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Abstract

Soil strength as measured by cone penetrometers depends on several parameters, but it is mostly affected by the soil water
content () and bulk density (p). In order to better understand the effect of the water content and bulk density on soil strength
we developed a combined penetrometer—coiled TDR probe to determine simultaneously the depth distribution of penetration
resistance and water content in a soil profile. Field experiments carried out for a Yolo soil allowed the fitting of the effect of 0
and p using a combined power—exponential equation Using the combined cone penetrometer—TDR probe data, the fitted
equation may be used to estimate soil bulk density. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction Soil cone penetrometers are used to characterize
soil strength for assessment of soil trafficabillity, crop
Soil penetrability is a measure of the ease with growing ability, resistance to root penetration, seed-
which an object can be pushed or driven into the soil. ling emergency and soil compaction by machinery.
The resistance to penetration for the cone of a penet- Penetration resistance (PR) is influenced by soil and
rometer is related to the pressure required to form a probe characteristics. The soil-to-probe friction is
spherical cavity into the soil, large enough to accom- governed by probe factors such as cone angle, dia-
modate the cone of the penetrometer, and allowing for meter, roughness, and rate of penetration. Soil factors
the frictional resistance between the cone and its influencing PR are matric potential (or water content),
surrounding soil. If the soil-cone friction is known, bulk density, soil compressibility, soil strength para-
the point resistance of the cone may be computed from meters, soil structure and others (Bradford, 1986).
theoretical stress relations for the compression zone Although soil structure can be significant in specific
around the cone (Farrell and Graecen, 1966). conditions, in many situations it only plays a minor
role (Koolen and Kuipers, 1983).
" Corresponding author. Fax: +1-530-752-5262. Many studies have been conducted to understand
E-mail address: jwhopmans @ucdavis.edu (J.W. Hopmans). the influence of bulk density (p) and water content (6)

0167-1987/01/$ — see front matter () 2001 Elsevier Science B.V. All rights reserved.
PII: SO167-1987(01)00173-8




36 C.M.P. Vaz et al./Soil & Tillage Research 60 (2001) 35-42

on PR in the laboratory (Taylor and Gardner, 1963;
Mirreh and Ketcheson, 1972; Ayers and Perumpral,
1982; Ayers and Bowen, 1987; Ohu et al., 1988) and
field (Simmons and Cassel, 1989; Vazquez et al.,
1991; Busscher et al., 1997), from which both empiri-
cal and theoretical relationships were obtained. From
the many different models that have been introduced
to test these relationships (polynomial, exponential,
power and linear equations), Busscher et al. (1997)
suggested that either the power or exponential equa-
tions are the most adequate. Using dimensional ana-
lysis techniques, Upadhyaya et al. (1982) suggested a
power—exponential equation for prediction of the
PR as a function of p and 6 for a silt loam soil, but
also suggested additional experimental work for its
validation.

Many referenced studies lack accurate and repre-
sentative data, because PR is a highly variable soil
property, whereas it is usually determined from local
small-scale measurements. Hence, difficulties in relat-
ing PR with other soil parameters can be attributed
mostly to soil spatial variability, because available
measurement techniques prevent determination of the
different soil attributes (PR, 6, p, organic matter,
texture) at the same spatial location. To improve on
the measurement technique, a combined cone penet-
rometer—TDR moisture probe was developed by wrap-
ping two TDR wires around the penetrometer rod
(combined rod TDR) as a double helix, so that both
soil water content and PR can be measured simulta-
neously and at approximately the same location within
the soil profile (Vaz and Hopmans, 2001). The main
advantage of the coiled design is that relative long
travel times can be obtained, allowing accurate water
content measurements for small-sized TDR probes.
Although the results of the combined rod TDR were
promising, some of the less satisfying results were
caused by inadequate contact of the TDR coil with the
surrounding soil. Moreover, the coiled rod TDR
design of Vaz and Hopmans (2001) significantly
increased the wall friction between the TDR coil
surface around the rod and the soil, thereby likely
to decrease its sensitivity to soil resistance (Koolen
and Kuipers, 1983).

