SoiL BIN AND FIELD TESTS OF AN ON-THE-GO
SoiL STRENGTH PROFILE SENSOR
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ABSTRACT. An on-the-go soil strength profile sensor (SSPS) was previously developed to measure the within-field spatial
variability in soil strength at five evenly spaced depths up to 50 cm. In this article, performance of the SSPS was evaluated
using soil bin and field data. First, the SSPS was tested in a soil bin at different depths (10, 20, and 30 cm), forward speeds
(from 0.5 to 3.0 m s'1), and compaction levels (high and low). Second, data were collected in two fields having variable soil
texture, bulk density, and water content. Prismatic soil strength index (PSSI, defined as force divided by the base area of the
horizontally operating prismatic tip) and penetrometer cone index were measured at five depths (10, 20, 30, 40, and 50 cm)
across entire fields and also more intensively in four 10 X 10 m areas selected for soil texture differences. Auxiliary data
collected were soil bulk density, soil water content, and apparent soil electrical conductivity (EC,). When the SSPS was tested
in the soil bin, increases in PSSI with speed were less than 15% from 0.5 to 3.0 m s1 operating speed. Based on soil bin results,
we selected 1.5 m s as a maximum field data collection speed, below which speed effects on PSSI were deemed negligible.
Mean PSSI values collected in adjacent, parallel transects were not statistically different, confirming the repeatability and
stability of soil strength sensing with the SSPS. Field data showed that, in general, PSSI was higher at locations with lower
EC,, lower water content, and greater bulk density. Results of stepwise multiple linear regression showed that variability in
PSSI was better explained when interactions among the soil variables were included as independent variables and when data
were grouped into subsets by depth and/or EC, level. Over entire fields, R? values for estimating PSSI were 0.66 and 0.61
for a claypan soil field and a flood plain field, respectively. These results will be useful for interpreting PSSI and for future
applications of the SSPS in crop management, e.g., delineation of highly compacted within-field areas and control of variable

tillage operations.
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oil compaction caused by wheel traffic of large
agricultural machinery and/or tillage operations, as
well as due to natural phenomena, is a concern in
crop production and the environment. When soil is
compacted, soil physical properties, which play an important
role in growth and development of plants, are negatively
altered. Soil compaction has deleterious effects on crop
growing conditions and the environment (Soane and Van
Ouwerkerk, 1994), effects which are difficult to remedy. The
causes of soil compaction and the resulting soil deformations
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may be different in the various soil layers (i.e., top layer,
arable layer, and subsoil) (Koolen and Kuipers, 1983).

An approach to quantifying soil compaction is to measure
soil strength, since soil strength is strongly associated with
compactness and drainable porosity (Canarache, 1991). The
cone penetrometer has been the tool of choice for quantifying
soil strength in situ (Mulqueen et al., 1977). The index of soil
strength measured by a cone penetrometer, cone index (CI),
is defined as the force per unit base area required to push the
penetrometer through a specified small increment of depth
(ASABE Standards, 2005a, 2005b). Since readings are taken
vertically starting at the soil surface, cone penetrometer
readings require a “stop-and-go” procedure with data
collected at discrete locations. Because of this, it would be
laborious and time-consuming to collect enough data with a
cone penetrometer to accurately map compaction variations
within a field.

To overcome this limitation of the penetrometer, a number
of researchers have attempted “on-the-go” measurement of
soil strength. These approaches have differed in: (1) the type
of soil strength measured: tillage draft (Van Bergeijk et al.,
2001), bending stress on a tine (Adamchuk et al., 2001), and
“Cl-like” soil resistance experienced by a soil-penetrating tip
(Andrade-Sanchez et al., 2007); (2) the number of sensing
elements: single (Alihamsyah et al., 1990) and multiple
(Chukwu and Bowers, 2005); and (3) the shape and extension
of sensing tips: 60° prismatic tip extended from a main blade
(Chung et al., 2006) and 30° prismatic flush-mounted tip
(Hall and Raper, 2005).
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Factors affecting soil strength have been identified by
analytical models (Hettiaratchi and Reece, 1974),
semi-empirical techniques like dimensional analysis
(Schuring and Emori, 1964; Wismer and Luth, 1972), and
experimental study (Alihamsyah et al., 1990). The factors
generally fall into five categories: (1) soil condition, e.g.,
bulk density, water content, texture, internal friction angle,
and cohesion; (2) operating consideration, e.g., speed and
depth of operation, and direction of movement (horizontal vs.
vertical); (3) tool design, e.g., geometry and surface
roughness; (4) soil-tool interaction, e.g., friction angle and
adhesion; and (5) load distribution on the soil surface. In
addition to individual effects of the factors, interactions
among the factors also affect soil strength.

Previous research showed that major soil properties
affecting soil strength were water content, bulk density, and
particle size distribution (i.e., clay content) (Perumpral,
1987; Elbanna and Witney, 1987; Guerif, 1994). In
performance evaluation of a rigid tine, Stafford (1979) found
that water content was the primary factor determining soil
forces, and soil type only affected soil forces secondarily in
that texture affected the pertinent range of soil water content.
Perumpral (1987) stated that cone index increased with
increasing soil density and decreasing soil water content.
Ayers and Perumpral (1982) developed an equation for cone
index as a function of soil water content and density for five
different soil types. They concluded that the specific water
content for maximum soil strength depended on the soil type
and increased as the percentage of clay increased. Elbanna
and Witney (1987) expressed cone penetration resistance at
an average tillage depth as a function of clay fraction,
cohesive and frictional coefficients, soil water content, and
soil specific weight. Wells and Treesuwan (1978)
investigated the response of various soil strength indices to
changing water content and bulk density. They also found
that soil bulk density and water content exhibited discernable
effects on cone index, soil deformation, and soil internal
friction angle. Zhang et al. (2001) explained the changes in
soil shear strength parameters due to changes in bulk density
and soil water content with the Mohr-Coulomb failure
equation and the principles of effective stress for unsaturated
soils. Plasse et al. (1985) stated that soil cohesion and
adhesion were major contributors to draft force and were very
dependent on soil water status.

