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Simultaneous Measurement of Soil Penetration Resistance and Water Content
with a Combined Penetrometer–TDR Moisture Probe

Carlos Manoel Pedro Vaz and Jan W. Hopmans*

ABSTRACT and nutrient exploration have been obtained (Stelluti
et al., 1998), and cone penetrometers have been usedSoil mechanical impedance affects root growth and water flow,
extensively in soil science studies to identify naturaland controls nutrient and contaminant transport below the rooting
and induced compacted layers (Henderson, 1989) or tozone. Among the soil parameters affecting soil strength, soil water

content and bulk density are the most significant. However, field predict related soil properties (Ayers and Bowen, 1987).
water content changes both spatially and temporally, limiting the Among the soil parameters that affect PR, soil water
application of cone penetrometers as an indicator of soil strength. content and bulk density are the most significant (Vaz-
Considering the presence of large water content variations within a quez et al., 1991). For example, Stitt et al. (1982) con-
soil profile and across a field and the large influence of water content ducted a comprehensive study of factors affecting PR
on soil strength, there is need for a combined penetrometer–moisture in coarse-textured soils in the Atlantic Coastal Plain,
probe to provide simultaneous field water content and soil resistance

and used stepwise regression to relate mechanical im-measurements. Such a probe was developed, which uses the time
pedance to various measured soil properties. The high-domain reflectometry (TDR) technique to determine water content
est correlation coefficients were found for a regressionand its influence on soil penetration resistance. The coiled TDR mois-
model that included soil water content, soil particleture probe consists of two parallel copper wires, each 0.8 mm in
roughness and bulk soil density. Shaw et al. (1942) con-diameter and 30 cm long, coiled around a 5-cm-long polyvinyl chloride

(PVC) core with a 3-mm separation between wires. Calibration curves cluded that soil moisture is the dominant factor influenc-
relating the soil bulk dielectric constant measured by the coiled probe ing the force required to push a penetrometer into the
to water content were obtained in the laboratory for a Columbia soil, with PR increasing as the moisture content de-
fine sand loam (coarse-loamy, mixed, superactive, nonacid, thermic creased. In an experimental study by Henderson et al.
Oxyaquic Xerofluvent), a Yolo silt clay loam (fine-silty, mixed, non- (1988) it was found that PR was only slightly affected
acid, thermic Typic Xerorthent), and washed sand, and data were with a decrease of soil water content to ≈70% of field
analyzed based on a mixing model approach. Subsequently, field ex- capacity. However, the PR increased exponentially withperiments were conducted to measure simultaneously the penetration

a further reduction of the water content of the sandy soil.resistance (PR) and water content along a soil profile. Results showed
This study showed that PR increased with an increase ofa detailed water content profile with excellent correlation with the
bulk density across the whole measured water contentgravimetric method, whereas the depth distribution of PR was similar
range. However, because soil moisture varies both spa-to that of dry bulk density as determined from soil cores.
tially and temporally and is only one of the soil variables
related to PR, the utility of using PR to determine com-
paction effects is marginal. Moreover, interpretation ofSoil mechanical strength is an important soil param-
penetrometer data is difficult because water content oreter that affects root growth and water movement
density measurements can generally not be taken at theand controls nutrient and contaminant transport below
exact same spatial location as the penetration resis-the rooting zone. The most common way to assess soil
tance measurement.strength is by using a soil penetrometer, which charac-

Considering the strong dependence of PR on soilterizes the force needed to drive a cone of specific size
water content within a soil profile and across a field, itinto the soil (Bradford, 1986). The measured PR de-
would be beneficial if both soil water content and soilpends on such soil properties as bulk density, water
resistance could be measured simultaneously at thecontent and potential, texture, aggregation, cementa-
same location and depth with a single probe. Amongtion, and mineralogy.
available techniques for soil water content measure-Soil scientists have related changes in PR as caused
ments, TDR is the most attractive. Advantages of TDRby tillage, traffic, or soil genetic pans to root growth,
over other soil water content measurement techniquescrop yields, and soil physical properties. For example,
include (i) potential for variable measurement volumecorrelation between PR and crop root growth and water
size using different probe sizes and geometry, (ii) the
use of the same probe for both laboratory and field
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and multiplexing, and (v) that it does not pose a radia- was guided around a cylindrical PVC rod with four
straight ground wires along the PVC rod. Their TDRtion hazard.

