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THESIS ABSTRACT
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Corey Mitchell Kichler

Master of Science, May 10, 2008
(B.S., Auburn University, 2005)

188 pages types
Directed by John P. Fulton and Wesley C. Zech
Deep tillage operations required to alleviate compaction layers in soils found
especially in the southeast region of the United States remains to be one of the largest
areas of energy and fuel expense for agricultural producers. Good farm managers look
for more efficient fuel utilization techniques with improved productivity. The objectives
of this research were to: 1) develop an in-field monitoring system to display and collect
various real-time tractor and implement performance data; 2) collect and analyze tractor
and implement performance data while varying different equipment operational variables
during deep tillage operations; and 3) quantify fuel usage and cost savings for the
implementation of site-specific equipment management strategies. Four different
experiments were performed. A depth performance experiment investigated subsoiler
draft and fuel consumption requirements for two different tillage depths (22.8 cm and

35.6 cm). The effects of tillage time rotation on energy requirements of three different

A\



subsoilers were also studied. The third experiment evaluated the effects of speed on
equipment performance and energy requirements between two different subsoilers. The
final experiment investigated the response of three different tire pressures on equipment
performance and was used to highlight the value of spatially collected equipment data.
Results from the depth performance experiment indicated that a 130% and 23%
increase in draft and fuel consumption, respectively, occurred between the shallow and
deeper tillage depths. Draft more than doubled over a 12.7 cm depth difference
indicating tillage at shallower depths can save energy and fuel costs. The tillage rotation
experiment resulted in increases in fuel consumption, draft and axle torque in the triennial
year rotation compared to annual and biennial rotations. The implement speed
experiment showed that the Kelley Manufacturing Company (KMC) subsoiler had a
115.0%, 7.1%, and 37.3% increase in fuel consumption, axle torque, and implement draft
respectively from a slow to fast speed. A 105.0%, 2.3%, and 27.8% increase in fuel
consumption, axle torque, and implement draft, respectively, resulted between slow and
fast speeds for the Paratill™. The data from the tire pressure experiment showed a 4.6%,
69.0%, and 17.1% increase in fuel consumption, tire slip, and axle torque, respectively,
between the low and high air pressure treatments. Spatially, field variables effected
equipment performance data with 17% to 23% increases in fuel consumption depending
on travel direction and terrain differences. In conclusion, these experiments
differentiated equipment performance between some of the available modern tillage
implements and operational variables to quantify fuel usage and potential cost savings for

alternative methods of performing tillage operations.
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CHAPTER ONE
INTRODUCTION

Problem Statement

In the Southeastern United States, soil compaction commonly occurs in
agricultural fields. Soil compaction has been studied for decades and results from
weather conditions, soil characteristics, and equipment traffic. Compaction layers
commonly referred to as “hard pans” impede root growth causing adverse effects on crop
yields. Soil properties including bulk density and cone index can indicate the severity of
compaction throughout a field. However, over the years tillage has been the most
effective way of managing this issue. New conservation tillage methods such as strip and
site-specific tillage can decrease the energy requirements for such practices compared to
conventional tillage methods while alleviating the existence of compaction.

Research has been limited to date on spatially monitoring equipment performance
while performing subsoiling operations to assess how equipment performs across fields
with inherent soil and terrain variability. Literature primarily concentrates on the effects
tillage depth has on draft and fuel consumption within an assumed homogeneous study
site. Since large amounts of energy is expended during deep tillage, the scope of this
research covered different effects of speed, equipment setup, implement selection, and
other factors that can lead to savings in the field during subsoiling operations. With the

advent of the global positioning system (GPS), the capability exists of spatially



documenting agricultural operations. Currently, spatial field documentation has been
limited to precision agriculture technologies such as yield monitoring and spatially
recording field activities such as planting and fertilizing. Equipment manufacturers are
now using controller area networks (CAN) as the standard communication protocol on
equipment. The use of CAN now permits equipment operators to document engine
performance data such as fuel usage and load which can be tied back to geographic
locations using GPS coordinates. This technology also enables equipment performance
data to be monitored in real-time making it possible to modify operational performance
on-the-go thus, optimizing fuel and energy usage. Spatially linking performance data can
also provide the data necessary to analyze performance at a sub-field level.