An important operational factor affecting soil strength
measurement is vehicle forward speed for narrow tines
moving horizontally (e.g., an on-the-go soil strength sensor)
and penetration rate for tools operating vertically (i.e., cone
penetrometer). High speeds near those encountered in
normal tillage operations may result in a significant force
increase. McKyes (1985) discussed two dynamic effects:
inertia forces due to accelerating the soil volume, and
changes in soil strength at a high rate of shear. He also stated
that the effect of shear rate was not significant in purely
frictional soils, but was significant in clay soils, outweighing
the inertia forces. It is generally accepted that the soil force
acting on a tool body increases approximately with the square
of speed (Stafford, 1979; Wheeler and Godwin, 1996).
Schuring and Emori (1964) found a critical speed (v), below
which the effects of operating speed would not be significant,
as a function of acceleration of gravity (g) and tool width (b).

The critical speed was expressed as v = (5gb)?-3, based on the
results of dimensional analysis.

Operating depth also affects soil strength due to
differences in soil conditions and the soil failure mechanism
along the soil profile. Sojka et al. (2001) related cone index
to water content and bulk density of a silt loam soil. The
relationship was poor when derived from full-profile data
sets but improved when data were segregated by depth. The
authors attributed this to differences in bulk density and
texture with depth. Luth and Wismer (1971) tested flat soil
cutting blades in sand, finding that horizontal force increased
as approximately the square of depth for blades of 2.5 to
12.6 cm width. In a saturated clay soil (Wismer and Luth,
1972), force was related to depth by a power less than or equal
to one for the same range of blade widths. Glancey et al.
(1989) developed an instrumented chisel using multiple
strain gauges to predict tillage implement draft requirements.
Field experiments were conducted at two operating depths
(15 and 30 cm) in two soil conditions (tilled and untilled).
Force distribution over the tillage depth was linear at the
shallow operating depth in both soils, while it was nonlinear
at the greater operating depth in the untilled soil.

The literature shows that soil conditions and operational
considerations are factors significantly affecting soil
strength, and these factors interact in a complex manner.
Therefore, evaluation of an on-the-go soil strength sensor in
various soil and operating conditions is important for better
understanding of the strength measurements obtained by a
Sensor.

OBJECTIVES
The overall objective of this research was to evaluate the

performance of our previously developed soil strength

profile sensor (Chung et al., 2006) under different soil and
operating conditions. Specific objectives were:

e Test the sensor in an indoor soil bin to investigate the
effects of operating speed on soil strength measurements,
and to determine optimum operating speed for field data
collection.

¢ Test the sensor in fields having variations in bulk density,
water content, and soil texture to evaluate its repeatability
and overall performance in mapping spatial and vertical
variations in soil strength.

¢ Relate sensor field measurements of soil strength to soil
properties such as bulk density, water content, and soil
texture, and also to soil strength parameters such as shear
stress, cohesion, and internal friction angle determined by
laboratory tests.

MATERIALS AND METHODS
SOIL STRENGTH PROFILE SENSOR

Our previously developed soil strength profile sensor
(SSPS) was used to collect data in a soil bin and two research
fields. The SSPS, configured with five prismatic
force-sensing tips on a 10 cm depth increment and extended
5.1 cm ahead of a main blade, provided a soil strength profile
to a depth of 50 cm. The soil force on each tip was measured
by a load cell located in the main blade and in contact with
the rear end of the tip shaft. Force measured by the SSPS
divided by the base area of the sensing tip was defined as the
prismatic soil strength index (PSSI, MPa), comparable to the
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CI of a vertically operating cone penetrometer. Additional
details of the SSPS design are given in Chung et al. (2006).

SoiL BIN TESTS

Effects of operating speed on PSSI were investigated in an
indoor soil bin located at the John Deere Soil Dynamics
Laboratory (Moline, IIL). This facility provided
homogeneous soil conditions and better control of operating
speed than in typical field operation. The soil bin was 33 m
long (14 m of soil) by 1.6 m wide and 0.85 m deep. The soil
in the bin was 15% clay, 35% silt, and 50% sand, and soil
water content was held constant to within 1% during the tests.
Different levels of compaction were achieved by adjusting
the pressure of a compaction roller.

Two kinds of experiments were conducted in the soil bin:
acceleration tests and fixed speed tests. First, acceleration
tests were implemented to see if any correction of sensor
measurements as a function of speed might be necessary for
data collected under field conditions, where operating speed
would continuously change. Speed was changed from 0.5 to
3.0 m s as a linear function of sensor position as it moved
through the bin. The tests were conducted at two compaction
levels with three replications, resulting in a total of six passes.
Second, PSSI data were collected at two compaction levels
(low and high pressure settings of the compaction roller) and
three constant speeds (0.5, 1.5, and 2.5 m s1).

In the soil bin tests, PSSI data were collected at three
depths (10, 20, and 30 cm) at a 100 Hz sampling frequency.
An additional load cell covered with aluminum foil was
placed outside of the main blade of the sensor to act as a
reference load cell and detect potential electrical noise from
the environment. Prior to each SSPS run, two CI profiles were
obtained to a 40 cm depth using a large cone penetrometer
(ASABE Standards, 2005a) at a 30 mm s! penetration rate,
one in the first half and the other in the second half of the soil
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bin. The low and high roller pressure settings used in these
experiments provided nominal CI values near the soil surface
of 0.55 MPa and 0.99 MPa, respectively, and held these levels
nearly constant along the length of the soil bin. However, CI
varied considerably both laterally across the soil bin (mean
CV = 4% at 10 and 20 cm depths; mean CV = 34% at 30 cm
depth) and by depth (mean CV = 25%) and was also
somewhat different between soil preparations (mean CV =
8%). Therefore, the locations of the CI sampling and SSPS
passes were carefully synchronized, and the CI sampling was
done in the path of, and prior to, the SSPS passes. After all
tests were completed, the soil was prepared again, and 7 cm
diameter, 5 cm long soil core samples were obtained centered
at the three depths where PSSI was measured (10, 20, and
30 cm) at four locations in each compaction regime. For
these 24 samples, dry bulk density and gravimetric water
content were determined.

Output signals from the SSPS load cells and the cone
penetrometer were recorded by a data acquisition system
mounted on the soil bin tool carriage. To remove small-scale
variability and obtain more reliable PSSI and CI
measurements, both signals were averaged. A 5 cm
depth-averaged CI was calculated centered on each of the
three tip depths (10, 20, and 30 cm). For the acceleration tests,
average PSSI was calculated on a 0.2 m s™! interval from 0.5
to 2.9 m s'1, resulting in 12 data points for each pass, or a total
of 216 values (12 points X 3 replications X 2 compaction
levels X 3 depths). For the fixed speed tests (0.5, 1.5, and
2.5 m s'1), 2 m distance-averaged PSSIs were calculated.

