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Spectral analysis of subsoiling forces with a rigid tillage tool. Can
Agric. Eng. 32: 57-62. Spectral analysis was performed on the ver
tical (V) and horizontal (H) forces from a subsoiler tine with different
wing configurations operated at various depths at a constant speed.
Themajority of the variationwithinthe data sets, 88% for V and95%
for H, was derived from frequencies less than three Hz and was attri
buted to the variation of soil properties. A significant peak cor
responding to frequencies between five and eight Hz was present in
bom forces and was attributed to the development of failure planes
within the soil. Depth had no effect on the frequency, indicating that
depthof operationhad no effect on the rate of development of shear
planes. The addition of wings to the subsoiler blade significantly
reducedthe frequency, indicatinga reduced rate of shear plane develop
ment. Operating depth did not affect the bandwidth of the frequen
cies, but the addition of wings significantly reduced the average
bandwidth of the peaks for V and H, indicating a more uniform rate
of shear plane development. The contribution of the primary peak to
the totalvariation(power) increased significantly with operating depth,
while the addition of wings had no effect of the power.

INTRODUCTION

As a simple tillage tool passes through soil, the soil deforms
and then fails and moves upward to create voids in the soil.
These voids reduce soil density and improve drainage, providing
a generally improved plant root environment.

Stafford (1984) described soil failure in front of a narrow tine
as being the result of one of two different general modes of
failure; namely, brittle failure or flow failure. These two failure
modes were also observed by Godwin and Spoor (1977), but
were termed crescent and lateral failure, respectively.

When soil fails in a brittle manner, successive shear planes
develop and distinct soil blocks are sheared from the soil con
tinuum as the tine moves forward (Siemens et al. 1965; Gill
and Vanden Berg 1967; Stafford 1984). Repeated development
of soil blocks creates periodic loading on the tillage tool
performing the task.

This phenomenon has been observed by a number of
researchers. Yaremenko (1957) recorded the draft force
associated with a standard moldboard plow. Periodic loading
on the plow was observed but no attempt was made to measure
the frequency of loading. Totten and Kaufman (1971) observed
large variations in the load on a subsoiler; however, they
attributed these variations solely to variations in soil strength.

Siemens et al. (1965) examined tillage force variations on a
simple tool operating at a 50-mm depth in a soil bin containing
Gooselake clay, mixed with 10% by weight SAE 5W mineral
oiland compacted to 1.5 t/m3. Using an octagonal ring trans
ducer and high speed film, the loads on a tillage tool were syn
chronized with soil failure. The tillage operations were carried
out at 0.22 m/s with a variety of tool widths and rake angles.
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The results showed that peak loads on the tillage tool occurred
every50 mm of travel, corresponding to a frequency of 4.5 Hz
at that tool speed.

Stafford (1981)performed a soil bin experiment using a sandy
loam and a clay soil to examine the force characteristics of a
rigid tine. Different soil moistures, compaction levels, tool
speedsand rake angles were examined using high-speedphoto
graphy and force measurement. No attempt was made to mea
sure the frequency of loading, despite an apparent relationship
of decreased periodicity of loading with increased tool speed,
increased soil moisture or both. The relationship held for both
soils, but the amplitude of the cycle appeared to decrease with
increased soil moisture and to depend on soil type. In loose soil,
the periodicity disappeared when the rake angle was at 112°
or greater, whereas in the compact soil, rake angle did not affect
the cycle. Stafford (1981) determined that periodic loading on
the tillage tool represented soil undergoing brittle failure and
that a lack of periodicity indicated flow failure. The transition
from brittle failure to flow failure could be interpreted to indi
cate that the tool has surpassed the critical depth where soil fails
laterally, as defined by Godwin and Spoor (1977).

Young et al. (1984) performed a study of the forces on a
triangular-shaped chisel operating at a nominal 0.9 m/s over
three depths: 50, 100 and 150 mm. The tests were carried out
in a sandy loam soil, packed to two density levels. A sampling
rate of 100 Hz was used, which corresponded to a reading every

9 mm of travel. Each run consisted of 1024 readings and was
broken down into 16 subsamples for analysis. The power spec
tral density functions were similar for each soil density but the
variance was affected by soil density. No significant responses
were found at frequencies above 10 Hz. From this experiment,
the authors concluded that the periodic variation of draft force
is not random and that the dominant peak frequency corre
sponded to the rate of shear plane development, indicating that
the tillage operation was performed with brittle failure.