The objective of the present work is to determine
the influence of 0 and p on the PR for a Yolo silt clay
soil from field measurements using an improved
combined cone penetrometer—coiled TDR moisture

probe design that ensured adequate soil-TDR contact.
PR, 0 and p data were fitted to a combined power—
exponential calibration model, as proposed by
Upadhyaya et al. (1982), allowing prediction of soil
bulk density from the combined probe measurements.

2. Materials and methods
2.1. TDR theory

Time domain reflectometry (TDR) is a soil moisture
measurement technique (Topp et al., 1980) that is
based on the velocity measurement or travel time of
electromagnetic waves along a wave guide of known
length inserted into the soil. The measured travel time
is proportional to soil water content because of incre-
mental changes of the bulk soil dielectric constant, as
determined by the following expression:

I (1)

where T (s) is the travel time, L (cm) the length of the
wave guide into the soil, ¢ the dielectric constant of the
soil around the wave guide and ¢ (cm s~ ') the speed of
light.

Routinely, an experimental relation between a grav-
imetrically measured water content and the bulk soil
dielectric constant as measured with TDR is deter-
mined to yield a calibration curve that is valid for a
wide water content range. The calibration procedure
may use the polynomial fitting approach as suggested
by Topp et al. (1980) or apply physical based models
such as the mixing models of Dobson et al. (1985),
Dirksen and Dasberg (1993) and Dasberg and
Hopmans (1992).

2.2. Probe description

In the earlier coiled TDR probe design of Vaz and
Hopmans (2001), two parallel copper wires were
coiled around a PVC core along the penetrometer
steel rod, above the cone of the penetrometer (coiled
rod TDR). Although the coiled rod TDR was success-
fully tested and calibrated in the laboratory and field
(Vaz and Hopmans, 2001), additional field measure-
ments indicated that at high soil water content the
probe—soil contact was poor, thereby significantly
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affecting dielectric constant measurements. The
penetrometer used is an impact-loading or hammer
penetrometer, and was selected because of its simpli-
city and ease of construction. A detailed description
of the penetrometer used can be found in Vaz and
Hopmans (2001).

The presented probe design in this study uses two
parallel steel wires (conductor and ground) wrapped
around the insulation-covered cone of the penetrom-
eter (coiled cone TDR), thereby improving contact
between the TDR coil and the surrounding bulk soil.
A photo with a short description of the various
components of both the coiled cone TDR and coiled
rod TDR probe assembled with the penetrometer rod
is shown in Fig. 1a and b, respectively. In addition to
the position of the coiled TDR wires, the field-tested
coiled cone TDR probe in this study differs from the
coiled rod TDR (Vaz and Hopmans, 2001) in size,
diameter and length of the TDR wires. The coiled
cone TDR is made of two parallel steel wires, each

0.5 mm diameter and 15 cm long, coiled along a

‘Kevlar-Nylon (hard plastic material) cone, with a

2 mm separation between the wires as shown in
Fig. 2. The cone has a base diameter of 12.8 mm
and is 23.9 mm long, whereas the steel tip is bare
without nylon material. Cone size satisfies the
American Society of Agricultural Engineers
Standards (ASAE, 1994).

Wires are soldered with the conductor and ground
of a 50 Q coaxial cable internally to the penetrometer
steel tube (Fig. 2). The 2.5-m long coaxial cable is
guided through the penetrometer hollow-probing rod
and connected to a Tektronix 1502C cable tester for
bulk soil dielectric constant measurements. A laptop
computer was connected to the cable tester to deter-
mine the soil bulk dielectric constant. Water content
was estimated from the probe-specific calibration
procedure, as presented later, using the WinTDR98
software available at http://psb.usu.edu/wintdr98/
(Or et al., 1998).