F1IELD TEST SITES

The performance of the SSPS was also evaluated at two
research sites (fig. 1): site 1 (13.5 ha) near Centralia, Missouri
(39.230° N, 92.117° W) and site 2 (4.5 ha) near Hartsburg,
Missouri (38.753° N, 92.384° W). These sites, located within

Site 2, Flood plain soil
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Figure 1. Field data collection scheme overlaid on Veris-deep EC, maps. PSSI data collection (white lines) was done on 20 to 30 m transect spacings.
Paired transects at site 2 were used to evaluate repeatability of PSSI measurements. Four small 10 X 10 m areas (A, B, C, and D), each comprising a
relatively homogeneous soil texture, were chosen for intensive data collection.
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fields managed in corn-soybean rotations, were chosen
because our previous research (e.g., Kitchen et al., 1999;
Sudduth et al., 2003) identified them as having well-defined
patterns of soil spatial variability. The soils found at site 1
were of the Mexico series (fine, smectitic, mesic aeric Vertic
Epiaqualfs) and the Adco series (fine, smectitic, mesic aeric
Vertic Albaqualfs). Surface textures of these somewhat
poorly drained soils ranged from silt loam to silty clay loam.
The subsoil claypan horizon(s) were silty clay loam, silty
clay, or clay, and commonly contained as much as 50% to
60% smectitic clay. Topsoil depth above the claypan (depth
to the first Bt horizon) ranged from less than 10 cm to greater
than 100 cm (Sudduth et al., 2003). The alluvial soils at site
2 in the Missouri River flood plain were mostly of the Leta
series (clayey over loamy, smectitic, mesic Fluvaquentic
Hapludolls) and Haynie series (clayey over loamy, smectitic,
mesic Fluvaquentic Hapludolls). A few areas within this field
site had no soil series name assigned but were classified as
being “sand over sand.” These sand depositional areas
resulted from flooding in 1993 when the Missouri River
levees failed.

FIELD DATA COLLECTION

PSSI data at five depths (10, 20, 30, 40, and 50 cm) were
collected with the SSPS on a 30 m transect spacing for site 1
(21 Oct. 2003; fig. 1, left) and on a 20 m transect spacing for
site 2 (22 Oct. 2003; fig. 1, right). The direction of the PSSI
collection was slightly angled (about 5°) with respect to the
crop row to minimize effects of possible systematic patterns
of soil strength due to past crop and field management
practices. The nominal operating speed of the
tractor-mounted SSPS was 1.5 m s°! and the data sampling
rate was 10 Hz. Additional transects (test transects) were
made with the SSPS in the opposite direction of travel and
parallel to the first set of transects (reference transects) at
site 2 to evaluate repeatability of the PSSI measurements.
Distances between the reference and test transects were less
than 3 m, but no closer than 1 m.

On a 30 m interval along each transect, triplicate CI
profiles were obtained with an ASAE-standard small cone
penetrometer, and averaged to a single profile at each
location (133 locations at site 1 and 52 locations at site 2). A
non-standard penetration rate of 40 mm s™! was used to speed
data collection and because our previous research (Sudduth
et al., 2004) showed no significant difference between this
rate and the standard 30 mm s-1. The CI data were obtained
an average of 1.5 m away from the PSSI transects, to avoid
possible effects of SSPS soil disturbance and tractor
wheel-track compaction. At every second CI collection
location (52 locations at site 1 and 25 locations at site 2), 4
cm diameter soil cores were obtained and segmented into five
10 cm long depth intervals centered on the PSSI
measurements (i.e., 5 to 15 cm, 15 to 25 cm, 25 to 35 cm, 35
to 45 cm, 45 to 55 cm) for gravimetric determination of dry
bulk density and soil water content. Positional information
for CI, PSSI, and soil sampling was collected using a DGPS
receiver with an accuracy of 1 m or better.

Apparent soil electrical conductivity (EC,) data were
measured with a Veris Model 3100 sensor on transects
parallel to PSSI data collection. Transects were 10 m apart,
and EC, data were obtained at a 4 to 6 m spacing along each
transect. EC, measurements are primarily dependent on soil
texture and soil water content in non-saline soils, and have

been used to differentiate soil types (Anderson-Cook et al.,
2002) and soil conditions (e.g., bulk density and clay
fraction; Johnson et al., 2001). Sudduth et al. (2003, 2005)
investigated the relationship of EC, to a number of soil
properties over multiple fields in the north-central U.S,,
including one of the fields used in this study. They found that
soil clay fraction and cation exchange capacity, another
measurement strongly related to soil texture, were the two
soil properties having the strongest effect on EC,, Higher EC,
values indicated greater soil clay fractions (or smaller sand
fractions) compared to low EC, values (Sudduth et al., 2003).
Therefore, we used EC, as an indicator of soil textural
differences within the field sites, grouping each site into three
textural classes. Corresponding low, medium, and high EC,
ranges were 0-25, 25-50, and 50-76 mS m! for site 1, and
0-20, 20-40, and 40-81 mS m! for site 2 (fig. 1).

Four small (10 X 10 m) areas with relatively
homogeneous soil textures were selected for more intensive
data collection (fig. 1). The two areas selected in the
Centralia field included relatively more clay (area A) and
relatively more silt (area B) in the soil profile, while the areas
in the Hartsburg field contained relatively more sand (area C)
and relatively less sand (area D). In the small areas, five or
six passes of PSSI data were collected on a 2 m transect
spacing with a 100 Hz sampling rate. Triplicate CI profiles
were obtained at 20 locations equally spaced within each
area. Also within each area, four 7.6 cm diameter, 60 cm long
undisturbed soil samples were obtained for laboratory tests
and stored in a cold room at 4°C. Before testing, the samples
were divided into 10 cm long increments corresponding to
the five depths at which PSSI data were collected. Soil
properties determined on these samples were dry bulk density
and gravimetric water content, texture using the pipette
method (Gee and Or, 2002), and cohesion (¢) and internal
friction angle (¢) using direct shear tests (Fredlund and
Vanapalli, 2002). Soil-metal friction angle (8) was calculated
by & = [(0.590 X sand fraction) + (0.735 X silt fraction) +
(0.375 X clay fraction)] X ¢, where the coefficients were
interpolated from Potyondy (1961) for unsaturated dense
sand, silt, and clay soils, respectively. Adhesion (c;) was
calculated by ¢, = c(cotd/cotd), as suggested by Hettiaratchi
and Reece (1967). Complete procedures used for soil
property determination were described by Chung (2004).

