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DESIGN AND FIELD TESTS OF  
AN ACCESS-TUBE SOIL WATER SENSOR 

J. J. Casanova,  S. R. Evett,  R. C. Schwartz 

ABSTRACT. Accurate soil profile water content monitoring at multiple depths has heretofore been possible only using the 
neutron probe (NP) but with great effort and at infrequent time intervals. Despite the existence of several frequency 
domain electromagnetic (EM) sensor systems for profile water content measurements, accuracy and spatial representa-
tiveness has been precluded by fundamental problems related to soil conductivity and structure effects on the volume 
explored by the EM field of these sensors, which causes nonrealistic spatial variation in reported profile water contents. 
Time domain reflectometry (TDR) methods have the distinct advantage of employing a moving EM field that must pass 
through and be affected by both the drier and wetter soil structures in which the TDR electrodes are embedded. This 
article describes a profiling water content system based on TDR. The design, laboratory calibration, and field testing is 
detailed. The sensor system provides unattended, real-time, data acquisition. And, it can be installed without disturbing 
the soil around the access tube on the outside of which the TDR electrodes are embedded. The correlation coefficient 
between neutron probe and TDR measured soil water content was 0.94 with a slope of 1.40 and an intercept of -0.08 m3  
m-3. Bias between TDR and NP readings (TDR-NP) was positive at all depths below 10 cm, ranging from 0.021 and  
0.096 m3 m-3. Uncertainty in data of ~0.012 m3 m-3 for soil water, and uncertainty in bulk electrical conductivity of  
0.030 S m-1 (both partly due to unreliable mechanical electrical connections) shows that improvements must be made 
before such a system is acceptable for widespread use. 
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oil water content is an important metric for 
managing timing and amounts of irrigation 
(Merriam, 1966; Evett et al., 2009). Due to the 
large rooting depth of some crops, measurements 

of the soil water profile down to >2 m are necessary in 
some cases to accurately capture the root zone soil water 
dynamics, particularly for soil water balance studies of crop 
water use. Passive or active microwave remote sensing are 
capable of sensing soil water, but only to depths of 
approximately 5cm (Jackson and Schmugge, 1989). 
Neutron probes are accurate and can be used to appropriate 
depths, but are impractical for frequent measurements (less 
than a few days) and come with regulatory burdens for the 
radiation source. Capacitance probes are inaccurate due to 
heterogeneity in soil electrical conductivity and structure 
(Mazahrih et al., 2008; Evett and Steiner, 1995, Evett et al., 
2009). Corrections for soil temperature (Schwank and 

Green, 2007), bulk electrical conductivity and frequency 
(Kelleners et al., 2005; Robinson et al., 2005), and bound 
water (Schwartz et al., 2009) effects on dielectric sensor 
readings may help, but the measurement support volume 
and vertical discontinuity remain problematic. Time-
domain reflectometry (TDR) uses the travel time (tt) of an 
electric pulse sent down a waveguide surrounded by the 
medium to be measured (Topp et al., 1980). The travel time 
is related to the soil complex dielectric permittivity and is 
affected by pulse bandwidth, soil bulk electrical 
conductivity (αa), temperature effects on bound water and 
αa, and soil water content effects on αa. For TDR, these 
complicated interferences can be accounted for successfully 
in calibrations based on TDR measurements of αa and 
effective pulse frequency (Evett et al., 2005) or more 
completely by also accounting for bound water and 
temperature effects on it (Schwartz et al., 2009). However, 
conventional TDR probes are not easily installable to the 
depths required. This article seeks to describe and test an 
access-tube TDR design, which can allow continuous 
measurement at great depth with relative ease of 
installation and with minimal soil disturbance compared to 
conventional TDR installation techniques.  

The design is that of a cylindrical access tube with 
surface-mounted electrodes, a waveguide-on-access-tube 
(WOAT), a cross section of which is shown in figure 1. 
Previous work on this design investigated the electromag-
netic theory of the WOAT design (Casanova et al., 2011) 
and tested laboratory prototypes to determine the effects of 
variations in geometry and the properties of the soil 
(Casanova et al., 2012). Two main conclusions were 
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reached: 1) increasing the separation of the electrodes 
increased field penetration into the soil (greater sample 
volume); and 2) decreasing the electrode separation 
increased sensitivity to αa. Additionally, the response of tt to 
volumetric soil water content (θ, m3 m-3) was found to be 
quadratic. The previous work established the properties and 
performance of individual probes of 20-cm lengths. This 
article describes the field installation, calibration, and field 
data collected from a 1.6-m long prototype (comprised of 
eight 20-cm sections) of a WOAT TDR system. 