Most commercial TDR equipment uses standard probe allowed a reduction in probe length of a factor
of five without a loss in sensitivity. To avoid short-waveguides or probes with a usual length of 15 to 30 cm.

The soil water content value is obtained from calibration circuiting, the conductor and ground wires were lacquer-
coated. In both designs, the increased conductor wirecurves using the travel time of an electromagnetic wave

along the waveguide to determine the bulk dielectric lengths ensured long enough travel times for accurate
water content measurements despite the smaller mea-constant of the soil (Topp et al., 1980). A minimum

probe length is controlled by the rise time of the electro- sured bulk soil volume. Both designs (serpentine and
coil) are innovative compared with the traditional two,magnetic square wave reflected at the beginning and

end of the TDR probe (Nissen et al., 1998). Petersen three, or four rod probes and bring many new TDR ap-
plications.at al. (1995) examined the importance of probe length

and diameter, distance between wave guides, and hori- The concept of a combined measurement of penetra-
tion resistance and water content was previously pre-zontal installation depth. They obtained excellent wave-

forms using a 5-cm probe in a coarse sandy soil with a sented (Ward, 1994; Young et al., 1998; Adams et al.,
water content of 0.21 cm3 cm23. Kelly et al. (1995) ob- 1998; Newman and Hummel, 1999; Vaz et al., 1999), but
tained an accuracy of 0.035 cm3 cm23 using TDR probes to date details regarding construction and calibration for
as short as 2.5 cm and a high-band width TDR system different soils has been limited. For that reason, the
of 20 MHz. Amato and Ritchie (1995) experimented objective of this work was to design, construct, and
with short probes ranging in length from 1 to 15 cm. evaluate a coiled TDR probe to be used in combination
They concluded that at water content values of 0.07 cm3 with a cone penetrometer to determine water content
cm23 with travel times larger than 100 ps, the error in and penetration resistance along a soil profile in a field
the water content was less than three volume percent. setting. After analysis of the testing in the laboratory,
However, for water content measurements in drier soils the combined penetrometer–TDR soil moisture probe
with shorter travel times, errors were larger than 4 to measurement results for the field are presented.
5%. Malicki et al. (1992) and Sri Ranjan and Domytrak
(1997) described successfully the use of TDR mini- MATERIALS AND METHODS
probes (5 cm long) for a clay loam soil.

Coiled and Conventional TDR Probe DesignSelker et al. (1993) introduced a serpentine type sur-
face probe (10 by 10 cm) by imbedding the conductor The presented coiled TDR probe combines the advantages
and ground wires of the TDR probe within an acrylic of both the coil (Nissen et al., 1998) and serpentine (Selker
plate, enabling miniaturization of TDR probes for high et al., 1993) designs, with the TDR integrated into the cone
spatial resolution measurements. For the coiled probe penetrometer. The basic configuration of this coiled probe

(Fig. 1a and 1b) consists of two parallel copper wires (grounddeveloped by Nissen et al. (1998) the conductor wire

Fig. 1. Detailed (A) diagram and (B) a cross section of the coiled time domain reflectometry (TDR) and (C) the conventional TDR probe.
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and conductor wire), each 0.8 mm in diameter and 30 cm long, analyzed. The trace (Fig. 3a and 3b) is a visualization of the
coiled around a 5-cm-long PVC core, with a 3-mm separation amplitude of a reflected pulsed electromagnetic wave as a
distance between the two wires. The coil is constructed at the function of propagation or travel time along the TDR probe.
bottom of the penetrometer rod, immediately above the cone The trace can be regarded as a signature of the physical status
of the penetrometer. A 2.5-m-long 50 V coaxial cable is passed of the soil, and it can be shown that knowledge of the travel
through the hollow steel shaft of the penetrometer probe time is sufficient to determine the bulk material dielectric
and connected to a cable tester (Tektronix 1502C, Tektronix, constant of the soil (Topp et al., 1980). Travel times and bulk
Beaverton, OR). Both copper wires were soldered to the cor- dielectric constant are determined by identification of the first
responding conductor and ground of the coaxial cable in two and second reflection at the beginning and end of both TDR
opposing 2-mm access holes, right above the coil, as shown probe types. The procedural steps used to identify these reflec-
in Fig. 1a. The spaces between the wires of the coil and the
two access holes were filled with an epoxy resin (2-Ton crystal
clear epoxy, Devcon, Riviera Beach, FL) and smoothed to
avoid the creation of air spaces between the wires during soil
insertion. However, probe–soil contact is also largely affected
by the probe operator as straight vertical insertion is required.
Figure 2 shows the details of the combined TDR–cone pene-
trometer probe. Cone and probing rod sizes satisfy the Ameri-
can Society of Agricultural Engineers Standards (American
Society of Agricultural Engineers, 1994).