Rod

Adesive (steel)

plastic scale

Ground wire

®)

Fig. 1. Photographs of (a) the coiled cone TDR and (b) the coiled rod TDR of Vaz and Hopmans (2001).
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Fig. 2. Schematic drawing of coiled cone TDR probe of the improved combined penetrometer—cone TDR probe design.

2.3. Field experiment

The experiments were conducted at the Campbell
Tract experimental field of the University of Califor-
nia, Davis, and consisted of a TDR probe calibration
experiment (Experiment 1) and a second experiment
to determine the influence of soil water content and
bulk density on PR as measured with the combined
cone penetrometer (Experiment 2). The soil was a
Yolo clay silt loam (Inoue et al., 1998).

The calibration experiments (Experiment 1) were
carried out in four adjacent plots (1.2 x 1.2m? each),
with different amount of water applied (0, 100, 150
and 300 1, respectively) to each plot, achieving a range
of depth distribution of water content between plots.
Probes were inserted by pushing the cone of the
penetrometer manually into the soil at 2.5-cm depth
increments from the soil surface to the 60-cm soil
depth. At each depth, three TDR measurements were
taken from which the average dielectric constant was
used for calibration. Immediately after the TDR mea-
surements, core samples were taken in all four cali-
bration plots at 5-cm depth increments to the 60-cm
soil depth using aluminum rings (4.8 cm diameter and
5.0 cm height) for independent determination of soil
bulk density and water content in the laboratory by
weighing and oven-drying. The calibration data
(dielectric constant versus water content) were
obtained by combining two successive 2.5-cm TDR
measurements to yield 5-cm depth-averaged bulk soil

dielectric values, corresponding with the 5-cm depth
intervals of gravimetric soil water content and density
values.

The calibration data were fitted to a third-order
polynomial equation that was used- as a calibration
curve. Once determined, the polynomial coefficients
were stored in the WinTDR98 software allowing
direct determination of water content for the second
field experiment (Experiment 2). Hence, Experiment 2
can be considered a validation of the calibration
curves obtained in Experiment 1. In addition to mea-
surements with the coiled cone TDR (Figs. 1a and 2),
additional data were acquired in the same calibration
plots using the coiled rod TDR (Fig. 1b), allowing
comparison of the calibration curves for both probe
types.

In the second field experiment (Experiment 2),
combined resistance-TDR measurements were car-
ried out in three additional plots (1.2 x 1.2m? each),
immediately adjacent to the calibration plots in the
same experimental field, using the coiled cone TDR

_ probe. Combined penetrometer—TDR measurements

were taken for two contrasting soil moisture regimes.
The dry treatment measurements were conducted at
the end of the summer season (after several months of
no rain), whereas in the wet treatment measurements
were taken after irrigation of the same plots using two
26-mm water applications. Soil PR was computed
from the depth of penetration of the cone penetrometer
after each impact (Vaz and Hopmans, 2001), based on
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energy conservation principles, yielding (Vaz and
Hopmans, 2001)

0.09135

X

PR = 0.40624 +

where PR (MPa) is the penetration resistance and x
(m) the penetration distance. The numerical values in
Eq. (2) vary with the mass of the hammer and penet-
rometer, cone geometry, and hammer drop height.
TDR measurements were carried out immediately
after recording the depth of penetration for each
impact. Depth distribution of volumetric water content
was determined from the calibration curve obtained in
the first calibration experiment. In addition, depth-
averaged bulk density values corresponding with the
measuring depths (each 5 cm from 0 to 60 cm depth),
were determined from the samples collected in the
calibration plots of Experiment 1. The corresponding
5-cm depth-averaged PR (MPa) and water content (0,
cm® cm ) measured at the three experimental plots of
Experiment 2 using the combined penetrometer—cone
TDR probe for the two water regimes and bulk density
(p. g cm ) data were fitted to the exponential—power
expression, proposed by Upadhyaya et al. (1982)

)Il
PR = a— e 3)
Ps
where p, denotes the soil particle density (assumed to
be 2.65gcm °), and a, n, and b are soil-specific
calibration parameters.