DESIGN AND FIELD INSTALLATION 
The sensor is composed of two primary components and 

two pieces of electronics. The electronics consisted of a  
16 channel multiplexer connected to a TDR cable tester 
(model 1502B, Tektronix, Beaverton, Ore.) and an 
embedded computer for datalogging. Figure 2 shows a 
diagram of the experimental setup. The sensor components 
are first, the WOAT tube, and second, the electrical 
connection sleeves that fit inside the access tube. The 
access tube had a length of 1.7 m of 2.5-in. nominal 
schedule 40 rigid polyvinyl chloride (PVC). Six 19.5-cm 
long, 4.76-mm wide, 3.18-mm deep grooves were milled, 
at 60° spacing on the exterior, every 20 cm along the length 
of the tube, starting 5 cm from the top. Electrodes made 
from 4.76-mm diameter, 19-cm long stainless steel rods 
were affixed in the grooves with a thin bead of silicone  
(fig. 3a). At the top of each groove, a 3.18-mm diameter 
hole was drilled, through which a stainless steel machine 
screw was inserted to form an electrical connection from 
the electrode to the interior of the tube (fig. 3b and 3c). 
Each 20-cm section contained six electrodes, which 
together formed a pair of trifilar probes. In total, there were 
eight sections, for 16 TDR probes. To connect the 
electrodes to the cable tester, electrical sleeves (fig. 2d) 

were constructed from 63.5-mm sections of 2-in. nominal 
schedule 80 rigid PVC. Grooves were milled in the exterior 
of the sleeves, which allowed them to mechanically couple 
with a bayonet-type action to the machine screws 
connected to the electrodes. Two meters of low loss LMR-
240 coaxial cable (Times Microwave Systems, Wallingford, 
Conn.) linked the electrical sleeve to the multiplexer, which 
was connected to the cable tester. This cabling was 
necessary but did contribute some signal attenuation. On 
the electrical sleeve end, the coaxial cable was connected to 
brass electrical contacts placed in the grooves in the PVC. 
The brass contacts completed the circuit when the sleeve 
was coupled to the machine screws. 

 
The sensor installation occurred in two steps. First, the 

access tube was placed in the soil. There was a beveled 
steel cutting edge on its bottom end. The tube was forced 
into the soil with a hydraulic ram (fig. 4a), in ~10-cm steps, 
as soil was manually augured from its interior (fig. 4b). The 
cutting edge cut a hole the same diameter as the access 
tube. This technique forced solid contact between the 
electrodes and soil while minimizing soil disturbance. 
Radial bulging of the tube on installation is minimal 
because the schedule 40 PVC is quite rigid. The lack of 
axial bulging has been verified in previous studies using 
thinner-walled plastic access tubes installed in the same 
manner as in this study. In those studies, destructive soil 
sampling and excavation of the access tubes after 
installation showed tight fit between the access tubes and 
soil (1.5-mm wall thickness polycarbonate tubing for the 
Trime system, 2.5-mm wall thickness rigid PVC tubing for 
the EnviroSCAN and Diviner 2000 systems, and schedule 
40 PVC tubing for the Sentry 200AP system; Evett and 
Steiner, 1995; Mazahrih et al., 2008; Evett et al., 2009). 
After the tube was fully installed in the soil, a plug was 
placed in the bottom of the tube to seal it against water. 
Then, the electrical contacts on the sleeves were lubricated 

Figure 1. Cross-section of waveguide-on-access-tube design. OD is
outside diameter, 73.03 mm; ID is inside diameter, 58.18 mm; φ is 
electrode spacing angle, 60°. 

 

 
Figure 2. Diagram of experimental setup. 
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with electrically conductive grease, and the sleeves, 
connected to the coaxial cables, were lowered into the 
access tube and mechanically locked into the machine 
screws. After all the sleeves were in place, the cables were 
connected to the multiplexer, housed in a sealed enclosure 
atop the access tube, which was connected to the cable 
tester, in turn connected to the datalogging computer, which 
controlled the system using the TACQ software (Evett, 
2000). 

