AcousTic CoMPACTION LAYER DETECTION
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ABSTRACT. The ASAE standardized tool to detect the depth and strength of compaction layers in the field is the cone
penetrometer. Snce this method is point-to-point, researchers have experimented with on-the-fly alternatives that can be used
as, or in combination with, a standard tillage tool. On-the-fly compaction layer sensing also enables adaptive tillage, where
the soil isonly tilled as deep as necessary, which can lead to significant energy savings and erosion reduction. WWedged tips,
strain gauges mounted on a deflecting tine, air bubbles pushed into the soil, as well as ground-penetrating radar have been
tested for this purpose. In this research, passive acoustics was used to detect the compaction layer by recording the sound
of a cone being drawn through the soil. The premise was that a more compacted layer should cause higher sound levels, which
might reveal the depth and strength of the compaction layer. Two experiments were conducted in the soil bins of the USDA-ARS
National Soil Dynamics Laboratory in Auburn, Alabama. First, constant-depth tests (15 and 30 cm) at three compaction levels
(0.72, 2.8, and 3.6 MPa) revealed the relationship of sound amplitude with depth and compaction. Second, to test the detection
capability, the cone was gradually inserted in the soil, passing through an artificial compaction layer. A windowed, short-time
Fourier transform (STFT) analysis showed that the compaction layer is detectable since the sound amplitude was positively
related to depth and compaction levels, but only in the highest frequency range of the spectrum. This led to the conjecture
that the soil-cone interface acts as a low-pass filtering mechanism, where the cutoff frequency becomes higher in the

compaction layer due to a more intimate contact between sensor and soil.
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oil compaction, caused by either natural causes or
human interference, is a major yield-limiting factor.
This is because soil compaction: (1) reduces soil
pore size, (2) changes pore size distribution, (3) in-
creases soil strength, (4) reduces air and water permeability,
(5) increases heat capacity and bulk density, and most impor-
tantly, (6) increases root penetration resistance (Al-Adawi
and Reeder, 1996). Distinctively high-strength soil layers are
commonly termed “hardpans” or “plow soles.” Hardpans im-
pede plant roots from uptake of nutrients and soil water re-
serves in the deeper soil strata. They also decrease water
infiltration, which can accelerate loss of nutrients due to ero-
sion and runoff. Under wet conditions, roots above the hard-
pan layer may suffocate due to water logging. The overall
deterioration of soil quality due to compaction can result in
a decrease of crop productivity and may increase the cost of
fertilization.
Hardpan properties are not uniform across the field, but
vary in depth and strength due to soil and crop factors, as well
as farming and tillage practices (Clark, 1999; Fulton et al.,
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1996; Raper et al., 2001). Farmers often practice convention-
al subsoiling to mechanically disrupt the hardpan layer. This
is done by adjusting the depth of the subsoiling implement at
a uniform level, based on observational judgment and/or
cone index measurements. Due to the depth variability of the
hardpan, this means either that the compaction layer is not
disrupted at all or that energy is wasted by tilling deeper than
necessary. A “site-specific tillage scheme,” where the tillage
depth was adapted to the hardpan location, was investigated
by Raper et al., (2003) and was found to yield energy savings
of 25% compared to conventional tillage while the yield of
corn (Zea mays L.) remained unaffected.To realize sensor-
based, variable-depth subsoiling, instrumentation is needed
that accurately measures the location of the hardpan and
conveys this information to an actuation mechanism. Map-
based variable-depth subsoiling can then be implemented by
adding positioning functionality such as a GPS.