A 5-cm-long conventional TDR probe (illustrated in Fig.
1c) was constructed to independently measure the bulk soil
dielectric constant of soil cores used in the calibration of the
coiled probe. The two parallel brass rods (2-mm diam. and
15 mm apart) were soldered directly to a 50 V coaxial cable
mounted in an epoxy resin base as shown in Fig. 1c.

Laboratory Calibration

The waveform or trace is transferred from the cable tester
to a personal computer through the RS232 serial port and

Fig. 3. Representative waveforms for the (a) coiled time domain re-
flectometry (TDR) and (b) conventional probe designs for the
three investigated soil materials at water contents values of 0.05

Fig. 2. Combined coiled time domain reflectometry (TDR)–cone pen- and 0.20 cm3 cm23. Vertical lines mark the first and second reflec-
tion points.etrometer probe.
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Table 1. Soil characteristics and a values for investigated soilstion points were (i) smoothing of the waveform using a moving
(n 5 0.494, w 5 0.655 and εprobe 5 2.703).average approach and (ii) computation of the first and second

time-derivatives of the smoothed waveform. Electric shorting Bulk density
Number ofof the probe at its beginning and end was used to confirm

Soil material samples Average SD* a (Eq. [2])correct identification of the beginning and end reflection
g cm23points of the TDR probes (Hook et al., 1992; Kelly et al., 1995;

Columbia 36 1.457 0.101 0.538Nissen et al., 1998). Since the dielectric constant measured by
Yolo 24 1.276 0.086 0.554the combined probe is a weighted average dielectric constant
Sand 29 1.456 0.038 0.320of the soil and the PVC and epoxy material between the

TDR wires, a conventional TDR probe with two parallel wave
to estimate the regression coefficients as was done in Toppguides of 5-cm length was used (Fig. 1c) to estimate the bulk
et al. (1980), and later for the field calibration results.soil dielectric constant of the investigated soil samples (εsoil).

Three different soil materials were used to test the coiledUsing the mixing model approach of Nissen et al. (1998), the
TDR probe in the laboratory. These soils were a Yolo siltdielectric constant measured by the coiled TDR probe (εcoil)
clay loam (Eching et al., 1994), a Columbia fine sandy loamcan be related to the soil dielectric constant as determined by
(Liu et al., 1998), and a washed sand (SRI supreme sand-the conventional probe (εsoil) 30, Silica Resources, Marysville, CA). Samples with different
water content values (range of 0.0–0.35 cm3 cm23) were ob-εcoil 5 [wεn

probe 1 (1 2 w)εn
soil]1/n [1]

tained after mixing a known amount of water to a fixed amount
In Eq. [1], w is a weighting factor that partitions the mea- of dry soil. Wetted soils were packed in brass cores (8.25-

sured dielectric by the coiled TDR probe between contribu- cm-i.d., 9 cm high) at approximately constant dry bulk densi-
tions by the epoxy and PVC of the probe (εprobe) and the ties (Table 1) by packing a predetermined mass of dry soil
bulk soil (εsoil). An optimal design of the coiled probe would into the known core volume. Subsequently, samples were cov-
minimize the contribution of the probe to the dielectric mea- ered to prevent water loss by evaporation and put aside for
surement (or minimize the value of w), thereby maximizing at least 1 d to allow for water distribution before TDR mea-
the sensitivity of the coiled probe measurement to bulk soil surements were taken.
water content. The parameter n defines the probe’s geometry, Bulk soil dielectric constants were measured at three differ-
and εprobe is the dielectric constant of the PVC and epoxy ent locations in each soil core with both the coiled and the
material in which the wire coils are imbedded. The dielectric conventional TDR probe. The dielectric constant was first
constant of the soil (εsoil) as determined by the conventional measured with the conventional probe. Subsequently, the
two-rod probe is written in terms of the fractional bulk volume combined coiled TDR probe was inserted into the soil by
of each of the three soil phases (1 2 f, f 2 u, and u, for the manually pushing the penetrometer rod into the soil, suffi-
solid, gas, and water phase, respectively), according to Dobson ciently away from the holes created by the two-prong TDR
et al. (1985) probe. The TDR measurements were taken immediately after