Equipment performance monitoring has application in industries beyond
agriculture. In construction, project management is essential in carrying out jobs in a
timely and economical manner. Models have been developed to estimate the productivity
and efficiency of earthmoving operations prior to construction. However, these models
are complicated to operate and require specialized skills, not making them practical for
implementation by construction companies. Research is limited on real-time

performance monitoring of construction equipment during operation.

Objectives

The main goal of this experiment was to investigate relationships between
equipment performance and various aspects of tillage operations to develop more
efficient management methods to conserve energy and reduce costs. Therefore, the

objectives of this research were to:



1. Develop an in-field monitoring system to display and collect various, real-
time tractor and implement performance data,

2. Collect and analyze tractor and implement performance data while varying
different equipment operational variables during deep tillage operations, and

3. Quantify fuel usage and cost savings for the implementation of site-specific

equipment management strategies.

Thesis Organization

The Introduction chapter provides a brief overview of problems that are faced
with tillage operations and the goals of this research. The Literature Review details
previous research and other relevant information related to this project. The next
Chapter, the Methodology, outlines the development of the performance monitoring
system along with the equipment and experimental procedures used to conduct the four
different tillage experiments. The Results and Discussion chapter summarizes collected
data and supporting discussion on the relevance of the results. Finally, the last chapter
summarizes the results for the different experiments conducted; presents final

conclusions for this research; and suggests future work.



CHAPTER TWO
REVIEW OF LITERATURE

Introduction

Equipment performance has been a popular topic for researchers from past-to-
present. This chapter presents previously performed research on general equipment
performance and theory of equipment mechanics and management. Since the focus of
this research is on tillage operations, research related to soil properties and the interaction

between soil and implements is also discussed.

Off-Highway Vehicle Performance

Agricultural Applications

Over the years, the trend has been for farmers to upgrade to larger machinery for
performing various field and farm tasks. The main reason has been the increase in
acreages an individual farmer actually manages. In many cases, tractors will be overrated
for the task at hand since smaller tractors have been replaced. However, the same task is
completed without adopting different operating techniques to compensate for unused
horsepower.

Data acquisition systems on tractors have provided researchers with valuable
information over the years. Schrock et al. (1982) devised a system to perform

transmission gear recommendations for operating agricultural machinery. The purpose of



this project was to maximize tractor efficiency using microcomputer technology to
predict the most appropriate gear for the task being performed. The system used
algorithms to analyze engine load, engine speed, and transmission speed to predict and
display a gear and throttle setting in an attempt to maximize operating efficiency of the
tractor. An equipment operating method known as “gear up, throttle down” was the basis
for recommendations performed by the gear selection aid. While maintaining a
predetermined speed, the operator “gears up” to a lower gear ratio and reduces engine
speed, thus reducing overall engine load (Schrock et al., 1982 and Grisso et al., 2001).

Schrock et al. (1982) evaluated the system under four in-field operations. Two
trials were performed operating a grain drill with and without the display active. The
third operation was done pulling an anhydrous ammonia applicator and the fourth
operated a chisel plow. Average fuel savings with the display active was 19.8%
compared to use without the display. Using microcomputer technology, a gear selection
aid proved to increase efficiency of agricultural processes.

Grisso et al. (2001) explained the “Gear Up and Throttle Down” concept,
mentioned earlier, for saving fuel. Adjusting to a higher gear enables the operator to run
at the same travel speed and reduce engine speed 70% to 80% of the rated engine speed.
They showed that the most efficient operation occurred at less than 65% of rated
maximum load. However, the engine can be overloaded by being expected to produce
increased torque at higher speeds. They reported that a larger tractor pulling a light load
using the geared up and throttled down concept will use the same or less fuel as a smaller

tractor at full load. Guidelines for this technique included:



e Use on light loads only,

e Stay within working revolutions per minute (RPM) range of engine,
e Select a gear to sustain travel speed but decrease engine speed, and
¢ Do not overload engine.

In 1993, Turner devised a data acquisition system to determine an agricultural
machine’s tractive performance in the field. American Society of Agricultural Engineers
(ASAE) standard S296.5 (2003) defines tractive efficiency as the ratio of output power to
input power for a traction device. A traction device is defined as a powered device for
propelling a vehicle using reaction forces from the supporting surface (ASAE S296.5,

2003). Tractive efficiency can also be described using the following relationship:

re=) @)
(T X a))
where, .E. =tractive efficiency

= vehicle tractive force (kN)

= vehicle travel speed (m/s)

= torque applied to tractive device (N-m)
= angular velocity (rad/s)

e H< v

Turner (1993) pointed out that tractive efficiency serves as a good basis for
improving traction. His particular system measured vehicle ground speed, traction
surface speed, and draft force. Draft measurements were collected with a load cell for
use with pull-type implements. Radar gun technology was utilized to collect ground
speed as well as wheel speed. He used indirect methods to obtain power input to the
tractive device so tractive efficiency (Eq. 2.1) could be derived.