Soil cone penetrometers, as standardized according to
ASAE Standard S313.3 (ASAE Sandards, 1999a), measure
the soil penetration resistance as a function of depth to assess
soil strength. The result is reported as the cone index (ClI)
according to ASAE Standard EP 542 (ASAE Sandards,
1999b). The cone index is defined as the force required to
insert the penetrometer probe into the soil divided by the cone
base area. Raper et al., (1999) developed a tractor-mounted,
multiple-probe soil cone penetrometer (MPSCP) with the
capability of obtaining a set of five cone index measurements
in a single insertion to improve the data acquisition speed. A
major drawback of the cone penetrometer method is that it is
strongly affected by other soil factors, such as water content,
bulk density, and soil type (Ayers and Perumpral, 1982;
Perumpral, 1987; Raper et al., 1999; Utset and Cid, 2001).
Since the cone index measurement is based on vertical
insertion of the probe, a stop-and-go sampling procedure is

Transactions of the ASAE

Vol. 48(5): 1723-1730

2005 American Society of Agricultural Engineers ISSN 0001-2351

1723



currently employed. This makes the procedure time consum-
ing and difficult to implement in a continuous sensor-based
variable-depth tillage practice. An alternative, as developed
by Hall and Raper (2005), is termed the On-the-go Soil
Strength Sensor (OSSS). This method used a wedge-shaped
tip that was drawn horizontally through the soil, and the
measured force on the tip resulted in the mechanical
penetration resistance as a function of depth. The study
reported that the wedge index (defined as the force divided
by the wedge base area, similar to cone index) was less
sensitive to water content variations than the standard cone
penetrometer, and the data appeared to be correlated to bulk
density and cone index. Chung and Sudduth (2003) have
further explored the idea of using multiple horizontal
penetrometers to estimate soil mechanical resistance at five
depths. Adamchuk et al. (2001) used an array of strain gauges
attached to the backside of a vertical smooth blade to measure
soil mechanical resistance at three depth intervals.

In this study, an alternative on-the-fly approach to hardpan
location measurement was developed, based on measuring
the sound level produced by a cone-shaped tip being drawn
through the soil. Acoustics has been applied before to
measure texture among four soil types (Liu et al., 1993).
Oelze et al. (2002) measured the sound propagation velocity
in soils and determined soil surface roughness using acoustic
backscatter (Oelze et al., 2003).

In contrast to the on-the-fly methods discussed, the
acoustic sensor (microphone) can be very small, which
allows embedding into production tillage tines. In addition,
since this study uses sound in the audible range (20 Hz to
20 kHz), inexpensive microphones can be used as a sensor.
The premise behind the acoustic plow pan detection method
was that the produced sound level is related to: (1) soil
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density, since more particles sliding across the cone surface
will likely produce more sound, and (2) soil strength, since
more energy is required to break up harder aggregates, also
resulting in higher sound levels. Although water content was
expected to have an effect on the acoustic measurement, it
was kept constant and is recommended as a future research
extension.

The objective of this study was to investigate whether a
passive acoustic method is capable of detecting the location
and strength of a hardpan under constant soil water levels.

MATERIALS AND METHODS
AcousTiC MEASUREMENT SYSTEM

The measurement system consisted of a tine with a cone
containing a standard 8 mm condenser microphone (model
189958, Jameco Electronics, Belmont, Cal.) with a frequen-
cy range from 20 Hz to 20 kHz. The tine, cone, and
microphone mounting are shown in figure 1.

The tine has a sharp front edge, and the cone was mounted
on a shaft that was bolted onto the tine. The shaft is hollow,
which allows the electrical connections of the microphone to
be passed through and fed upward through a protective
conduit welded on the back of the tine. The microphone was
mounted in rubber grommets to minimize contact sound
transmitted through the tine. The data acquisition was
performed using a portable computer with a built-in sound
card controlled by MatLab’s (2000) data acquisition toolbox.
The sampling rate was set to 22,050 samples/second.

EXPERIMENTS
Before experiments in the soil, a dry run in air was made
to obtain an indication of the noise that was detected by the
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Figure 1. Tine (left) with mounted cone (top) and microphonein grommets (bottom right).
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Figure 2. Constant-depth experimental arrangement, showing the two cone depths (15 and 30 cm) and the location of the compaction layer.

microphone due to the tractor that drove the measurement
cart. This was thought to be a good starting point for filtering
the noise that would propagate into the soil. During all
experiments, the forward speed of the tine was kept constant
at 0.44 m/s. To study the effects of depth and density on the
acoustic signals, constant-depth experiments were carried
out at 15 and 30 cm with a compaction layer located at
25.4 cm depth (fig. 2).