probe insertion, while assuring that the core wall did not affect
εsoil 5 [(1 2 f)εa

s 1 (f 2 u)εa
a 1 uεa

w]1/a [2] travel times. Both probe types were inserted vertically and
measurement depth increments for both probes were identicalwhere f (cm3 cm23) and u (cm3 cm23) denote the soil porosity
(0–5 cm below the soil core surface). In order to ensure theand volumetric water content, respectively, and εs, εa, and εw
correct response of both probe types to changes in soil waterare the dielectric constant of the soil solid material, air, and
content, dielectric measurements were conducted in triplicatewater, respectively, with assumed values of εa 5 1.0; εw 5 80,
and subsequently averaged, and utmost care was taken toand εs 5 3.9 (Dasberg and Hopmans, 1992). The εs value
prevent air spaces between the TDR probes and the sur-varies slightly with mineralogical composition of the soil solid
rounding soil. After TDR readings were completed, soil sam-material (Yu et al., 1999). For instance, the dielectric constant
ples were weighed and oven-dried, from which gravimetricof quartz can vary between 3.75 and 4.1 (Lide, 1996), whereas
volumetric water content and bulk density values were ob-an Al silicate has a dielectric constant of 4.8 (Fink, 1978).
tained. In the calibration procedure, the average of three repli-Also, the presence of organic matter increases the dielectric
cate TDR measurements was used.constant of organic soils to values as high as 5.0. For the

Calibration curves of εsoil vs. ugravimetric were obtained withmineral soils studied here, an εs value of 3.9 appears to be a
the mixing model described by Eq. [1], [2], and [3] in twogood estimation for the investigated mineral soils. The expo-
steps using the fitting-model software (Wraith and Or, 1998).nent a depends on the geometry of the soil solid phase and
First, from TDR measurements of the conventional (εsoil) andthe soil’s orientation with respect to the applied electric field
the coiled (εcoil) probe for all three soils together and acrossand must be 21 , a , 11 (Roth et al., 1990).
the whole water content range, values for w, n, and εprobe wereAfter substitution of Eq. [2] into [1], the dielectric constant fitted to Eq. [1] using the fitting-model software. Subsequently,as measured with the coiled TDR probe (εcoil) can be written Eq. [2] was fitted for each soil type to estimate soil-specificas
a values using independent values for porosity (as estimated
from the soil core density) and volumetric water content valuesεcoil 5 {wεn

probe 1 (1 2 w)[(1 2 f)εa
s

for each soil core.
1 (f 2 u)εa

a 1 uεa
w]n/a}1/n [3] Fitted n, w, and εprobe and specific a values for Columbia

soil, Yolo soil, and sand were used in Eq. [3] to produce theThe presented mixing model approach is preferred to allow
soil-specific calibration curves using average values of bulkfor a meaningful physical interpretation of the calibration
density and porosity (considering a soil particle density ofresults (Roth et al., 1990), rather than the model fitting of
2.6 g cm23).an arbitrary empirical functional relationship. Moreover, the

application of Eq. [3] inherently corrects for the influence of Theory of Dynamic Penetrometer Resistancebulk soil density on the bulk soil dieletric constant. Alterna-
tively, one can simply use a polynomial to substitute for Eq. The cone penetrometer as used in this study (Fig. 2) is

classified as an impact-loading or hammer penetrometer,[3], writing εcoil as a function of water content, and fit the data
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yielding dynamic penetration characteristics (Bradford, 1986). since we neglect friction losses by the coiled TDR section of
the penetrometer. Hence, additional work will be needed toThis type of penetrometer was selected because of its simplic-

ity and ease of construction. Moreover, because soil penetra- quantify the friction effect on PR measurements with the
combined probe.tion occurs through several impacts, there is time to measure

the water content by the TDR between impacts (≈1 min).
During the impact-loading test of the cone penetrometer, Field Measurements

the energy stored in the weight at a known elevation is used
In addition to the laboratory tests, the coiled penetrometerto drive the penetrometer rod into the soil. The depth of

probe was tested for the Yolo soil at the Campbell Tractpenetration achieved by application of the constant amount
experimental field of the University of California at Davis.of energy is used as a measure of soil PR. The PR can be
The soil is a Yolo silty clay loam with an approximate claydetermined considering that the potential energy of the impact
content of 21%, with its texture approximately uniform withinbody is converted into work of cone penetration. The total
the top 60 cm. Measurements of PR and water content werepotential energy of the system after impact is equal to the