TESTING 
Tests of the WOAT design consisted of two phases: 

laboratory tests on the full probe in air and deionized water, 
and laboratory sensor calibration of a 20-cm section of the 
same construction as the full probe; and in-situ data 
acquisition and validation of the full probe. Waveforms 
were acquired using a Tektronix 1502B cable tester and a 

microcomputer running the TACQ software (Evett, 2000). 
Waveforms were acquired using a time window of  
251 points in 6 ns. The tests are described in detail in the 
following sections. 

LAB TESTS 
After the probe was constructed, waveforms were 

acquired in air and deionized water to establish the basic 
functionality of the probe, primarily the efficacy of the 
electrical connections and effect on waveform quality. 
Example wave forms are shown in figure 5.  

A prototype identical to one 20-cm section of the field 
probe was constructed and used to determine a calibration 
curve and probe constant. Since the probe measures a 
dielectric which is a mix of the soil, PVC, and air 
components, we opted to determine a calibration curve 
relating the measured θ to the measured tt. This curve was 

  

  
Figure 3. Probe construction: (a) milled grooves and electrodes; (b) and (c) machine screw connections to electrodes (wire ties are removed prior 
to installation); (d) electrical connection sleeve. 

   
Figure 4. Sensor installation: (a) hydraulic ram; (b) auguring; (c) halfway installed. 
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established by means of creating mixtures of soil (Pullman 
Ap clay loam) at particular levels of θ, from air dry to fully 
saturated, following the methods of Casanova et al. (2012), 
and taking TDR measurements in each, using several 
different electrical connection sleeves. Figure 6 shows the 
experimental setup for determining the calibration curves. 
The electrical connection sleeves allowed the co-variability 
of θ and tt to be determined. The probe constant related the 
long-time reflection coefficient of the TDR waveform to 
the electrical conductivity of the medium, using the method 
of Lin et al. (2008). This was determined by waveform 
acquisition in KCl solutions of known conductivity, and 
under open and short circuit conditions, again using 
different electrical connection sleeves to establish the 
uncertainty in the probe constant. 

FIELD TESTS 
Once the full probe was installed in the field, data were 

acquired on hourly intervals for each of the 16 channels. 
For comparison, water content data were taken twice a 
week in the form of neutron probe (NP) readings in 
adjacent tubes at 20-cm vertical depth increments 
beginning with a reading with the probe centered at the  
10-cm depth. The NP tube nearest the TDR access tube was 
about 50 cm away, with the second spaced about 1.5 m 
from the first and the third spaced 1.5 m from the second. 
While there may be spatial variability in θ, this may be 
quantified by the standard deviation of the NP readings by 
depth. A depth control stand (Evett et al., 2003) was used in 
both NP calibration and field readings to ensure accuracy of 
probe depth and reliably accurate readings at the shallow 
10-cm depth. The NP was previously field calibrated to 
0.01 m3 m-3 accuracy using methods of Evett (2008). These 
readings were time- and depth-matched to the TDR 
readings and compared through bias, root mean square 

error, and correlation coefficient. The field plot was flooded 
and allowed to dry down twice to evaluate sensor 
performance over a wide range in θ. 

RESULTS 
CALIBRATION 

The θ(tt) relationship was found to be quadratic, as in 
previous work (Casanova et al., 2012). Figure 7 shows the 
data from the laboratory tests, as well as the fitted quadratic 
curve. The curve fit to the lab data, which included the 
electrical connection sleeves, is the one used for 
interpreting the field data. The fitted calibration curve for 
this sensor in clay loam resulted in greater tt values for 
given θ compared with the previously determined curve for 
the calibration of the same soil (Casanova et al., 2012) 
using cables directly soldered to the probes, shown strictly 
for comparison. This difference is likely due to (i) an 
additional electronic length associated with the connection 
sleeves and (ii) high frequency filtering incurred by the 
electrical connection sleeves that increased the loss tangent 
(through greater bulk EC losses at a lower effective signal 
bandwidth) and consequently measurable pulse delay (e.g., 
Schwartz et al., 2009). Error bars for the lab test values of tt 
were calculated as the standard deviation of the readings 
using the four electrical connections and were as high as 
0.18 ns, corresponding to an uncertainty in θ of 
approximately 0.012 m3m-3; and the error bars on θ were 
calculated as the standard deviation of θ as measured by 
gravimetric samples. These uncertainties likely reflect the 
variations in achieving a suitable connection with the 
sleeves, and demonstrate the need for a direct connection of 
the electrodes to the TDR electronics in future design 
iterations. 