FIELD DATA PROCESSING AND ANALYSIS

Field data collected by the SSPS required preprocessing.
The raw data contained sections where the sensor was lifted
from the ground on the tractor hitch, primarily at the
beginning and end of each transect. This issue was resolved
by removing data points where the PSSI values at 30, 40, and
50 cm depths were less than a threshold value of 0.5 MPa.
Position data were corrected considering the direction of
travel and the offset between the DGPS antenna and the
strength sensor. PSSIs within small distances were averaged
to obtain more reliable measurements for further non-spatial
analyses. The averaging distance used was determined by
examining the range of spatial dependency obtained through
variogram analysis (Webster and Oliver, 1990).

The repeatability of soil strength measurements obtained
with the SSPS was evaluated by comparing PSSI
measurements obtained from the test transects at site 2 with
those from the corresponding reference transects. At each CI
data collection location, PSSI measurements were extracted
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from the reference transect and the test transect such that the
distances between the CI and PSSI locations were at a
minimum. Then, PSSI data within the averaging distance
determined from variogram analysis were averaged to allow
a more reliable comparison. This approach was applied to the
PSSI data for each sensing depth, resulting in a total of 260
PSSI data pairs.

Relationships between PSSI and soil properties were
investigated using data from (1) the four 10 X 10 m areas and
(2) the two entire field sites. In each of the small areas, mean
PSSI was determined for each depth. Thus, a total of 20
observations, each consisting of mean PSSI, dry bulk density,
water content, texture, cohesion, internal friction angle,
adhesion, and soil-metal friction angle, were used for
analyses. For the entire sites, PSSI was compared with bulk
density and water content obtained from soil samples, and
with Veris deep EC,. At each CI data collection location,
distance-averaged PSSI at each of five depths was calculated
as described above. Five-centimeter depth-averaged CI data
were calculated centered on each PSSI measurement depth.
Corresponding EC, data were obtained from the nearest grid
cell based on 5 X 5 m kriging.

Spatial and non-spatial statistical methods were applied to
analyze the data. To determine optimum distance for PSSI
averaging and grid size for mapping, variogram analysis was
conducted using S+SpatialStats version 1.5 (MathSoft, Inc.,
Seattle, Wash.), and mapping was done using Surfer version
8.0 (Golden Software, Inc., Golden, Colo.). PSSI
measurements were plotted against CI, EC,, bulk density, and
soil water content. These scatter plots were visually
investigated to identify possible outliers for removal before
statistical analysis. Visual examination of the data was also
used to identify candidate functional relationships between
PSSI and the other variables and to evaluate the possible need
for grouping the data (e.g., by depth or EC, class). Multiple
linear regression was applied to predict PSSI as a function of
the other variables. The independent variables of CI, EC,,
bulk density, and soil water content, along with all quadratic
and two-variable interaction terms, were candidates for
inclusion in the model. For non-spatial statistics, procedures
in SAS version 8.01 (SAS Institute, Inc., Cary, N.C.) were
used: analysis of variance (GLM), Duncan’s multiple range

tests (MEANS), correlation analysis (CORR), and regression
analysis (REG). To reduce the issues associated with
multicollinearity among the variables in regression analysis
and to enhance reliability of the models, the stepwise option
was used with variable entry and removal levels of 0.15 for
variable selection.

RESULTS AND DISCUSSION
EFFECTS OF OPERATING SPEED

Figure 2 shows an example of results of the on-the-go
acceleration tests in the soil bin. Throughout the tests, output
from the reference load cell was quite consistent, so no
compensation was applied to outputs from the test load cells.
Generally, PSSI was higher at greater depths and higher
compaction levels (or CI values). PSSI increased slightly as
speed increased linearly from 0.5 to 3.0 m s”!. An exception
to this was the localized decrease in PSSI where CI
measurements were obtained in the path of the SSPS prior to
the passes (fig. 2). In an analysis of variance, compaction (2
levels) and sensor tip operating depth (3 levels) explained
94% of the variability in PSSI, and both variables were highly
significant (P < 0.001). Thus, speed effects were investigated
separately within each compaction-depth combination.

Scatter plots of PSSI vs. speed level (fig. 3) showed that
the speed effects on PSSI were more pronounced at the high
compaction setting. This pattern was consistent within each
measurement depth (i.e., 10, 20, and 30 cm). When data from
three replications were averaged, relative PSSI increases
from the lowest speed level (0.6 m s!) to the highest
(2.8 m s1) were less than 14% within each compaction
setting at the 20 and 30 cm depths. Relative increases in PSSI
were greater at the 10 cm depth, but absolute increases
remained less than 0.15 MPa. When data were averaged
across all depths and compaction levels to focus on the speed
effects, increases in the average PSSI relative to that at the
lowest speed level were less than 10% at speeds less than
2.0 m s’ (fig. 4).

Fixed speed tests showed similar trends (fig. 4), although
direct comparison of these results with those for on-the-go
acceleration tests was not be possible since levels of
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Figure 2. Example of acceleration test results from the soil bin. Speed was changed from 0.5 to 3.0 m s as a linear function of distance along the soil
bin. CI data were collected prior to the sensor runs at approximately 7 and 14 m, and the effects of the resulting soil disturbance can be seen in the PSSI

data. The shank engaged the soil at approximately 4 m.
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Figure 3. Plots of 0.2 m s'1-averaged PSSI vs. speed level at 10 cm (left), 20 cm (center), and 30 cm (right) depths and low (top) and high (bottom) soil
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Figure 4. Increase in 0.2 m s'1 averaged PSSI for the acceleration
(on-the-go speed change) and fixed speed tests conducted in the soil bin.

compaction measured as CI were different and the PSSI
ranges obtained were also different. Analysis of variance
using compaction (2 levels), operating depth (3 levels), and
speed (3 levels) as class variables explained 95% of the PSSI
variability in the fixed speed tests, and the effects of all
independent variables were highly significant (P < 0.001).
Duncan’s multiple range test showed that PSSI means at
different depths (0.19 MPa at 10 cm, 0.37 MPa at 20 cm, 0.61
MPa at 30 cm) and compaction levels (0.34 MPa at low
compaction, 0.44 MPa at high compaction) were
significantly different (o = 0.05). When increases in PSSI
relative to PSSI at the minimum tested speed of 0.5 m s were
calculated, there was a 2% increase in PSSI at 1.5 m s,
which was not significant (o = 0.05). The approximately 10%
increase in PSSI at 2.5 m s°! was significant (o = 0.05).