3. Results
3.1. Calibration (Experiment 1)

Fig. 3 presents the calibration data with the fitted
polynomial curves for both the coiled rod TDR and
cone TDR probes. Differences of dielectric constants
between two probes are mostly attributed to differ-
ences in probe geometry, probe—soil contact, soil
displacement and compaction during soil penetration.
As the data show, the coiled cone TDR was more
sensitive to water content than the coiled rod TDR
presented by Vaz and Hopmans (2001) for high water
content values, most likely so because of the improved
probe—soil contact of the coiled cone TDR. As pointed
out in Vaz and Hopmans (2001), air gaps are likely to
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Fig. 3. Calibration curves for the coiled cone (open circles) and
rod (solid dots) TDR of Experiment 1.

occur in some soil conditions for the coiled rod TDR,
thereby reducing the measured travel time and bulk
dielectric constant. In contrast the cone design ensures
excellent soil contact with the TDR probes during
probe insertion.

As one would expect, the bulk dielectric constant, as
measured with the coiled TDR probes is much lower
than measured with a conventional TDR probe (Topp
et al., 1980), at equal bulk soil water content values.
For most conventional TDR probes, the soil comple-
tely surrounds the TDR rods, whereas the bulk dielec-
tric constant for the coiled TDR is reduced because of
the large contribution of the low dielectric of the
insulator material (PVC, nylon or epoxy resin)
between the coiled wires. Nevertheless, the sensitivity
of the coiled TDR is very good, especially for the
coiled cone TDR, because travel times measured for
the 15 cm long wires are sufficiently high. Data were
fitted to third-order polynomials (see Fig. 3 for regres-
sion coefficient values) that were subsequently used as
calibration curves in the WinTDRO98 software for
direct determination of soil water content.

3.2. Influence of soil water content and bulk density
on penetration resistance (Experiment 2)

Depth distribution of PR (a) and volumetric water
content (b) as determined from measurements with the
combined penetrometer—coiled cone TDR probe
(Fig. 1a) are presented in Fig. 4. Averages of the three
plots are presented as “‘dry”” (before irrigation) and
“wet”” (after irrigation). The lack of water content data
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Fig. 4. Average field-measured depth distribution of PR (a) and 0
(b) of the dry (solid line) and wet (dotted line) treatments, using the
combined penetrometer—coiled cone TDR probe.

in Fig. 4b for the wet treatment was caused by the soil
surface’s low resistance, resulting in a depth of pene-
tration (x) of about 18 cm after only the first hammer
drop. PR data clearly show a decrease of the PR after
irrigation as a result of the increasing water content
(Fig. 4b), with a maximum resistance at the 15-25 cm
soil depth for both the dry and wet treatments, likely
caused by an increased soil bulk density at that depth
interval. This soil density maximum at the 15-25 cm
soil depth was confirmed by independently collected
bulk soil density samples used for the calibration
curve of Experiment 1. These measured density data
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Fig. 5. In situ depth distribution of dry bulk density of the
calibration plots of Experiment 1. Bars indicate standard deviation
as calculated from four cores per sampling depth.

are presented in Fig. 5, with the bars designating the
standard deviation of four core samples for each depth,
as obtained from the calibration plot sampling.

Comparison of the coiled cone TDR with the rod
cone TDR (results not presented) showed that the PR
of the coiled rod TDR was much higher due to an
additional friction effect along the coiled rod TDR
wall during penetration (Vaz and Hopmans, 2001).
The increased wall friction of the rod TDR makes the
penetrometer less suitable as PR may be dominated by
friction effects, whereas the measurement objective is
to evaluate soil effects. Also, the coiled rod TDR water
content measurements (results not presented) were
more scattered, likely due to poor soil-TDR contact
at high water content values.