 
Figure 5. Typical waveforms from laboratory tests. 

 



28(4): 603-610   607 

 
 

The mean probe constant was 8.83 m-1, greater than the 
results presented for similar probes in Casanova et al. 
(2012). Higher probe constants indicate lower sensitivity to 
changes in conductivity. The standard deviation of the 
probe constants was 1.33 m-1, corresponding to an 
uncertainty in bulk electrical conductivity (BEC) of 0.030 S 
m-1. Since Lin’s method should correct for the effects of 
cable and connection losses, the high probe constant could 
be due to variability in the connections, which contributed 
to losses that were not removed by Lin’s method. The large 
variability in the probe constants seems to suggest this 
interpretation. Some variability may also be due to 
differences in the silicone used to attach the electrodes to 
the grooves. 

FIELD DATA 
Several problems were encountered during the installa-

tion and testing of the probe in the field. As the access tube 
was pushed into the soil, it bowed slightly. This resulted in 
a shallow longitudinal curvature, which forced the 
electrical connection sleeves to connect at off angles, 
preventing effective connections at some depths (table 1). 
Additionally, at the depth where both connections were 
made, invariably one probe reported longer tt values than 
the other by about 1 ns (greater than the variability 
established in laboratory measurements) and had poorer 
waveform quality due to the poor connection. At depths 
with two connections, the better quality one was used for 
analysis. Outliers were removed where the difference 
between the time series of tt and a 10-point moving average 
exceeded 0.2 ns. Finally, intermittent power outages from 
DOY 195-198 and lightning strikes on DOY 218 and 254 
caused gaps in the data. For the 150-cm depth, data are 
missing after DOY 220 since the connections at that depth 
became degraded, possibly due to water entering the access 
tube. We note that longitudinal bowing of the access tube 
can be practically eliminated through the use of a close-
fitting steel sleeve inside the access tube during installation 
(e.g., Laurent and Evett, 2008). We did not use a steel 
sleeve for the present study because the connecting screws 
protruded into the inside of the access tube (fig. 3), 
precluding the insertion of the steel sleeve during 
installation. 

Figure 8 shows the NP measured θ, the mean of readings 
at each tube with standard deviation as the error bars. The 
average standard deviations of the neutron probe 
measurements were 0.01, 0.01, 0.01, 0.01, 0.03, and  
0.02 m3 m-3 for the 10-, 30-, 50-, 110-, 130-, and 150-cm 
depths, respectively. These are reasonable values that agree 
with past measurements in this soil, including the increase 

 
Figure 6. Determining sensor calibration: (a) prototype; (b) soil
column; (c) connected to cable tester. 

Figure 7. Calibration data from lab tests and fitted quadratic curves.
Errors bars for the travel times (tt) from the lab tests were calculated
as the standard deviation of the readings using the four electrical
connections. The error bars on the water content (θ) were calculated 
as the standard deviation of θ as measured by gravimetric samples. 

Table 1. Working connections on installed field probe. 
Depth (middle of layer) Connections Made 

10 cm 2 
30 cm 1 
50 cm 2 
70 cm 0 
90 cm 0 
110 cm 2 
130 cm 2 
150 cm 2 
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in SD at depths below 110 cm where prairie dog burrows 
are common (Evett et al., 2009). Figure 9 shows the time 
series of θ measured by the WOAT system, using the 
calibration curve fitted to the data in figure 7, as well as the 
NP θ.  

Both methods capture the salient details of the temporal 
variation in θ; particularly rise in θ associated with the 
occurrence of deliberate flooding (DOY 216 and 228) and a 
thunderstorm on DOY 258. The correlation coefficient 
between NP and TDR measured θ was 0.94 with a slope of 
1.40 and an intercept of -0.08 m3 m-3. Noise in the TDR 
data was likely due to the mechanical connections of the 

probes to the coaxial cables, which may have experienced 
some vibration as wind pushed on the enclosure box 
housing the multiplexer.  

Generally, the TDR captured the vertical distribution of 
θ. Below the 0- to 20-cm soil depth increment, the TDR 
tended to overestimate θ. The NP and TDR θ can be 
compared numerically except for the 150-cm layer, where 
there were too few points for a meaningful comparison. For 
10- and 30-cm depths, the bias (TDR-NP) was -0.030 and 
0.021 m3 m-3, respectively, while the bias was 0.096, 0.050, 
and 0.056 m3 m-3 for the 50-, 110-, and 130-cm depths, 
respectively. Similarly, root mean squared difference 

 
Figure 8. Neutron probe measured water content on four sampling days. 