Hansson et al. (2003) performed research on the effects of transient loads on fuel

efficiency of agricultural tractors. Testing was executed under four different operations



with various engine speeds. A 17,000 kg (37,479 1b) trailer was pulled for
instrumentation calibration and some testing procedures. A steady state test was
conducted with three different transmission gear settings and two engine speeds, 2,100
rpm and 1,700 rpm. An acceleration test was performed by accelerating to the maximum
velocity attainable while towing the trailer. The third test was done with no load under
normal on-farm driving conditions including acceleration, deceleration, and turning. The
last test involved moving 15 buckets of material with a front-end loader from one
location to another. Tractor fuel efficiency was decreased under transient loading caused
mainly by non-optimal air/fuel ratio, meaning there was inadequate air intake for proper
fuel-air ratio causing the engine to run rich (Hansson et al., 2003). Non-optimum air/fuel
ratios resulted in increased fuel consumption and increased emissions due to incomplete
fuel combustion. A decrease in fuel efficiency indicated that more fuel was used to
accomplish the same amount of work. The researchers concluded that the front-end
loading resulted in a 13% decrease in fuel efficiency compared to the steady-state test.
The normal farm driving under no load experienced a 7% decrease compared to steady-
state operations.

Draft measuring devices can be important tools for fully understanding the impact
of draft on equipment energy requirements. Three point hitch mounted implements can
be difficult to collect accurate draft measurements because of complex geometry. Al-
Janobi (2000) researched a data acquisition system to monitor the performance of three-
point hitch mounted implements. Two draft dynamometer designs were developed: 1)
frame type and 2) integrated type. The first group consists of an independent frame with

transducers that mount between the tractor and the implement. Integrated dynamometers
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have transducers built into the stock lift system. The advantage of the integrated system
was the ability to maintain the geometry of the lift system (Al-Janobi, 2000). He chose to
utilize an integral system that measured forces in the longitudinal and vertical planes for
use with category II and III implements. A 100 kN tension/compression load cell was
integrated in the existing top link of the tractor. The lower links of the 3-point hitch were
implemented with an extended octagonal ring transducer (EORT) developed by R.J.
Godwin in 1975 (Al-Janobi, 2000). This particular transducer measured vertical and
horizontal forces simultaneously at the ball end of the lower link. The implement depth
and angular position of the dynamometer were measured with a rotary position transducer
connected to the rockshaft of the tractor lift system. The transducer signals were linked
to a datalogger that was connected to an activity unit. The activity unit was responsible
for providing an excitation to the transducers and identified the test being performed by
the tractor. Testing was conducted using a 2.10 m chisel plow at tillage depths of 7 cm,
12 cm, and 0.15 cm. He concluded that the integral draft system performed well during
field testing.
Construction Applications

Construction site preparation often requires earth and materials to be relocated to
different locations at the site or transported to another location. Earthmoving operations
usually involve a loading unit that loads a hauling unit with material. The hauling unit
then transports the load to another location such as an area needing to be filled or a
disposal area (Martinez, 1998). For large projects, large fleets of equipment are used to
increase productivity. Prior to starting the project, operations must be planned out

logistically so that the operation can be completed under the time allotted for the phase.
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Estimating productivity of these operations prior to beginning is necessary for project
planning and budget management. Minor improvements in logistics and equipment
selection for these operations can result in considerable time and money savings.

Several simulation models have been developed to analyze earthmoving
operations prior to project commencement (Smith, 1999). Complex simulation models
that have been developed are highly advanced and require extensive training and
programming knowledge. Navon (2005a; 2005b) indicated the need for autonomous
project performance control. Data collected autonomously would present the tools to
compare expected with actual performance. Real-time control using this type of data
would aid in keeping projects on track, thus meeting specified objectives and deadlines.
Monitoring positions of equipment with GPS would be beneficial in analyzing operation
efficiencies. Currently, the literature is limited on real-time monitoring of construction
equipment.