Summers et al. (1985) investigated the draft produced by a
moldboard plow, chisel plow, disk and sweep plow each oper
ating at depths up to 152 mm. Forces were measured at a fre
quency of 2558 Hz for 1.4 s. The results indicated that loading
on all of the tillage tools was periodic in nature and that the
major responses were all at a frequency of approximately
10 Hz. Further references are given in Kocher and Summers
(1987).

Upadhyaya et al. (1987) performed Fast Fourier transform
and harmonic analyses on data derived from tillage with a simple
vertical blade. The blade was operated at a depth of 50 mm in
a clay soil with 12.2% SAE 5W mineral oil and in a 50% clay
- 50% sand mix with 17% SAE 5W oil. Two operating speeds
were used: 0.22 m/s and 1.11 m/s. Readings were taken every
9 mm to give approximately 200 readings per pass. Soil-tool
forces varied in a periodic manner by as much as 50% of the
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Table I Soil physical properties

Depthf Sandf Siltf Clayt
(mm) (%) (%) (%)

Dry
bulk

density t
(t/m3)

Liquid^ Plastic:):
limit limit

(%) (%)

Topsoil
Subsoil

0-400 27.9 45.0 27.1

>400 4.6 35.2 60.2

1.67

1.59

33.31 27.14

34.49 24.04

tFrom Rees and Fahmy (1984).
tFrom Owen (1988).

mean draft and the distinctiveness and regularity of force
variation decreased with increased speed, similar to the results
of Stafford (1981). The clay soil had a more regular response
than did the sandy loam when the operation was performed at
the lower speed. The fracture distance, defined as the distance
between subsequent failure planes, and the failure pattern were
affected by soil type, soil moisture, soil density and tool speed.

The objective of this study was to verify the existence of peri
odic loading on a subsoiler tine and to determine the effect of
wings or depth of operation on the frequency, bandwidth and
contribution to the variance of the periodic loading while oper
ating in a dense clay soil over a depth range of 150 to 500 mm.

MATERIALS AND METHODS

The field operations were performed in a Fundy clay soil, which
is a compact clay loam in the upper horizons with an underlying
clay subsoil starting at 400 mm depth (Rees and Fahmy 1984).
Mechanical properties of the soil are given in Tables I and II.
This soil, both topsoil and subsoil, has high friction angles and
high cohesion values reflecting its compact state. A moisture
regime similar to that shown in Table II was present during sub-
soiling. The field site was prepared by discing the test area to
reduce the possibility of the root mass acting as a stronger soil
layer or surcharge and thereby inducing lateral failure.

The subsoiler was a trailed tool bar system pulled by a
104 KW crawler tractor (Fig. 1). The depth of operation was
controlled by hydraulic cylinders attached to the axle supports.
A single tine was mounted on the tool bar. Three wing config
urations were used: no wings, narrow wings and wide wings.
Without wings, the blade had an effective width (WW) of
40 mm and a rake angle of 20°, which served as the no-wing
configuration. The effective width was defined as the distance
across the wings, perpendicular to the direction of travel. The
winged configuration was achieved by attaching wings with a
horizontal rearward sweep angle (side angle) of 40°, a tilt angle
of 17° measured from the horizontal and a rake angle of 16°
from the axis of motion. The wings were mounted just behind
the share and resulted in a WW of 200 mm wing tip to wing
tip. A similar set of wings was used to increase the WW to 260
mm. The tine, with the wide wings installed, is shown in Fig. 2.

Operating depths were between 0 and 500 mm deep to ensure
that all operations were performed above the critical depth for
all wing types, as described by Godwin and Spoor (1977) and
examined by Owen (1988).

Table II. Soil mechanical properties (Owen 1988)

Fig.l. Trailed tool bar subsoiler with instrumentation installed.

A microprocessor based instrumentation system (Owen et al.
(1987)) was installed on the tool bar system. The system
recorded five operating parameters of deep tillage: horizontal
force, vertical force, moment, speed and operating depth. The
subsoiler was allowed to stabilize at each new depth of opera
tion before recording was initiated. Data were recorded at
100 Hz for a time period of 30 s and stored on magnetic tape
for analysis. Each data set contained 2999 records and each
record contained a measurement for horizontal and vertical

forces, moment, speed and depth. One data set was collected
with the equipment operating and the tine out of the ground to
provide a null data set to determine the effect of the machinery
alone on the data.