In one previous study, Glancey et al. (1996) found that the
effect of speed was negligible for five different implements
at speeds less than 2.0 m s Using the method proposed by
Schuring and Emori (1964), however, the calculated critical
speed for the SSPS was 0.97 m s-1. This calculated critical
speed was relative to quasi-static operation, while the
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minimum operation speed used for comparison in our tests
was 0.5 m sL. From these results, we selected 1.5 m s'! as the
maximum field operating speed. Field PSSI data were
collected over a narrow speed range at approximately
1.5msL

PROCESSING AND MAPPING FIELD PSSI DATA

Field PSSI measurements showed variations in soil
strength at different within-field locations as well as at
different tip depths. The field PSSI data contained both
high-frequency (short-scale) components and underlying
low-frequency (long-scale) components. High-frequency
components are often due to measurement system error
and/or micro-variability over small distances (e.g., periodic
development of the soil failure zone). Although it would be
important to retain these high-frequency data for some
analyses, we averaged the PSSI data to obtain more reliable
measurements for comparison with other variables measured
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Figure 5. Experimental variograms for PSSI measurements at the five tip
depths at site 2.

TRANSACTIONS OF THE ASABE



at discrete locations (e.g., CI, soil water content). Variogram
analysis (Chung, 2004) identified two ranges of spatial
dependence for both sites: one at distances between 4 and 6
m due to the variability within transects, and the other at
distances similar to the transect spacing (fig. 5). Based on this
analysis, we selected 4 m as the distance over which to
average PSSI within transects. About 27 data points were
used to calculate each 4 m averaged PSSI value for further
non-spatial analyses, considering the approximately 1.5 m s°1
operating speed and 10 Hz sampling rate. This averaging
window size (27 points or 4 m) was similar to that used by Lui

PSSI at 10-cm depth
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n
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I |
L
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M 11t13
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W 151t 34

PSSI at 20-cm depth

PSSI at 50-cm depth

et al. (1996), who averaged 40 data points over 3 m to obtain
a reliable local draft value for a 16 mm wide shank.

As an optimum grid size for PSSI mapping, we selected
an intermediate value of the first and second variogram
ranges, or 10 m. For Veris-deep EC,, we selected a 5 m grid
size for mapping, since the EC, variograms showed a range
of approximately 5 m for both sites (Chung, 2004).
Additionally, use of this smaller grid for the EC, data allowed
more accurate matching of EC; to individual PSSI data for
subsequent statistical analysis. Figure 6 shows the resulting
kriged maps of PSSI at the five sensing depths and Veris-deep

|
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Veris deep ECa

N EC,, mS m-
1to 28
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Figure 6. Kriged maps of PSSI (10 X 10 m grid) at the five sensing depths and Veris-deep EC, (5 X 5 m grid) for site 1 (top) and site 2 (bottom). White
squares in PSSI maps for site 1 are areas of missing data due to incomplete transects.
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EC, for sites 1 (top) and 2 (bottom). Compared with the EC,
maps, the PSSI maps exhibited coarser spatial patterns due to
the greater transect spacings used in data collection. Patterns
in the PSSI maps for site 1 were elongated in the north-south
direction, an artifact of the difference between the transect
spacing (30 m) and the grid size for the kriging (10 m).
Compared with the EC; map, the overall pattern of PSSI
indicated that soil strength was higher in areas of lower EC,,
corresponding to lower soil clay fractions. A similar pattern
was seen at all depths, but the degree of correspondence
between the PSSI and EC, maps was somewhat different for
different depths. The overall pattern of higher PSSIs in low
EC, areas and the different degrees of similarity between the
PSSI and EC, maps at different depths were also found in
site 2. The correlation of PSSI to EC, was strongest at the
20 cm depth for both sites (r = -0.49 for site 1, and r = -0.51
for site 2).

PSSI was highest at the 40 cm depth for both sites. Taylor
and Gardner (1963) stated that CI readings above 2 MPa
could significantly impede root growth. When this criterion
was applied to the 40 cm depth PSSI maps, cells where PSSI
was greater than 2 MPa were 4.9% and 15.8% of the total
number of cells for sites 1 and 2, respectively. Based on this
criterion and data, soil strength in most areas of these two
fields should not be limiting to growth of crop roots.

REPEATABILITY OF SOIL STRENGTH SENSING

The 4 m averaged PSSI values from the test transects were
linearly related to those from the reference transects (fig. 7).
The central tendency of the relationship was close to the 1:1
line, with a slope of 0.95 and r2 = (.56. A paired t-test analysis
showed that mean PSSI values of the test and reference
transects were not significantly different (P = 0.36). These
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Figure 7. Comparison of PSSI obtained from reference and test transects
at site 2.

results gave us confidence in the repeatability of the PSSI
measurements.

