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EXECUTIVE SUMMARY

Time domain reflectometry (TDR) measurements of soil moisture have been made at the
Minnesota Road Research Project (Mn/ROAD) site since 1993. There have always been
questions about the interpretation of the data due to (1) soil characteristics at the site (high clay
content and bulk density), (2) the unusual design of the waveguides used at the Mn/ROAD site,
and (3) long transmission lines used which are known to degrade TDR system performance. The
objectives of this study were to develop a procedure to recover moisture content data measured

in situ with TDR since 1993 at the Mn/ROAD site.

The relationship between TDR system response and soil water content was calibrated in the
laboratory using soil and TDR waveguides from the Mn/ROAD site. This relationship was
similar but calibration equation coefficients differed significantly from previously published
TDR calibration equations. We assume that this different calibration can be attributed to a
combination of factors including unusual waveguide design, high soil bulk density, and high soil
clay content. The influence of cable length and soil temperature were also characterized. Cable
lengths greater than 33 m caused errors in the TDR calibration relationship. In addition, soil
temperature had a small effect on TDR measurements. We developed correction equations to

correct TDR measurements of water content for long cable lengths and soil temperature.

Past TDR moisture measurements taken at the Mn/ROAD site must be interpreted using the
calibration equation and cable length/soil temperature corrections presented in this report.
Additionally, present and future interpretations of soil moisture using the existing TDR system at

the Mn/ROAD site must use these equations.

We recommend that future installations of TDR waveguides should minimize the cable distances
and utilize a more conventional waveguide design. In addition, we recommend that the
equations presented in this report be incorporated into the TDR data acquisition protocol for the

Mn/ROAD site.
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CHAPTER 1
INTRODUCTION

BACKGROUND

Time domain reflectometry (TDR) can measure the travel time of an electromagnetic pulse
propagating along a probe that is exposed to soil material. With an appropriate calibration the
travel time is then converted to moisture content. Two distinct features on the TDR trace are
used to compute the travel time; the point where the pulse enters the soil, and the point where the
pulse reaches the end of the probe and reflects back to the TDR instrument. The TDR pulse is
attenuated along its journey through transmission line, switches, and soil. Excessive attenuation
increases the rise time of the pulse and is discemible by a weak, rounded return pulse. Under
such lossy conditions, the TDR calibration determined under normal conditions, may not yield
the correct moisture content, even if a return pulse is detectable. This is probably because the
frequency distribution of the TDR pulse, under lossy conditions, is shifted towards lower
frequencies where the permittivity of the soil materials assumes a different value and becomes

frequency dependent.

TDR measurements have been made at the Minnesota Road Research Project (Mn/ROAD) site
since 1993, but there have always been questions about the interpretation of the data. There are

at least three reasons why a “universal” calibration such as the Topp equation (1) might not

apply:

1. The soil at the site. It has a high clay content, and it is packed to a higher bulk density

than ever occurs with typical agricultural soils.

2. The waveguides. The waveguides used at Mn/ROAD are of an unusual design that has

not been used anywhere else.




3. The long transmission lines. Some of the transmission lines used at Mn/ROAD are much
longer than those commonly employed by others, and it has been shown that this can

degrade TDR performance (2).

Data collected under such conditions may be recovered by developing a calibration in the
laboratory determined under conditions that simulate the attenuation found in the field. If
attenuation in the field was severe enough that no return pulse can be detected, the data are

permanently lost.

LITERATURE REVIEW

Cable length effects on TDR measurements have been the subject of much conjecture and
informal discussion, but little published research is available. Long cables, particularly when
combined with relatively short waveguides (<0.3 m) cause considerable error in waveform
analysis, primarily because the pulse width spreads and the reflections at the two ends of the
waveguide begin to overlap (2). Even with longer waveguides, where this does not occur, there
is the additional problem of the lossv of high frequency information and the corresponding
calibration shift. Campbell (3) showed the frequency dependence at low frequencies (1 to 50

MHz) of the dielectric permittivity of water.

‘ The only solution to these problems that has been developed to date is one of avoidance; i.e. -
either using short transmission lines (4) or incorporating pulse and pulse detection circuitry in the
head of each waveguide (5). These possibilities may figure in recommendations for future
Minnesota Department of Transportation (Mn/DOT) applications, but they do not help in

recovering useful information from the large backlog of data already collected with the existing

system.