energy of the impact body at height h (m) plus the potential carried out to the 60-cm soil depth. After each impact, penetra-
energy of an additional penetration distance x (m). After con- tion depth and water content, as calculated by the WinTDR98
sideration of the loss of energy due to the impact and the software (Soil Physics Group, Utah State University, 1998)
inelastic collision of the weight with the stopper (Fig. 2), we were recorded. Time between impacts was ≈1 min. After com-
can write (Terzaghi and Peck, 1978; Stolf, 1991) pletion of the coil–penetrometer probe measurements, core

samples were taken in 5-cm increments from the soil surface
Fx 5 (Mgh)f 1 (M 1 m)gx [4] to the 60-cm depth using aluminum rings (5-cm diam. and

5-cm height) for subsequent bulk soil density and gravimetricwhere F (N) is the force of penetration, x (m) is the penetration
water content determinations in the laboratory. To improvedistance after one impact, M (kg) and m (kg) are the mass of
data interpretation, we will present the penetration resistancethe impact body and the cone penetrometer system, respec-
and the water content profile data combined in a single graph,tively, and g (m s22) is the gravitational constant. The left side
using depth-average values along 5-cm depth intervals.of Eq. [4] describes the penetration work due to a single

impact, whereas the terms on the right side account for the
energy available for penetration, a multiplication factor to RESULTS AND DISCUSSIONdescribe energy loss due to the impact, and the last term
describes the potential energy of the penetrometer system Laboratory Measurements
after the collision. The energy loss factor, f, is determined by

Figures 3a and 3b show the waveforms obtained withthe relation between the kinetic energy of the system immedi-
the coiled and the conventional TDR probe for all threeately before (Kb) and after (Ka) the collision (Eq. [5]) and can

be computed using the conservation of linear momentum Eq. soils as measured from soil cores with independently
[6] measured core-average volumetric water content values

of 0.05 and 0.20 cm3 cm23. Water contents were deter-
f 5

Ka

Kb

5 1M 1 m
M 21va

vb
2
2

[5] mined from the travel times of each electromagnetic
wave as calculated from the difference in travel time

Mvb 5 (M 1 m)va [6] between the first and second reflection. As expected,
this travel time is much higher for the coiled probe thanand yields
the conventional TDR probe (Table 2), since the coiled
wire is much longer than the straight wire of the conven-f 5

M
M 1 m

[7]
tional probe (30 vs. 5 cm). Therefore, as pointed out by
Nissen et al. (1998) and Selker et al. (1993), the sensitiv-

The PR is obtained from combination of Eq. [7] and [4], ity of the coiled TDR probe has increased. As wouldwhich yields after division of the penetration force, F, by the
be expected, the waveforms in Fig. 3 also demonstratebase area of the cone, A (m2),
that the bulk soil travel time increases as the soil water
content and bulk soil dielectric constant increase.PR 5 1Mgh

Ax 21 M
M 1 m2 1

(M 1 m)
A

g [8]
The experimental relation between the dielectric con-

stant measured by the coiled TDR probe (εcoil) and theThe characteristics of the penetrometer used in this study
conventional probe (εsoil), using the data of all three soils(Fig. 2) are M 5 4 kg, m 5 1.335 kg, h 5 0.4 m, A 5 1.287 3
is shown in Fig. 4. The apparent outliers for the sandy1024 m2, and f 5 0.75. Substituting these data in Eq. [8], we
material for εcoil values larger than 4.5 may be causedobtain the equation used to determine the PR (MPa) related
by inadequate probe–soil contact of the coiled probeto the penetration distance x (m).

Table 2. Travel times calculated from waveforms presented inPR 5 0.40624 1
0.09135

x
[9]

Fig. 3.