RELATING PSSI AND SOIL PROPERTIES

For the four small areas, possible relationships between
PSSI and corresponding soil properties were investigated.
Scatter plots did not indicate any clear non-linear
relationships between pairs of the variables (Chung, 2004).
Results of correlation analysis (table 1) showed a number of
interactions among the soil properties. Bulk density and

Table 1. Correlations among PSSI and soil properties for the small 10 X 10 m areas.[2]

BD wcC BD*WC C Ca d SF SiF CF PSSI
(db.,Mgm3) (db., %) (db.,Mgm3) (kNm2) (degrees) (kNm?2) (degrees) (fraction) (fraction) (fraction) (MPa)
wcC -0.83
(<0.01)
BD*WC -0.62 0.95
(<0.01) (<0.01)
C 0.34 0.05 0.23
¢ 0.53 -0.56 -0.48 -0.27
(0.02) (0.01) (0.03)
Ca 0.38 -0.02 0.17 0.98 -0.18
(0.10) (<0.01)
d 0.54 -0.55 -0.45 -0.16 0.98 -0.04
(0.01) (0.01) (0.05) (<0.01)
SF 0.42 -0.68 -0.74 -0.41 0.20 -0.43 0.09
(0.07) (<0.01) (<0.01) (0.07) (0.06)
SiF -0.09 0.30 0.41 0.45 0.14 0.54 0.30 -0.86
(0.07) (0.05) (0.01) (<.01)
CF -0.68 0.85 0.80 0.12 -0.60 0.01 -0.64 -0.63 0.15
(<0.01) (<0.01) (<0.01) (<0.01) (<0.01) (<0.01)
PSSI 0.11 0.09 0.20 0.22 0.41 0.26 0.42 -0.37 0.43 0.06
(0.08) (0.06) (0.06)
CI 0.48 -0.38 -0.27 0.15 0.59 0.22 0.61 0.11 0.17 -0.47 0.69
(0.03) (0.10) (0.01) (<0.01) (0.04) (<0.01)

[a] BD = dry bulk density, WC = mass water content, BD*WC = volumetric water content, C = cohesion, ¢ = internal friction angle, Ca = adhesion, d =
soil-steel friction angle, SF = sand fraction, SiF = silt fraction, and CF = clay fraction. Numbers in parentheses are P values when the correlation
coefficients are significant (a0 < 0.1).
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water content were significantly (o < 0.1) correlated with
each other as well as with laboratory-determined soil strength
parameters (i.e., internal friction angle, soil-steel friction
angle, and adhesion) and texture fractions. Significant
correlations also existed among strength parameters and
texture fractions.

Significant correlations with bulk density, water content,
and clay fraction were not found for PSSI, but were found for
CI. PSSI had significant positive correlations with internal
friction angle, soil-steel friction angle, and silt fraction.
Internal friction angle and silt fraction, however, showed
significant correlations with several other soil properties. It
should be noted that each variable used for the analysis
included only a single value for each depth and texture area
(n = 20). Results might improve if multiple measurements
were taken at different depths and textures. Based on these
results, we concluded that (1) bulk density, water content,

strength parameters, and soil texture were related; (2)
although the correlation data (table 1) did not show a
significant relationship between PSSI and bulk density, water
content, or their product (i.e., volumetric water content), the
interrelationships between other variables suggested that
such a relationship might emerge if more measurements were
available; and (3) interactions among significant variables
should be included along with the variables themselves in a
model to predict PSSI.

RELATING PSSI 1O CI, EC,, BULK DENSITY, AND WATER
CONTENT

Figure 8 shows scatter plots of PSSI with respect to CI,
EC,, bulk density, and soil water content for three selected
depths at the two field sites. Overall, PSSI vs. CI showed a
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Figure 8. Scatter plots of PSSI with respect to CI, EC,, dry bulk density and mass water content for different depths and field sites. Within each plot,
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positive linear relationship, especially at the 30 cm depth. At
the 10 cm depth, the patterns were not as clear and contained
a number of possible outliers (“A” in fig. 8). These outliers
were generally characterized by very small PSSI, likely due
to unfavorable operational conditions (e.g., slotting, build-up
of residue on the sensor) and lack of a full soil failure zone
that affected the near-surface measurements. To automate
removal of these questionable data points, the ratio of PSSI
to CI was calculated, and the points where the ratio was more
than two standard deviations away from the mean were
considered to be outliers and removed before statistical
analysis. This procedure removed more data at the shallower
sensing depths (including most of the points identified in “A”
in fig. 8) and very little at the greater depths (table 2).
Although this filtering procedure achieved the desired effect
in this situation, development of a more advanced filter
should be considered as a topic for future research.

Generally, PSSI was higher with lower EC, and soil water
content, and greater bulk density values. The relationships
between PSSI and EC, were different, and of varying
strength, for different sites, sensing depths, and EC, ranges.
For example, an overall trend of decreasing PSSI as a
function of EC, was seen at the 30 cm depth, with the greatest
sensitivity of PSSI to changes in EC, occurring where EC,
values were less than 40 mS m™! (fig. 8). At the 50 cm depth,
low-EC, and high-PSSI locations also exhibited higher bulk
density and lower water contents (“B” in fig. 8) than other
locations. Descriptive statistics of the data (after outlier
removal) used in the statistical analyses are summarized in
table 2.

Correlations were calculated among PSSI, CI, and EC,,
and among sensor data and bulk density and water content
(Chung, 2004). Correlations of EC,, WC, and BD to PSSI and
CI were significant for each site, with exceptions of PSSI and
WC at site 2 and CI and WC at site 1. EC, was negatively
correlated to PSSI and CI for both sites. Patterns were similar
when the data were grouped by depth, but significant
correlations did not occur at all depths. For example, PSSI
and WC were not significantly correlated at the 30, 40, and
50 cm depths for site 1 and at the 30 cm depth for site 2. When
data were grouped by EC, ranges, correlations between PSSI
and EC,, PSSI and WC, and PSSI and BD were often greater
within one or more of the EC, ranges than those for entire
sites. However, statistical significance could not always be

shown due to the reduced number of observations in the
partial datasets. Compared with the correlations of EC,, WC,
and BD to PSSI, interactions between these soil properties
showed higher significant correlation coefficients in many
cases. For the entire dataset, EC, and WC showed significant
positive correlations, and WC and BD had significant
negative correlations, for both sites. Correlation between
EC, and BD was not significant for site 1, but was for site 2.

Stepwise multiple linear regression was conducted to
estimate PSSI as a function of CI, EC, (as a surrogate for soil
texture), bulk density (BD), and water content (WC), and
quadratic and two-variable polynomial terms (e.g., BD2,
EC,*WC). Table 3 shows the significant variables selected
by the stepwise procedure to predict PSSI. The results
confirmed that the effects of these variables on PSSI were
different at different depths, EC, ranges, and field sites. In
site 2, water content and/or its interaction terms were
significant at the 20 cm depth, while bulk density and/or its
interaction terms were significant at the 30 cm depth.
Significant variables were related to cone index and EC, at
the 50 cm depth in site 1, but to cone index and bulk density
at the 30 cm depth in site 2. Better models (R = 0.9 and
RMSE =< 0.1) were obtained for site 1 at the 30 cm depth in
a low EC, zone, while for site 2 better models were obtained
at the 20 and 40 cm depths in medium and high EC, zones.
In general, better models of PSSI were obtained when the
data were divided into appropriate subgroups. In most but not
all cases, grouping data by both depth and EC, range
produced better models with greater R% and/or smaller
RMSE values with fewer model variables, compared with
grouping by only depth or only EC, range (table 3).

