of the phreatic line inside the levee
body. The water level in the basin is measured independently.
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levee model is based, to a certain extent, on the advantageous
conditions mentioned.
[40] The spatial TDR method, consisting of the hardware

TDR device and multiplexer, the calibration procedures for
probes and for the soil and, as an essential part of the method,
the reconstruction algorithm, has also been used in other
applications especially for levees in the laboratory and in situ.
In these applications, the necessity of improvements has
become clear, and these are now partly under development
or still remain to be carried out.
[41] 1. For the subsequent instrumentation of earth

structures with flat ribbon cables, an installation method is
necessary to permit soil to be preferably measured in an
unchanged condition. For this purpose a method is under
development using plastic tubes on which the flat ribbon

cable is fixed. The tubes are placed in boreholes and filled
with epoxy foam to press the sensor against the borehole
[Scheuermann et al., 2007]. The biggest problem at present is
the prevention of a gap between sensor and soil. A similar
method has been developed by Dahan [2005] for the mea-
surement of mean water contents.
[42] 2. The three-dimensional numeric electromagnetic

finite element simulation provides an informative basis for
the sensor characteristics taking the frequency dependence of
the measured complex dielectric permittivity into consider-
ation [Wagner et al., 2007a]. It has been shown that an air or
water gap between sensor and soil already leads to dramatic
under or overestimation of the water content with a mere
gap thickness of 0.25 mm on both sides of the cable sensor.
Therefore, the application of the flat ribbon cable as a

Figure 17. Distribution of saturation during an irrigation test (148 mm in 57 h) on the levee model (a) at
the beginning of the irrigation test, (b) at the end of the first irrigation phase 9 h after the beginning of
the experiment, and (c) at the end of the experiment and (d) the difference in the saturation between
Figures 17a and 17c (area with changes >5% shaded).
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moisture sensor requires an accurate installation technique of
cable-like elements (especially for long sensors).
[43] 3. In order to take measurements in electrical lossy

materials it is necessary to improve the probe to permit the
localization of the ends of the probes, if a coaxial cable is
connected at the distal end and dispersion is too high. The
frequently used analysis method with tangents could fail
under these conditions. For this purpose switches have been
developed permitting a change in the electrical boundary at
the ends of the probes. This technical advancement has led to
an improved identification of the probe ends in the TDR trace
using simple signal analysis methods [Scheuermann et al.,
2005]. Comparative investigations need to be performed to
validate the resulting travel times.
[44] 4. Though the reconstruction algorithm considers con-

ductivity in inversemodeling, dispersion has still been neglected
so far. This should be included in future improvements.
[45] 5. The frequency-dependent relaxation behavior of

soils should be used on the basis of sophisticated calibration
procedures for the soil properties, in order to investigate the
influence of the probe lengths on the quantification of the
resulting water contents.
[46] The technical devices necessary for achieving TDR

measurements, especially for monitoring purposes in the
field, need to be improved. This includes the TDR device,
which is still too expensive to allow large-scale applications,
the multiplexers, which also have to work under extreme
conditions (temperature, humidity), as well as controlling and
data collection (PC suitable for field applications) and the
current supply.
[47] Although open questions remain and improvements

are still necessary, the examples given have proven the
capability of the method. The future aim is to broaden
the application area of the method which goes along with the
improvements of the method outlined before. As the constel-
lation of the group of authors shows, this is a task which
requires an interdisciplinary approach.
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