Travel timeStandard penetrometers have a rod diameter slightly
smaller than the cone base diameter, to avoid friction between u 5 0.05 cm3 cm23 u 5 0.20 cm3 cm23

the penetrometer rod and the soil material. However, the
Soil type Coiled Conventional Coiled Conventionalcombined penetrometer–moisture probe has a rod diameter

nsequal to the cone diameter, to avoid air gaps and to ensure
Columbia 3.34 0.59 4.16 1.01good contact between the coiled probe and soil. Therefore,
Yolo 3.42 0.63 4.29 1.01using Eq. [9] may overestimate penetration resistance, when
Sand 3.33 0.57 3.68 0.81compared with standard cone penetrometer measurements,
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Fig. 6. Calibration data for the coiled TDR probe using Eq. [3] forFig. 4. Relationship between dielectric constant as measured by the
all three soil types (from average values of bulk density and porositycoiled (εcoil) and conventional (εsoil) time domain reflectometry
in Table 1), using parameters n, w, εprobe fitted to Eq. [1] and soil(TDR) probes for investigated soils.
specific a values fitted to Eq. [2]. Fitted polynomial (u 5 20.2977 1
0.1443εcoil 2 0.00824ε2

coil; r 2 5 0.963) is used for field measurements.
for that soil. Using model-fitting software (Wraith and
Or, 1998), data were fitted to Eq. [1] yielding parameter sensitivity of the coiled TDR probe. The fitted εprobe
values of n 5 0.494, w 5 0.655, and εprobe 5 2.703. A w value of 2.703 is sufficiently close to handbook values
value of 0.655 indicates the large influence of the probe of PVC or epoxy of 3.3 and 3.6, respectively (Weast,
material on the dielectric measurement for the coiled 1982), thereby validating the parameter fitting approach
TDR probe. Possibly, the geometry of the coiled probe to some extend. For their specific TDR probe, Nissen
can be changed (wire thickness and spacing and epoxy et al. (1998) determined a w value of 0.52 and an n
thickness) to reduce this w value, thereby increasing the value of 20.13, and their fitted relationship is included

in Fig. 4 for comparative purposes. Differences in w and
n parameters are caused by specific probe characteris-
tics. As expected, there is a nonlinear relationship be-
tween the coiled and the conventional probe caused by
the constant contribution of the probe material (see Eq.
[1]) to the coiled probe (Nissen et al., 1998).

The parameter a was calculated by fitting Eq. [2] to
the experimental data obtained with the conventional
probe (Fig. 5) using the model-fitting software and core
specific values of porosity and water content. Fitted a
values obtained were 0.538, 0.554, and 0.320 for the
Columbia soil, the Yolo soil, and the sand, respectively
(Table 1). The a values found for the Columbia and
Yolo soil were relatively close to reported values of
about 0.5 for various soils (Dobson et al., 1995; Dasberg
and Hopmans, 1992; Roth et al., 1992; Panizovsky et
al., 1999). However, the low a value found for the sand
can be attributed to inadequate soil–probe contact of
the two-rod conventional probe as well, thereby causing
deviations from the generally accepted Topp equation
(Walley, 1993), which is also presented in Fig. 5.

Fig. 5. Calibration data for the conventional time domain reflectome- The calibration data of the coiled TDR probe for all
try (TDR) probe, using Eq. [2] for all three soil types (from average three soils are presented in Fig. 6. Calibration curvesvalues of bulk density and porosity in Table 1), and compared with

(lines in Fig. 6) for the coiled probe were obtainedTopp’s (1980) model. Range in water content is identical to that
in Fig. 4 and 6. substituting the fitted parameters n, w, and a (for each
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Fig. 7. Combined field measurement results of penetration resistance
Fig. 8. Independent values for dry soil bulk density and water content(PR) and water content (u) obtained with the combined coiled

for the Yolo soil in the field, determined from gravimetric measure-time domain reflectometry (TDR)–cone penetrometer probe for
ments of soil core samples collected at the same plot of the com-the Yolo soil.
bined penetrometer–coiled time domain reflectometry (TDR)
probe measurements.soil) in Eq. [3] and using average values of bulk density