Adding depth and its interaction terms to the other
candidate variables significantly improved the PSSI
modeling (table 4). This agrees with the results given by
Andrade-Sanchez et al. (2007), who also found it important
to include depth in models relating soil strength data from a
horizontally operating sensor to either BD and WC or to CI.
Additionally, soil failure modeling has shown PSSI increases
as a function of depth under an assumption of constant soil
properties (Chung and Sudduth, 2006).

Most models for entire field areas and EC, zones included
variables related to sensing depth. For the entire sites,
coefficients of determination increased to 0.66 for site 1 and

Table 2. Descriptive statistics for PSSI, CI, EC,, dry bulk density (BD), and mass water content (WC) data obtained at the two field sites.

Sensor Data Soil Data

Depth PSSI (MPa) CI (MPa) EC, (mS m™1lal BD (Mg m™3) WC (%)
(cm) Mean SD Mean SD Mean SD nlb] Mean SD Mean SD n
Site 1 10 0.77 0.32 1.11 0.35 42.1 14.1 125 1.50 0.07 24.6 1.0 46
20 1.04 0.36 1.62 0.53 130 1.44 0.11 28.1 4.9 51
30 1.42 0.34 1.44 0.44 133 1.32 0.09 329 5.1 52
40 1.68 0.26 1.31 0.31 132 1.37 0.08 324 4.1 52
50 1.41 0.20 1.33 0.39 133 1.41 0.10 30.8 43 52
Site 2 10 0.85 0.21 1.10 0.51 31.5 19.1 43 1.46 0.10 20.2 4.6 22
20 0.94 0.28 1.26 0.48 46 1.47 0.08 20.8 52 23
30 1.63 0.47 1.76 0.81 47 1.45 0.08 23.8 4.7 23
40 1.61 0.47 1.86 0.72 52 1.51 0.07 23.8 6.1 25
50 1.25 0.60 1.79 0.71 52 1.50 0.09 23.7 6.1 25

[a] EC, is a profile-weighted measurement, not a by-depth measurement.
[°] Number of observations remaining after outlier removal.
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Table 3. Variables selected by stepwise multiple linear regression for the estimation of PSSI as a function of CI, EC,, dry bulk
density (BD), mass water content (WC), and quadratic and interaction terms, using experimental data obtained at two field sites.

Site 2
Depth Low Medium High All Low Medium High All
(cm) (0-25)[2 (25-50) (50-76) (0-76) (0-20) (20-40) (40-81) (0-81)
10 CI*EC, EC,*WC --[b] EC,*WC WC*BD - - EC,2
(0.32)lel CI CI*WC w(2 (0.18)
[0.33](d] 0.21) 0.3) (0.82) [0.18]
[0.29] [0.28] [0.09]
20 CI*BD CI*WC EC,*BD CI*WC - wWC CI*BD EC,*WC
(0.65) 0.1) (0.31) CI*EC, EC,*BD CI*EC, (0.44)
[0.22] [0.31] [0.27] (0.45) 0.97) (0.99) [0.16]
[0.30] [0.04] [0.01]
30 CI2 CI*WC CI*EC, CI2 CI*EC, BD BD? CI*BD
WC*BD (0.28) 0.47) (0.28) BD? CI2 (0.50) BD?
CI*WC [0.21] [0.32] [0.30] (0.69) (0.98) [0.21] 0.57)
(0.98) [0.22] [0.13] [0.36]
[0.07]
40 CI*WC CI*BD CI*EC, CI*WC CI CI*BD EC,2 CI*BD
(0.48) (0.31) 0.27) 0.17) (0.40) EC,*WC CI*BD (0.79)
[0.20] [0.17] [0.21] [0.21] [0.30] BD (0.95) [0.23]
(0.99) [0.04]
[0.05]
50 CI*EC, CI - CI WC*BD CI2 EC,*BD WC*BD
(0.54) CI*EC, CI*EC, (0.42) CI*WC 0.67) CI*EC,
[0.15] EC, EC, [0.32] EC,2 [0.15] EC,*BD
CI*WC CI2 EC, BD?
(0.64) EC,2 (0.99) (0.72)
[0.09] WC*BD [0.06] [0.32]
(0.47)
[0.11]
All CI*WC WC*BD EC,2 CI*EC, CI*WC CI*BD CI CI*BD
BD? CI*WC (0.05) EC,*BD BD? CI*WC 0.47) Cl
(0.55) CI*EC, [0.42] w2 (0.42) (0.67) [0.25] CI*WC
[0.28] (0.46) WC [0.34] [0.42] (0.51)
[0.32] CI*BD [0.37]
EC,*WC
WC*BD
CI2
(0.46)
[0.32]

(2] Values in parentheses are ranges of EC, values used to divide each field site into three textural classes.

[°] No variable met the 0.15 significance level for entry into the model.
[c] Values in parentheses are coefficients of determination, or R2.
[d] Values in square brackets are RMSE (root mean square error) in MPa.

0.61 for site 2 (table 4), compared with 0.46 and 0.51 for the
models without depth effects (table 3). When all data from
the both field sites were used, a model that could explain 58%
of the variability in PSSI was obtained. Better models, with
larger R% and smaller RMSE values, were obtained in the low
EC, zone for site 1 and in the medium and high EC, zones for
site 2, where clay content was neither extremely low nor high.
The best PSSI prediction (RZ = 0.67) was found at the
medium EC, level in site 2 as a function of CI*BD and
CI*WC (fig. 9).