The combined penetrometer—cone TDR data for the
three plots are averaged and presented in Fig. 6 for
both the dry and wet soil treatments. PR is presented as
a function of 0, with different symbols indicating
ranges in magnitude of depth-averaged dry bulk soil
density (p). As expected, there is a tendency of PR to
increase as p increases at equal 0 values. Moreover,
the fitted curves demonstrate the intuitive-correct
results that (1) the bulk density effect on PR decreases
as the water content increases and (2) PR increases
exponentially with decreasing water content. Data for
the 0-5 and 5-10 cm were not included in Fig. 6,
because the PR of the tilled soil surface was too low,
irrespective of its water content. Using the model-
fitting software of Wraith and Or (1998), the PR, 0,
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Fig. 6. Functional relationship between PR and volumetric water
content (), for different dry bulk soil density (p) ranges for
Experiment 2. Symbols denote measured data, and solid lines
represent fitted curves using Eq. (3).

and p data in Fig. 6 were fitted to Eq. (3), yielding soil-
specific parameter values of a = 170.15, n = 3.22,
and b = 5.99, resulting in a R*-value of 0.72 and a root
mean squared error, RMSE, of 0.98 MPa. The fitted
curves are also presented in Fig. 6, using p-values of
1.25, 1.35, 1.45 and 1.55 gcm . We conclude that
Eq. (3) of Upadhyaya et al. (1982) described the
experimental data fairly well within the water content
range of 0.15-0.30 cm® cm . Scattering of data pre-
sented in Fig. 6 was caused by a combination of
factors such as the relatively narrow range of water
content; different sampling locations of combined
probe (Experiment 2) and gravimetric sampling
(Experiment 1), and the expected variation of PR
within each p-class since soil samples varied in bulk
density within each density class.

To demonstrate the sensitivity of Eq. (3) to soil bulk
density, we used the measured PR and 0 data of Fig. 6
to estimate the dry bulk density of the respective soil
layers of all three plots, using Eq. (3) with its fitted
parameter values. The resulting mean and standard
deviation of p are compared with the respective
measured values (from Experiment 1) in Fig. 7. Esti-
mated and measured soil density data from the soil
profile were very well correlated, with a correlation
coefficient of 0.98. However, verification of Eq. (3) to
estimate field soil bulk density in a large field experi-
ment is still needed.
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Fig. 7. Comparison of measured (horizontal axis, Experiment 1)
with predicted (vertical axis) dry bulk density values, using fitted
regression equation (3).

4. Conclusion

It has been shown that coiled wires can be combined
with the cone penetrometer so that both soil resistance
and corresponding soil water content can be measured
to assess the influence of soil density and water
content on soil resistance. The unique combined
penetrometer—TDR probe, with paired wires coiled
around the cone, allows for simultaneous measure-
ment of both soil resistance and water content, within
the same soil volume at the same spatial location,
thereby preventing complications that can arise
because of soil heterogeneity. We have demonstrated
that the TDR component of the combined probe is
sufficiently sensitive to water content changes, even
though the bulk dielectric value of the measured
domain is significant less than for bulk soil alone.
However, the size and geometry of the measured soil
domain still needs to be investigated, and will depend
on the exact configuration of the coiled wires within
the cone. Moreover, we have demonstrated the validity
of the exponential-power function to relate measured
PR (from penetrometer measurements) to dry soil bulk
density (independently measured) and water content
(as estimated from the combined cone penetrometer—
TDR probe measurements).

The increased sensitivity of the presented combined
probe, as compared with an earlier design was
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achieved by improved soil-TDR contact. Moreover,
the inclusion of the TDR within the cone decreased the
friction effect on the PR measurement. In an ongoing
project, the effectiveness of the presented design to
evaluate the influence of water content and soil density
on soil strength will be further investigated from high
spatial resolution field measurements.
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