and porosity (considering soil particle density equal 2.6 g
cm23) presented in Table 1. Alternatively, as indicated tomography, soil compaction caused by probe installa-
earlier, rather than using the physically based approach tion can increase the soil bulk dielectric constant, de-
presented, the data of Fig. 6 can be fitted directly to an pending on soil type, rod diameter, and soil water con-
empirical model, thereby circumventing the need for tent at the moment of probe installation. Although soil
bulk soil dielectric measurements by the conventional density changes by compaction appear significant only
two-prong TDR probe. The results in Fig. 5 and 6 show within a relatively small soil volume around the probe,
that the dielectric constant values for all soils are close it is expected that the travel time of the electromagnetic
in the water content range of 0.0 to 0.10 cm3 cm23 for wave will be affected, since measurement volumes of
both conventional and coiled probes. However, as the the TDR signal are small as well (Nissen et al., 1998).
water content further increases, the bulk dielectric con- Also, we conducted laboratory experiments to directly
stant of the sand is increasingly lower than for the other measure soil density changes in soil cores, from soil
two soils, despite its higher bulk density compared with sampling around the TDR probe. However, although
the Yolo soil. In a glance, quite the opposite would be soil compaction was observed, the large measurement
expected, since a larger soil density (Table 1) will in- error of soil density due to small sample volumes
crease the bulk dielectric constant (Dirksen and Das- deemed these results to be uncertain.
berg, 1993), whereas the presence of possible bound Hence, we postulate that differences in a values and
water in the finer-textured soil (Columbia and Yolo) calibration curves (Fig. 6) between soils are caused by
may decrease the bulk soil dielectric constant in those compaction (Columbia and Yolo) and displacement
soils (Dasberg and Hopmans, 1992). (sand) of soil material in the immediate vicinity of the

There are two aspects for consideration to better un- TDR probe during probe insertion. Possible compaction
derstand the calibration results of both probes (Fig. 5 of the Columbia and Yolo soil near the probe will cause
and 6). The first aspect is the displacement of the sandy an increment in the soil bulk dielectric as measured by
soil material around the probe during probe insertion. TDR, whereas displacement of the sandy material by
It was visually observed that the sandy material was the probe creates air spaces between the TDR probe
displaced at the soil sample surface. The soil displace- and surrounding soil, thereby decreasing the soil bulk
ment created air spaces between the probe and the sur- dielectric constant (Ferre et al., 1996).
rounding sand material, thereby resulting in low dielec-
tric values (Knight et al., 1997) for both probes (Fig. 5 Field Measurementsand 6), relative to the other two soil types. Displacement
of the sand was more apparent for the coiled than the Volumetric water content and PR measurements with

the combined probe were conducted in a bare fieldconventional TDR probe. The second aspect to be con-
sidered is the apparent soil compaction in the radial research plot with the Yolo soil. Using the combined

penetrometer–TDR coiled probe (Fig. 2) in the fielddirection by probe insertion for the Columbia and Yolo
soil. The compaction probably caused a slight increase required fast data acquisition and processing in order

to accurately measure the water content and the pene-in soil bulk density and water content in the immediate
vicinity of the TDR probes. Compaction is expected to tration resistance simultaneously. For that reason we

used the WinTDR software for water content determi-be more significant for the coiled probe because of its
larger volume. According to Roth et al. (1997), who nation. However, the software could not include the

mixing model as the calibration curve. Instead, we usedquantified the compaction effect using x-ray computed
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that the laboratory calibration can be used satisfactorily
for the field measurements.

CONCLUSIONS
According to the results presented, we conclude that

the combined coiled TDR–cone penetrometer probe
provides accurate water content and soil penetration
resistance measurements. The laboratory calibration
was successfully used for field measurements in the same
soil. The relation between the dielectric constant mea-
sured by the coiled TDR probe and bulk soil water
content was described well by a dielectric mixing model
including dielectric values of the TDR probe material
and the bulk soil. Further investigations are needed to
better understand the effect of compaction of the cone
penetrometer probe on the TDR measurement and the
contribution of friction to the penetrometer resistance
measurements.

Although it is shown that the concept of the combined
penetrometer–coiled TDR probe is valid, it is recom-
mended that alternative TDR designs are considered
to increase TDR probe sensitivity to bulk soil water
content, while simultaneously conducting additional
tests to better define the size of the measurement vol-

Fig. 9. Correlation between water content measured by the coiled ume of the coiled TDR probe. Moreover, additional
time domain reflectometry (TDR) probe (εcoil) and gravimetric data field testing may be needed to determine whether soil-from collected soil cores for the Yolo field soil.

specific calibration is needed or that a single calibration
may be used for a range of field soils. Finally, we con-

a second-order polynomial equation (u 5 20.2977 1 clude that the combined penetrometer–TDR moisture
0.1443εcoil 2 0.00824ε2

coil; r 2 5 0.963) to fit the field cali- probe can be an excellent tool to investigate the water
bration data of the Yolo soil (see also Fig. 6). content dependence of soil resistance in field soils.

Figure 7 shows the results of the field measurements
using the combined probe, including both the water
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