This problem is probably best approached empirically, by conducting a laboratory calibration
using the actual equipment used at Mn/ROAD and soil from the site. The methods employed
have been successfully used for previous TDR calibrations (4) (6), and the analysis algorithm

that is employed (6) has been shown tb be superior to manual analysis methods (7).

OBJECTIVES AND SCOPE

The objectives of this study are to develop a procedure to recover moisture content data

measured in situ with TDR since 1993 at the Mn/ROAD site.
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CHAPTER 2
TDR DATA RECOVERY

OVERVIEW

We conducted a series of experiments to develop a calibration equation that best represents the
relation between travel time and moisture content for the system used at the Mn/ROAD site. We
used the same TDR probes and extension cable as those used at the Mn/ROAD site. The relation
between travel time and moisture content was established in soil sampled from the Mn/ROAD |
site (clay type) under the following conditions: 1) with and without a spacer on the waveguide,

2) different lengths of Belden 9914 transmission line, and 3) different temperatures.

RELATION BETWEEN TRAVEL TIME AND APPARENT LENGTH

Although TDR cable testers measure travel time, it is conventional to base soil moisture TDR
calibration equations using an apparent length as the independent variable. Travel time () in the

TDR waveguide and apparent length (L,) are proportionally related by:

where c is the speed of light, and Vp is the value set on the front panel of the cable tester for the

velocity of propagation.

Ledeiu et al. (8) found a linear relationship between travel time and soil moisture content. Their
equation is commonly rewritten in terms of apparent length relative to the physical length of the

waveguide rods exposed to soil:

0 =Ko+ Ky (Ly/L) [2.2]




where 0 is volumetric water content, L is the actual length of the waveguides in the soil, and Ky
and K are coefficients. The standard coefficient values provided by Ledeiu et al. (8) are

assumed to give reasonable results for most soils (Ko = -0.1758 and K7 = 0.1138).

MATERIALS AND METHODS

A Mn/DOT TDR waveguide was placed in a bucket and soil was packed around the waveguide.

Rods used on the waveguides provided had a 180 mm length, 6.35 mm diameter, and were
separated by 51 mm. A spacer on the ends of the waveguides was 6.5 mm thick. RG8 coaxial
cable attached to the head of the waveguide was 10.7 m in length. The head of a representative
waveguide was placed on the bottom of a plastic bucket (nominal dimensions: 23 cm diameter,
23 cm tall) so that the waveguides were oriented vertically in the center of the bucket (Fig. 2.1).

The coaxial cable was routed through a hole in the bottom side of the bucket and connected to a

.

_’/

D

(

r" - \ ﬂu = \
% % p To cable
“Q---: ...... » :- II’{II,,'/ teStel' ->

Figure 2.1.  Placement of Mn/DOT waveguide in plastic bucket used for calibration.




Tektronix model 1502B cable tester. Paraffin wax was poured around the head of the waveguide
up to the level of waveguide head thickness. The spacer was removed from the waveguide ends
to allow uniform soil packing and infiltration of water between the waveguides. Moist soil
(water content = 0.074 g/g) was packed in the bucket. The final bulk density was calculated to
be 1.73 Mg m-3.

Water was added incrementally to the soil. Uniform application of water was imposed by first
spraying the soil surface with a fine mist of water until ponding occurred and then pouring
additional water into the pond. After infiltration, a lid was placed on the bucket and
redistribution occurred for several days. At the end of redistribution, the bucket and soil were
weighed on a scale in order to calculate the new water content. We observed soil swelling as
water content increased. Soil height was monitored to determine the actual soil volume for each

addition of water. Changes in bulk density caused by water additions are given in Table 2.1.

Table 2.1. Soil bulk density and water content during the experiment.

Number of Water Additions e Bulk Density

m3 m-3 Mg m-3
0 0.120 1.73
1 0.185 1.71
2 0.246 1.69
3 0.290 1.68
4 0.329 1.66
5 0.356 1.65
6 0.385 1.64
7 0.391 1.63

L, was measured by acquiring a waveform from the cable tester using a serial interface with a

personal computer and then analyzing the waveform using the algorithm currently in use at




Mn/DOT. This was done to ensure compatibility between experimental results and archived
TDR measurements from the Mn/ROAD site.

The influence of cable length was investigated by measuring L, at the final bucket soil water
content but with the addition of the following lengths of RG8 (Belden 9914) coaxial cable: 10,
20, 30, 40, and 50 m. This experiment was repeated with the waveguide end spacer reinstalled to

measure the effect of spacer removal on the calibration.