Before the start of the constant-depth experiments, a hole
was dug and the sensor was lowered to the desired depth. The
duration of the constant-depth experiments was 20 s,
covering a distance of approx. 8.8 m.

To test whether the acoustic method is capable of
detecting the location of a compaction layer, variable-depth
experiments were conducted by starting the cone at the
surface, followed by a gradual penetration into the soil,
through the compaction layer, until a depth of 30 cm was
reached (fig. 3).

The compaction layer was installed at a depth of 25.4 cm,
and consequently the highest peaks in sound amplitude were
expected towards the end of the run. The duration of the
variable-depth experiments was 30 s, covering a distance of
approx. 13.2 m.

132m

SoIL PREPARATION

Experiments were conducted in a Decatur clay loam
(rhodic Paleudults) soil bin located at the USDA-ARS
National Soil Dynamics Laboratory in Auburn, Alabama.
The soil bins are 7 m wide, 58 m long, and 1.5 m deep. The
soil consisted of 26.9% sand, 43.4% silt, and 29.7% clay
(Batchelor, 1984). The soil was wetted and mixed with a
rotary tiller so that the entire soil bin attained a uniform soil
water level. Three soil density levels were created by varying
the number of times a compression wheel was used. “Single
pass” density amounted to a forward and backward move-
ment of a rigid wheel on the soil. For the “double pass”
density, the “single pass” procedure was repeated. For the
plots with “single pass” and “double pass” conditions, a
hardpan was installed at a target depth of 25.4 cm. For the *“no
pass” density, no hardpan was installed. Finally, the soil
surface was leveled using a blade. The soil bin was divided
into two blocks, each consisting of three 12 X 4 m plots. Each
plot was further divided into two equal subplots. Half of the
subplots were used for variable-depth experiments, and the
remaining half for the 15 and 30 cm constant-depth
experiments (fig. 4).

A

Soil (Decatur Clay Loam)

30 cm

Figure 3. Variable-depth experimental arrangement, showing the sensor’s gradual soil penetration.
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Figure 4. Experimental plot design for the constant-depth (15 and 30 cm) and variable-depth experiments and density treatments (no pass, single pass,

and double pass).

Table 1. Dry bulk density, soil water content, peak coneindex and depth to peak coneindex.

Dry Bulk Density (g/cm3)

Soil Water Content (% w/w)

Peak Cone Index (CI)

Density Above Hardpan Within Hardpan Above Hardpan Within Hardpan Cl (MPa) Depth (cm)
No pass 1.16 1.18 9.5 12.6 0.72 255
Single pass 1.19 1.47 10.1 13.1 2.8 26.3
Double pass 1.14 1.65 10.5 12.8 3.6 255

REsuULTS AND DiscussioN

Before experimentation, the dry bulk density, soil water
content (in and above the hardpan), as well as the peak cone
index value and corresponding location were measured
(table 1). The table entries are averages of five sampling
repetitions.

From table 1 it is clear that dry bulk density did not vary
appreciably for the “no pass” condition, since no hardpan was
installed (the measurement was taken at 25.4 cm, where the
hardpan was installed for the “single pass” and “double pass”
conditions). In the “single pass” and “double pass” condi-
tions, however, a major increase in dry bulk density was
observed due to compaction. The soil water content level was
measured using a gravimetric method with oven drying at

200

105°C for 72 h. The water content levels in the hardpan were
consistently higher than above it, which was attributed to a
drying effect from the surface soil downward. Since the soil
water differences overall are small, this implies that the soil
strength variability is mainly dictated by the bulk density.
The cone index values were obtained using a cone penetrom-
eter (Rimik, Agridry Rimik Pty, Ltd., Toowomba, Australia).
As expected, the peak values were found close to the hardpan
location of 25.4 cm.