PSSI prediction was also conducted using only EC,, CI,
and depth, along with their quadratic and two-variable
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polynomial terms as candidate independent variables. The
purpose of this analysis was to determine if a relationship
between PSSI and CI could be established without the need
for collection of soil samples and subsequent laboratory
analysis of WC and BD. Coefficients of determination of the
selected models ranged from 0.47 to 0.64, slightly lower in
some cases than those for models including bulk density and
water content effects. In several cases, prediction of PSSI
using only sensor data and depth was better than the
prediction using all data (table 4) due to the larger number of
data points available.
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Table 4. Variables selected by stepwise multiple linear regression for the estimation of PSSI as a function of CI, EC,, dry bulk density (BD),
mass water content (WC), depth (De), and quadratic and interaction terms, using experimental data obtained at two field sites.

EC, Site 1 Site 2
Rangel?] Model Variables RZ  RMSED! Model Variables R2 RMSE
Using sensor data and depth
Low CI, CI*EC,, EC,*De, De2, CI2 0.47 0.33 CI*De, De2, De 0.53 0.31
Medium De, De2, CI*De, CI*EC,, EC,*De 0.64 0.26 CI 0.63 0.41
High De, De2, EC,2, EC,, CI*EC,, CI, CI>  0.68 0.25 De, De2, EC,2, CI*EC, 0.57 0.24
Al EC, CI*De, CI*EC,, EC,*De, De?, De, 0.59 0.28 CI*De, De2, De, EC,2, CI, CI*EC, 0.64 0.33
EC,%, CIL EC,
Both sites CI*De, EC,2, EC,*De, De?, De, 0.56 0.31
CI*EG,, EC,, CI2
Using all data
Low CI*De, CI 0.65 0.25 CI*De, EC*BD 0.39 0.35
Medium WC*De, CI*WC 0.55 0.29 CI*BD, CI*WC 0.67 0.42
High WC*De, EC,*WC, CI*De 0.55 0.30 CI 0.47 0.25
Al EC, CI*EC,, WC, EC,*De, CI, DeZ, De, 0.66 0.26 CI*De, De2, De, BD? 0.61 0.34
EC,*BD, EC,2, BD*De, CI2, WC2
Both sites CI*De, WC2, EC,2, EC,*De, De?2, 0.58 0.30

De, CI*EC,, EC,*BD, EC,*WC

[al EC, ranges of low, medium, and high were 0-25, 25-50, and 50-76 mS mL for site 1, and 0-20, 20-40, and 40-81 mS m-! for site 2, respectively.

[b] RMSE = root mean square error of the regression (MPa).
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Figure 9. Scatter plot of predicted PSSI vs. measured PSSI for medium
EC, locations in site 2.

SUMMARY AND CONCLUSIONS

In our previous work (Chung et al., 2006), an on-the-go
soil strength profile sensor (SSPS) was developed so that soil
mechanical resistance could be measured at five depths
simultaneously while traveling through agricultural fields.
Force divided by the base area of the prismatic tip was
defined as a prismatic soil strength index (PSSI). In this
article, performance of the SSPS was evaluated using data
obtained in a soil bin and two field sites with variations in soil
water content, bulk density, and texture. The major findings
were:

* In the soil bin, the SSPS was tested at three depths (10, 20,
and 30 cm) and two compaction levels (high and low).
When operating speed changed from 0.5 to 3.0 m s™1, the
increase in PSSI relative to the PSSI at the lowest speed
level was less than 10% up to 2.0 m s"I. When the SSPS
was tested at three fixed speeds (0.5, 1.5, and 2.5 m s°1),
all three variables (speed, depth, and compaction level)
had significant (a < 0.05) effects on PSSI; however, there
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was not a significant difference in PSSI between 0.5 and
1.5 m s'1. Compared with a 0.5 m s°! speed, the increase
in PSSI was about 2% at 1.5 m s'! and 10% at 2.5 m s,
Because these results indicated that speed effects on PSSI
would likely be minor below 1.5 m s°1, we used this speed
for field data collection.

PSSI data at five depths (10, 20, 30, 40, and 50 cm) were
collected in two fields with variations in bulk density,
water content, and soil texture. Based on variogram
analysis, data were averaged over a 4 m interval to remove
measurement noise and small-scale variability. Kriged
PSSI maps showed spatial and vertical variability in soil
strength. PSSIs were generally higher in areas with lower
EC, values, corresponding to lower soil clay fractions.
The repeatability of soil strength sensing with the SSPS
was evaluated by comparing 4 m averaged PSSI
measurements obtained from adjacent transects. The data
from the two sets of transects matched well, being
distributed around the 1:1 line.

Correlation analysis relating PSSI to soil properties was
conducted using data collected from four 10 X 10 m field
areas selected for texture difference. PSSI showed
significant (a < 0.1) positive correlations with soil internal
friction angle, soil-steel friction angle, and silt fraction.
Significant correlations also existed among strength
parameters and texture fractions. Bulk density and water
content were not significantly correlated to PSSI, but were
significantly correlated with each other and soil strength
parameters (e.g., soil internal friction angle and adhesion)
and texture fractions. This analysis indicated that
interactions among bulk density, water content, and soil
texture should be included in a model to predict PSSL
Effects of EC, (as a surrogate for soil texture), bulk
density, and water content on PSSI were investigated
using data collected at five depths over entire field sites.
Overall, PSSIs were higher at locations with lower EC,
(coarse texture) and water content (WC), and greater bulk
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density (BD). Relationships between PSSI and soil
properties were often different for different fields and
depths.

e Results of stepwise multiple linear regression indicated
that significant variables and their effects on PSSI were
different in different depths, EC, ranges, and field sites.
Quadratic and interaction terms based on EC,, BD, and
WC were selected as significant variables in many cases,
and better models were often obtained by dividing the data
into appropriate subgroups based on depth or EC,. Adding
depth and its interaction terms as candidate independent
variables significantly improved PSSI modeling.
Coefficients of determination were 0.66 and 0.61 for the
two field sites. Reasonably good PSSI predictions were
obtained when only sensor data (i.e., CI and EC,) were
used as independent variables, with coefficients of
determination only slightly lower than when bulk density
and water content were also included in the model.
Overall, the prototype SSPS performed well, providing

repeatable and stable measurements of soil strength in

various soil and operating conditions. With its ability to
acquire soil strength data at a high spatial and vertical
resolution, the SSPS would be useful for a number of
applications, e.g., delineation of compacted within-field
areas and depths, assessment of variability in soil strength,

and estimation of laboratory-determined soil properties (e.g.,

bulk density and water content).
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