Temperature effects on measured apparent length were assessed by placing the bucket from the
previous experiment in a series of four constant temperature environments (0.5, 8, 19, and 26 °C)
while keeping soil water content constant. Apparent length was measured three times at each

temperature.

RESULTS AND DISCUSSION

The relation between volumetric water content and relative apparent length (L,/L) was linear but
was significantly different from the Ledieu equation using the standard coefficients (Fig. 2.2).
Using the standard Ledieu equation with apparent length data measured on the Mn/DOT

waveguides would cause overprediction of volumetric water contents.

A general form of the Ledieu equation (Eq. [2.2]) was fit to the calibration data and yielded

0 =-0.2183 + 0.10365 (L /L) [2.3]

The predicted standard deviation for the intercept coefficient (K) was 0.0034, and that for the

slope coefficient (K;) was 0.00066. Both are two orders of magnitude smaller than the

coefficient values, indicating negligible random experimental error.
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Figure 2.2.  Calibration of volumetric water content versus relative apparent length for
the Mn/DOT waveguide without a spacer.




Increases in cable length (as measured by the TDR cable tester with Vp set to 0.99) caused
apparent length to increase (Fig. 2.3). Cable length was quantified using the cable tester rather
than actual cable length because actual cable length attached to a waveguide may not be known
or the record could be lost. Cable length measured by the cable tester (LTpg) is easy to establish

and record in the field.

Reinstalling the end spacer on the waveguide caused a decrease in apparent length (Fig. 2.3).
This is expected since the spacer contains no water and thus reduces the apparent dielectric
sensed by the TDR. Simultaneously, the spacer decreases the physical length of waveguide rods
exposed to soil. Therefore, a true evaluation of how the presence of the spacer affecté the
calibration equation (Eq. [2.3]) is to calculate relative apparent length (L,/L) with and without

the spacer and compare the two data sets.

Plotting relative apparent length versus Ltppg resulted in the data sets for with and without spacer
to exhibit the same pattern (Fig. 2.4). Differences between the two data sets were not
statistically significant. Therefore, the coefficients in Eq. [2.3] are valid for use on waveguides
regardless of the presence of the spacer. When a spacer is present, relative apparent length is
simply calculated from the apparent length divided by the actual length of waveguide rod

exposed to soil (total rod length minus spacer thickness).

The effects of cable length on measured relative apparent length appear to be minimal at short
cable lengths and Eq. [2.3] should be valid for LTpgr < 33.3 m. However, at lengths greater than
33.3 m, relative apparent length increases at a rate of 0.152 L,/L per meter of cable length (Fig.
2.4). Therefore, use of L,/L measured on waveguides attached to long cables cannot be used in
Eq. [2.3] without first adjusting for the cable length effect. We suggest adjusting relative
apparent length to a the value expected at short cable lengths by

10
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Figure 2.3.  Change in apparent length caused by cable length for Mn/DOT waveguide

with and without end spacer. Lpg is the length given by the TDR cable tester for the start
of the waveguide (V}, = 0.99).
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Figure 2.4.  Change in relative apparent length caused by cable length for Mn/DOT
waveguide with and without end spacer. Ltpr is the length given by the TDR cable tester
for the start of the waveguide (Vp = 0.99).
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(Lo/L)L =Ly/L - 0.152 (Lypg - 33.3) {given Lpg >33.3 m} [2.4]

where (L,/L); is the length-adjusted relative apparent length. A valid water content can be

calculated by using (L,/L); in Eq. [2.3].

Temperature effects on L,/L are displayed in Fig. 2.5. We observed a 0.0103 reduction in L,/L
as temperature decreased between 26 °C and 0.5 °C. Figs. 2.4 and 2.5 are displayed with the
same y-axis scaling to show that the magnitude of the temperature effect on L,/L is smaller than
the effect of cable length. Because diurnal and annual temperature changes are damped out with
depth, the extent to which soil temperature in the vicinity of Mn/DOT waveguides should be

accounted for in the calculating water content depends on depth.

Since calibrations were done at 26 °C, temperature effects on L,/L may be accounted for by
adjusting L,/L according to the temperature difference between 26 °C and the measurement

temperature (7):

(L/Lyy=L,/L+0.0103(26 - T) [2.5]
The temperature-adjusted relative apparent length, (L,/L)T, could be used in Eq. [2.4] and/or Eq.
[2.3]. The analysis above assumes that temperature effects are independent of cable length

effects on L,/L . It should also be noted that Eq. [2.5] is based on temperatures between 0.5 °C
and 26 °C.

13
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