Forestry Applications

Veal et al. (2005) investigated the tillage energy requirements needed for forest
site preparation. Similar to agricultural soils, compaction also occurs in forestry sites due
to heavy equipment traversing throughout the site during harvest. Costly tillage
processes for forestry applications can cost up to $250 per hectare. The goal of this
research was to quantify the power requirements needed to perform conventional forestry
site tillage to develop methods for improving equipment efficiency and lower costs. The
implement used for experimentation was a single shank trailing subsoil plow that was
configured with a vertical coulter in the front of the ripping shank and discs in the rear of

the implement. The experiment design was five treatments with five different implement
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configurations. The implement depth and tractor travel speed were constant for each
treatment. Implement draft force was measured with a load cell and equipment position
monitored by GPS. Veal et al. (2005) reported a 34% decrease in draft force with the
ripping shank alone compared to the coulter and the ripping shank. This reduction was
the most noticeable draft difference among the implement setup combinations. They also
mentioned the need for further research to include different implements and
configurations to better understand the power requirements of different operations.
Research pertaining to forestry tillage operations and equipment performance was
limited.
Spatial Equipment Management

Measuring equipment operating characteristics and associating them to field
variables can be used to improved efficiencies and lower operating costs. Yule et al.
(1999) evaluated a real-time GPS data acquisition system on a Zetor agricultural tractor
implemented with a tine cultivator outfitted with a consolidation roller. Variables
monitored directly included fuel consumption, fuel temperature, engine speed, draft
force, pitch and roll angles, GPS position, wheel speed, and ground speed. Engine
performance maps described with equations were used to extract torque values. They
created general performance maps of field slope, slip, and operating costs. Operating
costs, excluding fuel costs, were calculated according to work rates collected with the
tractor performance system. Areas of high slip were identified and field remediation was
suggested so that operating costs could be decreased. They concluded that operating
costs increased in areas of high slope causing increased wheel slip, thus decreasing work

rate.
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Adamchuk et al. (2004) used the GPS position of a tractor to assess performance
and estimate operational costs. The main goal of their research was to investigate the
possibilities of using geographic position records to assess the spatial performance of
agricultural machinery. The three main variables identified to quantify spatial
performance were speed, swath width, and the traffic pattern. Experiments were
performed with a grain combine equipped with two individual GPS devices. One GPS
device collected data only while the combine was harvesting and the other collected data
the entire time in the field. Adamchuk et al. (2004) developed an algorithm to post-
process collected traffic patterns. They identified two characteristics of interest to be
obtained from this data, field capacity and field efficiency. Field capacity is defined by
ASAE standard S495.1 (2005) to be the ratio of effective field capacity to theoretical
field capacity. Effective field capacity is defined as the actual rate of land or crop
processed in a known amount of time. Theoretical field capacity is defined as the rate of
performance obtained if a machine performs its function 100% of the time at a given
operating speed using 100% of its theoretical width (Adamchuk et al., 2004). Maps were
created to spatially analyze the performance of the combine. Adamchuk et al. (2004)
concluded that areas of low field efficiency were associated with unnecessary turns, field
obstacles, and overlapping paths.

Demmel et al. (2002) configured a system to collect geo-referenced data in order
to improve farm management and equipment traceability. The system was installed on
five test tractors on a test farm in Germany which acquired data such as: GPS
coordinates, engine speed, power-take-off (P.T.O) speed, draft forces, and others values

depending upon the implement and process being done. The basis of their work was to
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obtain an autonomous data acquisition system that collects data without operator
interaction. The system had three basic components: an agricultural CAN bus system,
GPS, and implement identifiers (Demmel et al., 2002). The task controller determined if
the tractor was actually performing or not performing in the field. This assessment was
accomplished by comparing field position data to the actual data being acquired from the
GPS during field operation.

An overwhelming amount of data was collected with the system, so algorithms
were developed to compute and collect valuable data (Demmel et al., 2002). The data
collected autonomously with the system helped quantify how efficiently the farm
equipment was working in the field. They used the programs IMIyy,, along with the
database program Microsoft Access” to post-process the data. The data provided the
total hours spent in the field and percentages of time working, turning, and standing idle.
Averages and totals were also easily computed after data was post processed. Collecting
draft forces along with GPS data enabled the researchers to create maps of estimated soil
resistance for each field which could be used for site-specific management. Demmel et
al. (2002) concluded that these types of GPS based systems are a valuable way to
improve in-field efficiency of farm equipment. However, the system did not provide a
real-time display permitting the operator to make machine operating adjustments in the

field.
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Off-Highway Vehicle Management