Data sets were collected for nine randomly selected depths
between 140 and 500 mm for each of the three wing types.
Unfortunately, one data set was lost for the 260-mm-wide wings.
Tool speed was maintained at a nominal 0.44 m/s in all tests.
The 30-s test runs represented 13.2 m of length and were

Fig 2. Subsoiler foot with wings installed.

Peak Ultimate Soil-tool

Moisture friction Peak friction Ultimate friction

Depth content angle cohesion angle cohesion angle Adhesion

(mm) (%) (°) (kPa) (°) (kPa) o (kPa)

Topsoil 0-400 29 41.8 30.4 43.8 5.1 18.8 3.7

Subsoil >400 24 45.4 50.4 42.9 5.8 12.3 8.9
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separated laterally by a minimum of 2 m to prevent interference
between test runs. The means of these data sets were examined
by Owen (1989) in relation to the effect of depth on the average
horizontal and vertical forces.

. Spectral analysis was performed on the horizontal and vertical
forces from the data sets using the Genstat5 statistical program
ming language (Genstat 5 Committee 1987). Data sets were cen
tered about their means and further detrending was not
necessary. Sample autocorrelations were calculated with lags
up to 400 and were smoothed using "Parzen" lag windows of
widths 100, 200 and 400, before forming the spectrum by the
Fast Fourier transform (Jenkins and Watts 1968). Logarithms
of the three smoothed spectral density estimators were plotted
on the same grid to identify a suitable window width to minimize
the mean square error (Jenkins and Watts 1968). Logarithms
were employed to compress the spectra. Confidence intervals
for the spectra were calculated (Jenkins and Watts 1968) and
peaks in the logarithm spectral density function greater than the
95% confidence limit were identified from the graph. Frequen
cies associated with the identified peaks were recorded for anal
ysis and labelled Vfreq and Hfreq for the vertical and horizontal
forces, respectively. The bandwidths associated with the iden
tifiedpeaks were defined as the base of the peak on the decaying
logarithmspectral density function and were recorded as Vwidth
and Hwidth for the vertical and horizontal forces, respectively.

A filter was applied to the data sets to remove frequencies
less than one Hz. The filter was based on the exponentially
weightedmoving average (EWMA) filter which smoothes the
original series Xt to produce the output series Yt :

yt = o-X)rt_i + xt o>x<i (i)

where X is a factor to control the degree of smoothing.
Then:

Yt = [(1-X)/(1-XB)] Xt (2)

where B is the backshift operator (Jenkins and Watts 1968).
To reduce transients at the end points of the series, an ARIMA

(AutoRegressive Integrated Moving Average) model was used
to back forecast values in Xt (before t=0) and EWMA was
fitted as a transfer function model. To obtain a symmetric filter
from the one-sided EWMA filter, the input series was reversed
and then smoothed by the same procedure. The resultant sym
metrically EWMA filtered series was obtained by summingthe
individually one-sided filtered series, subtracting (l-X)Xt and
dividing by (1+X) to correct for the common first value in each
filtered series. The parameter, X , which determines the amount
of smoothing, was empirically chosen at 0.9 to filter out fre
quencies less than one Hz and to pass those greater than three
Hz.

Spectral analysis was then performed on the filtered data to
determine the contribution of the predetermined bandwidths to
the total variance of the filtered data set (also called the total
power or sum of the amplitudes). This resulted in the values
of Vpower and Hpower for the vertical and horizontal forces,
respectively.

Multiple linear regression analysis was performed using the
Genstat 5 programming language to determine the effect of the
wings and operating depth on the frequency, bandwidth and
contribution to the variance of *he measured forces.
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Fig 3. A 10-s sample of the centered data from the vertical force and
a 10-s sample of the smoothed data.

RESULTS AND DISCUSSION

Ten-second samples of centered data and the smoothed data are
shown in Fig.3. The smoothed data demonstrates the effect of
the filter and includes only the variation from frequencies of
less than three Hz. This portion of the variance was removed
from the data to enable analysis on the residual data which con
tained the portion of the variance resulting from frequencies
greater than three Hz.

Spectral analysis on the unfiltered null data set produced a
uniform distribution of frequencies similar to white noise
(Fig. 4) indicating that there was no significant contribution to
the variation from any external source, such as the tractor
engine. The filter effectively removed the contribution of the
frequencies less than three Hz as shown in Fig. 5.