 
Figure 9. Time series of soil water contents for the TDR on access tube sensor with quadratic calibration (see fig. 7) and the mean of adjacent 
neutron probe (NP) water contents.  
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between NP and WOAT TDR was smaller in the top two 
layers (0.053 and 0.032 m3 m-3 for 10 and 30 cm) than in 
the lower layers (0.100, 0.065, and 0.060 m3 m-3 for 50, 
110, and 130 cm). There were multiple factors contributing 
to the bias. One was the use of a single calibration curve, 
developed for the 0- to 15-cm soil depth (Ap horizon), for 
the entire profile, whereas the clay content was 5% to 10% 
greater in the soil below 15 cm (Bt horizon). The Bt 
horizon of the Pullman soil has a greater clay content and 
an 18% greater colloid surface area, which results in high 
frequency filtering of the signal and greater travel time-
based permittivities compared with the Ap horizon 
(Schwartz et al., 2009). Using travel time-based calibration 
curves presented in Evett et al. (2005), one might expect a 
difference of 0.016 m3 m-3 caused by use of an Ap horizon 
calibration curve with travel time data from the Bt horizon, 
and using calibrations from Schwartz et al. (2009), the 
difference may be 0.035 m3 m-3. In addition, some bias can 
be attributed to high frequency filtering by the sleeved 
connections, as evidenced by the difference in the 
calibration curves shown in figure 7. The quality of 
connections made using the sleeves were noticeably 
variable and, in any case, much poorer at greater depths, 
and certainly worse than the connections made in the 
laboratory for the calibration. Dispersion of the broad band 
TDR signal was noticeably worse in the field than in the 
laboratory, which has been shown to increase travel times 
measured by TDR. The result of increased travel time is an 
increase in water content calculated from the calibration, 
which is congruent with the positive bias values found for 
all but the 10-cm depth. The comparison between TDR and 
NP at 10-cm depth has previously been shown to be 
problematic due to the averaging nature of the NP method, 
which typically includes a soil volume larger in vertical 
extent than 20 cm. 

The bulk electrical conductivity (BEC), calculated using 
the measured probe constant, is shown in figure 10. The 
values for some depths were slightly greater than 
previously reported for this soil (Evett et al., 2005; 

Schwartz et al., 2009). This can be attributed to increased 
impedance in the circuit due to the problems with the 
electrical connection sleeves; but it is also possible that the 
slightly greater BEC values were correct. Diurnal 
oscillations in BEC measured by the near-surface (10- and 
30-cm depth) probes can be attributed to known 
temperature effects on soil BEC. An apparent increase in 
BEC noise at 30 cm after DOY 228 might be due to a 
decrease in the connection quality following repairs after a 
lightning strike. 

Laboratory tests and field data, combined with neutron 
probe readings, revealed that due to the mechanical 
connections necessary to connect electrically to the probes 
at each depth, there was a decrease in accuracy of soil 
water content and electrical conductivity values relative to 
similar WOAT sensor designs presented in previous work 
(Casanova et al., 2011, 2012) for which direct soldered 
connections were made. 

CONCLUSIONS 
This article presented the design and testing of a 

cylindrical waveguide-on-access-tube TDR sensor for 
measurement of a soil water content and bulk electrical 
conductivity profile. Laboratory tests and field data, 
combined with neutron probe readings, revealed that the 
mechanical connections necessary to connect electrically to 
the probes at each depth induced inaccuracies in soil water 
content and electrical conductivity values relative to similar 
sensor designs that used more direct electrical connections 
as reported previously. However, these tests demonstrate 
that this type of TDR sensor is capable of responding to 
changes in water content and electrical conductivity over a 
useful depth of at least 1.6 m continuously over several 
months. The variable quality of the electrical connections 
and the associated losses demonstrated the need for a direct 
connection of the electrodes to the TDR electronics in 
future design iterations. Because these design improve-

 
Figure 10. Time series of soil BEC using laboratory calibrated probe constants. 
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ments are achievable using a miniaturized TDR circuit 
connected directly to each set of electrodes, the access-tube 
TDR design shows promise as an in-situ method for soil 
water determination. 
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