CONSTANT-DEPTH EXPERIMENTS

Figure 5 shows the fast Fourier transform (FFT) of a
typical signal produced when the tine was drawn through the
soil at 15 cm depth and no compaction layer was installed
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Figure 5. Acoustic signal amplitude vs. nor malized frequency for constant depth (15 cm) and “no pass’ density, with the detection edge at approximately

0.6 (6600 Hz).
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Figure 6. Comparison of depth effect (left plots= 15 cm, right plots= 30 cm) and density effect (top row = no pass, center row = single pass, and bottom

row = double pass) on acoustic signal Fourier transform.

(“no pass”). The x-axis (frequency) is scaled from 0 to 1,
where 1 represents the Nyquist frequency (11,025 Hz). The
sound amplitude is expressed in artificial units since the true
microphone output sensitivity was unknown, combined with
the unknown attenuation factors of the soil-metal-air inter-
face of the cone itself.

The frequency spectrum shows a dominant peak in the
lower range and several higher-order harmonics. The main
peaks below 0.3 (3300 Hz) were also visible in the dry run
data; these were caused by the tractor that drove the
measurement cart.

After conducting constant-depth experiments at 15 and
30 cm, and studying the raw data similar to figure 5, it was
discovered that differences among treatments always oc-
curred in the highest range of the spectrum (in the range 0.57
to 0.63, or 6,300 to 7,000 Hz). This range was termed the
“detection edge” and led to the conjecture that higher-fre-
quency signals are always present, but they transfer into the
microphone only when there is a more intimate contact
between the cone and the medium, such as in a compaction
layer. This inherent low-pass filtering mechanism causes
higher-frequency signals for higher densities and higher soil
strength. The detection edge range was used for filtering in
the variable-depth experiments.

Six constant-depth experiments were carried out to study
relationships among two depths and three treatments
(“no pass,” “single pass,” and “double pass” densities), as

Vol. 48(4): 1723-1730

shown in figure 6. The spectra were high-pass filtered using
a cut off of 0.3 (3300 Hz) to suppress the sound introduced by
the drive tractor, and visual comparisons were made among
two depths and three treatments.

The left column of figure 6 plots represent experiments at
15 cm depth (above the hardpan) and since the dry bulk
densities were similar among treatments (1.16, 1.19, and
1.14 g/cm3, from table 1), the signal FFTs were expected to
be similar, which is confirmed in the graphs.

The right column plots represent experiments at 30 cm,
just below the hardpan location (in the “single pass” and
“double pass” cases). From table 1, the dry bulk density
increased from 1.18 g/cm3 (no pass) to 1.47 g/cm3 (single
pass) to 1.65 g/cm3 (double pass). The acoustic plots also
show a visible increase in amplitude, especially around 0.6
(6600 Hz), which implies that the amplitude is a function of
soil density.

A depth effect on the amplitude can be seen in the top row
plots. Here, the depths are 15 cm and 30 cm, but no hardpan
was installed. Even without this external soil compression, an
overall increase in amplitude is visible.

VARIABLE-DEPTH EXPERIMENTS

For the variable-depth experiments, the acoustic data
were band-pass filtered with the frequency window values
obtained from the constant-depth experiments (0.57 to 0.63,
or 6,300 to 7,000 Hz). The cone index (CI) data as a function
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Figure 7. Coneindex (solid line) and filtered acoustic data vs. time for variable-depth experiment under “no pass’ density condition. The Cl remaining
low indicates no har dpan, and the acoustic signal shows a similar pattern asCl.

of depth were combined with the cone depth as a function of
time, yielding CI as a function of time. The filtered acoustic
data as a function of time were compared to the Cl data as a
function of time, as shown in figures 7 through 9. This
procedure was repeated for the three density treatments
(no pass, single pass, and double pass).