The results of the initial spectral analysis on the data sets indi
cated that, on average, 88% of the variation of the vertical force
and 95% of the variation of the horizontal force within a data
set could be attributed to frequencies of less than three Hz.
Examination of the logarithm spectral density functions (e.g.
Fig. 6) revealed a smoothly decaying function at frequencies
less than three Hz. The high contribution to the overall variation
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Fig 4. Logarithm of the spectral density function (LOGSPECTRA)
of the vertical force from the null data set using Parzen lag windows
(L) of 100, 200 and 400.
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Fig 5. Logarithm of the spectral density function (LOGSPECTRA)
of the vertical force from the filtered null data set using Parzen lag
windows (L) of 100, 200 and 400.

by the low end frequencies (< 3Hz) was attributed to variation
of soil strength due to changing soil properties such as moisture,
texture, etc., along the transect of each trial. Other researchers
have identified spatial variance relationships of several soil
properties (Kachanoski et al. 1985; Samra et al. 1988); the
evaluation of spatial variation of soil properties was deemed
to be outside the scope of this present study, and therefore, the
filter was applied to the data.

All data sets, excluding the null data set, produced a signifi
cant primary peak for the vertical force within the range of
5-10 Hz, indicating a significant contribution from a bandwidth
about that frequency. A typical logarithm spectraldensity func
tion with a significant peak is shown in Fig. 6. These signifi
cant peaks were attributedto vibration in the tool resulting from
the development failure planes in the soil, similar to the obser
vations of Siemens et al. (1965), Summers et al. (1985) and
Upadhyaya et al. (1987). Occasionally, very weak secondary
peaks occurred in the vertical force, at approximately 11 Hz.
Primary peaks appearedin the logarithm spectraldensity func
tion for the horizontal force, but 23% of the data sets failed
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Fig 6. Logarithm of the spectral density function (LOGSPECTRA)
of a vertical force from a typical data set using Parzen lag windows
(L) of 100, 200 and 400.

60

-3-

-5-

L = 100

L = 200

L = 400

I

10
—I—

20

L = 100 200 400

95% C.I. i I |

—I—

30
—I—

40

FREQUENCY (Hz)

50

Fig 7. Logarithm of the spectral density function (LOGSPECTRA)
of the filtered vertical force from the data set shown in Figure 6 using
Parzen lag windows (L) of 100, 200 and 400.

to produce significant primary peaks. Only one data set produced
a secondary peak in the horizontal force. No significant primary
peaks were found at frequencies greater than 10 Hz, similar to
Young et al. (1984).

The primary peak was significant but had a limited contribu
tion to the overall variance. To examine the primary peaks from
the data sets, the symmetrical digital filter was applied to each
series to remove the contribution of the low frequencies
(<3 Hz) (i.e., those deriving from soil variation). The effect
of the filter is shown in Fig. 7, as applied to the data set shown
in Fig. 6. The data are shown in Table III along with the mean
horizontal and vertical forces.

Depthhadno significant effect on Vfreq andHfreqeitheralone
or in combination with wing type. Wing type was found to have
a significant effect on Vfreq (P<0.01 and SS = 42%) and on
Hfreq (P<0.01 and SS = 47%). The addition of the wings
decreased the frequency of loading on the tillagetool, indicating
a decrease in the rateof shearplanedevelopment. The average
HfreqandVfreq foreachwing type areshown in Tablem. These
frequencies correspond to a fracture distance of approximately
60 mm, not much different from the fracture distances of50 mm
found by Siemens et al. (1965). The effect of depth on the fre
quency of the primary peak is different from that of depth on
the meansof the forces. The means of the forces, examinedby
Owen (1989) were found to increase linearly with both depth
ofoperation and wing width, while the horizontal force increased
with the square of depth and linearly with wing width.

The bandwidth of the significant primary peaks of the ver
tical force (Vwidth) was found to decrease (P<0.01 and
SS = 40%) from 3.94 to 2.96 and 2.58 Hz with the addition
of the 200- and 260-mm wings, respectively. A similarresponse
to the addition of wings was found with Hwidth (P<0.01 and
SS = 46%). These results suggest that the addition of wings
to the subsoiler blade reduced the variation in the distance
between consecutive shear planes within the soil. Depth had
no effect alone or in combination with wing type on the band
width of either the vertical or the horizontal force.