Figure 7 shows the CI and acoustic data for the “no pass”
condition (no hard pan). The solid line represents the CI in
this plot as a function of time. It is clear that the CI slightly
increased due to the depth increase over time (at 30 s a depth
of 30 cm was reached, see figure 3). The filtered sound
amplitude showed a similar increase over time and depth.
The distinct extremes in the sound data from approximately
12 to 14 s and at approximately 24 s are unexplained and may
be caused by soil discontinuities, such as larger clumps or
rocks.

Figure 8 shows the CI and acoustic data for the “single
pass” experiment (hardpan at 25.4 cm). Although the hard

4

pan was intended and visualized as a narrow plane located at
25.4 cm, the ClI data show that it is much wider than expected.
However, this does not compromise the comparison of
acoustic measurements with Cl data. From figure 8, it is clear
that the filtered acoustic data has the same overall shape as
the CI data, although the relationship appears to be non-lin-
ear. In addition, there seems to be a time (depth) lag, which
might be caused by the physical size of the cone (30 mm
diameter). The larger the cone size, the more the plow pan
becomes smoothed in the data, since the sound generation is
integrated over the whole area of the cone. In future
experiments, the cone size should be as small as possible.
Figure 9 shows the CI and acoustic data for the “double
pass” experiment (hardpan at 25.4 cm). The hardpan starts
and peaks at approximately the same location as in the
“single pass” case (fig. 8), but it is more intense. The sound
data are slightly higher in the hardpan range, and the contour
is similar to the true hard pan Cl. Again, a time (depth) lag

3.5
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Sound (1), CI (MPa)

0.5 /"

Wy

15 20 25 30

Time (s)

Figure 8. Coneindex (solid line) and filtered acoustic data vs. timefor variable-depth experiment under “single pass’ density condition. The Cl reaches
a peak at the hardpan location, and the acoustic signal showsa similar pattern.
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Figure 9. Coneindex (solid line) and filtered acoustic data vs. timefor variable-depth experiment under “double pass’ density condition. The Cl has
awider range and higher peak values, indicating a denser hardpan, and the acoustic signal shows a similar pattern.

is present, and there are some unexplained peaks (such as at
17 s). These were attributed to true local variations in density
caused by clumps or embedded objects.

CONCLUSIONS

An acoustic compaction layer detection system was
developed using a microphone-fitted cone mounted on a tine.
To observe the acoustic effects of depth and soil density,
constant-depth experiments at 15 and 30 cm depth were
conducted under three densities, “no pass” (no hardpan),
“single pass” (single compression hardpan), and “double
pass” (double compression hardpan).

Results showed that both soil depth and density had a
detectable effect on the sound levels produced. In addition,
the highest acoustic sensitivity to density was in the upper
range of the frequency spectrum. This led to the conjecture
that the soil-sensor interface introduces a low-pass filtering
mechanism where the cutoff frequency depends on the level
of the contact between medium and sensor. In other words,
the higher-frequency signals are always present, but they do
not transfer into the microphone due to the low-pass filtering
effect of the soil-cone interface. The inherent low-pass
filtering mechanism is an advantage. It allows detection of
the location of the higher-density soil layers (hardpans) by
only observing the highest frequency range of the signals
(termed “detection edge™), as demonstrated in this research.

To test the system’s potential for detecting hardpans,
variable-depth experiments were carried out in which the
cone gradually penetrated the soil from the surface down-
ward until it passed the hardpan. The data were filtered using
the detection edge range to isolate density effects. High levels
of agreement were found between cone index measurements
and associated sound levels, which clearly demonstrated the
methods’ potential to detect hardpans. Some unexplained
peaks were encountered in the data that may be attributed to
embedded dense objects.

In future research, experiments are needed among soil
types and varying soil water levels. In addition, since the
frequency content of the data varies over time, a wavelet

Vol. 48(4): 1723-1730

analysis may be appropriate. Further fundamental research is
needed to explain why the soil-cone interface forms a
low-pass filtering mechanism for propagation of sound into
the sensor.
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