The contribution of the specific bandwidth to the overall var
iance, also called the power, was found to increase with
increased operating depth for both the vertical (P<0.01 and
SS = 31%) and horizontal (P<0.01 awnd SS = 20%) forces
and produced the following two equations:
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Table III. Results of spectral analysis

Vertical ]Horizontal

Meant Meant
WW Depth force Vfreq* Vwidth§ VpowerU force Hfreq* Hwidth§ Hpowert
(mm) (mm) (kN) (Hz) (Hz) (%) (kN) (Hz) (Hz) (%)

40 180 -0.20 7.50 3.50 38.56 3.45 7.50 3.50 7.70

40 280 -0.72 7.37 3.88 25.74 8.90 *// * *

40 320 -1.53 7.62 3.75 69.00 13.34 7.50 3.50 23.36

40 330 -1.55 7.87 4.00 51.51 14.65 7.87 3.87 13.02

40 330 -1.64 7.12 4.25 68.78 13.35 7.00 3.75 24.40

40 350 -1.69 7.87 2.62 10.15 17.96 * * *

40 380 -1.26 7.00 4.00 39.09 14.44 7.12 2.50 11.07

40 420 -1.86 7.00 5.75 70.03 20.29 6.87 4.87 27.18

40 480 -3.31 6.12 3.75 69.98 29.19 6.12 2.13 18.30

Mean 7.27 3.94 7.14 3.45

200 150 -1.11 5.75 1.88 15.58 3.46 * * *

200 240 -2.02 7.12 3.25 15.12 8.77 * * *

200 280 -2.60 5.12 1.88 13.27 12.81 * * *

200 280 -2.89 7.00 3.38 33.16 12.73 6.87 3.25 13.90

200 370 -3.55 7.25 3.38 52.75 18.84 7.25 3.00 21.70

200 380 -3.79 5.50 2.62 23.75 20.28 5.62 1.87 9.97

200 380 -4.13 6.62 2.50 32.76 21.63 6.62 2.25 11.76

200 390 -4.07 7.00 3.25 51.98 23.78 7.00 3.37 16.91

200 450 -4.30 6.25 4.50 46.24 28.80 * * *

Mean 6.4 2.96 6.67 2.75

260 140 -1.02 6.62 3.12 30.06 3.44 6.62 2.88 6.14

260 250 -2.50 5.62 2.12 21.68 11.74 5.62 2.00 7.28

260 270 -1.58 5.62 2.50 23.99 10.46 5.62 2.25 9.55

260 320 -2.74 6.00 3.00 45.08 16.70 6.00 2.25 19.45

260 360 -3.87 6.50 2.63 35.91 20.58 6.50 2.25 14.16

260 420 -4.32 6.62 2.50 69.33 23.21 6.62 2.25 34.60

260 430 -3.58 5.50 2.25 54.86 25.20 5.62 1.87 15.21

260 470 -4.86 6.37 2.50 39.19 29.00 6.25 2.00 8.66

Mean 6.11 2.58 6.11 2.22

tAverage from within each data set.
tFrequency of the primary peak.
§Bandwidth of the primary peak.
^Power contribution to the filtered series by the primary peak.
//♦denotes no primary frequency.

Vpower = 2.2 + 114.6(Z)
(SE of the slope = 35.2)
Hpower = 2.6 + 38.1(Z)
(SE of the slope = 17.9)

(3)

(4)

Equations 3 and 4 indicate that the amplitude of the primary
peak increased with increasing depth ofoperation, and the effect
of depth on Vpower is approximately three times the effect on
Hpower. The addition of wings had no effect on the contribu
tion to the variance associated with the primary peaks. While
neither the rate of development of the shear planes nor the var
iation in that rate were affected by depth, the length of those
shear planes became greater with increasing depth. This result
may, in turn, lead to a greater discrepancy between the load
on the tool immediately before shear plane failure and the basal
load within the period.

Further work is required to determine the effect of soil proper
ties on this phenomenon and to incorporate the periodicity into
models of tillage tool forces. Efforts should be made to inte
grate the research on the spatial variability of soil properties
with that on the time/spatial variation of tillage tool forces,
thereby enabling a more complete understanding of soil-tool
interactions.
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SUMMARY AND CONCLUSIONS

The major variation in tillage tool forces occurs at low frequen
cies (<3Hz) when subsoiling in a Fundy clay loam soil.
However, there exists, at frequencies between 5 and 10 Hz,
a significant periodicity in the loading on a subsoiler and this
is associated with the development of shear planes within the
soil. The frequency of shear plane development corresponded
to a distance of approximately 60 mm, which was increased
by the addition of wings. The variation in the rate of shear plane
development was decreased by the addition of wings, but
operating depth did not affect these parameters. The con
tribution to the variance associated with the development
of the shear planes increased with increasing operating
depth, indicating a greater fluctuation of the horizontal and
vertical forces with depth. The addition of the wings did not
affect this parameter.
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