Traction

Traction describes the effectiveness of power transfer between a tractive device
and another surface. Tractive efficiency can be improved by adjusting operating
technique and equipment setup. Tractive efficiency is defined as the ratio of drawbar
power to axle power. Travel reduction is defined as the reduction in forward speed that
occurs when a tractor pulls a load. Slip is a term often interchanged with travel
reduction. However, slip can occur without pulling a load. Adjusting the amount of slip
the tractor is having can improve tractive efficiency. Optimum slip ranges according to

ASAE standard EP496.2 (2003) are as follows:

4% to 8% for concrete,
o 8% to 10% for firm soil,
e 11%tol3 % for tilled soil, and
e 14% to 16 % for soft soils and sands.

The tractive performance of the tractor can be calculated by analyzing the
performance of each individual drive tire. The motion resistance of the front wheels
subtracted from the net pulls of the drive wheels is how to calculate the drawbar pull of a
two wheel drive tractor.

A draft equation (ASAE Standard EP496.2, 2003) for a certain implement that
incorporates field conditions is as follows:

D=R_+ MR (2.1)
where, D  =draft, N
Rsc = soil and crop resistance, N

MR = total implement motion resistance, N
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Soil and crop resistance is defined by the ASAE standard EP496.2 (2003) as the
force parallel to the direction of travel resulting from the contact between the soil or crop
and the working components of the implement. An equation for soil and crop resistance

1s as follows:

R, =nr, (2.3)
where, Rsc = soil and crop resistance, N
n  =implement numeric including total width, number of
shanks, cross-sectional area, number of rows
rse = unit soil and crop resistance specific to the implement:

ASAE D497, clause 4
(ASAE EP496.2, 2003)

Motion resistance for the entire implement is calculated as follows:
MR =%R,, (2.4)
where, MR = total implement motion resistance, N
Rv = motion resistance of each wheel supporting the
implement, N
(ASAE EP496.2, 2003)

Calculating drawbar power for tractor powered implements and propulsion power for self

propelled implements is calculated as follows:

Ds
Py, = (2.5)
const.
where, Pa, = drawbar power required for the implement, kW
D = implement draft, kN
s = travel speed, km/h

const. = 3.6 metric units
(ASAE EP496.2, 2003)

Jenane et al. (1996) investigated the relationship between tractive performance

and specific fuel consumption of agricultural tractors over a range of field conditions.
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They indicated that the main variable that restricts higher drawbar pulling efficiency was
excessive wheel slippage. Further, they also reported that soil type, soil condition, tractor
configuration, and hitch type effect slip. A microcomputer based data acquisition system
was developed to monitor drawbar load, engine speed, forward speed, torque,
transmission output torque, and fuel consumption. Data was recorded to a magnetic tape
for later interpretation. Specific variables calculated during testing included slip,
dynamic traction ratio, axle torque, and tractive efficiency (Jenane et al., 1996). Slip was

calculated with the following formula:

5 =100 x [1 - U—IJ] (2.6)

where, s =slip, %
v; = forward speed under load, km/h
v, = theoretical speed under no load, km/h

Dynamic traction ratio is defined as ratio of drawbar load to tractor weight.

dp
D, =— 2.7)
w
where, D, = Dynamic traction ratio, dimensionless

d, = drawbar pull, N
W = tractor weight, N

Three field conditions were tested that included crop stubble, a chisel plowed
field, and a moldboard field (Jenane et al., 1996). They concluded that fuel consumption
was maximized when the tractor operated near maximum tractive performance.

Increased fuel efficiency was found to be within a slip range of 10% to 30%.
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Equipment Management

Many methods of managing and selecting the proper equipment to perform a
specified job have been developed. Srivastava et al. (1993) discussed several concepts
for estimating in-field productivity for agricultural machinery. Field capacity is a
measure of equipment productivity in the field and is described as the amount of area a

machine can process over a period of time illustrated in equation 2.8 below:

i,
C,=—— 2.8
«= 0 (2.8)

where, C, = theoretical field capacity (hectares/hour)
v = travel speed (km/h)
w = machine working width (m)
ny = field efficiency (decimal)
Due to non-productive activities like turning, overlap, and material fill-up, field

efficiency cannot be 100%. Field efficiency is defined as the ratio of theoretical time to

perform a task to the time loses associated to the performed operation shown in equation

2.9:
Tt
n, = - (2.9)
T,+7,+7,
where, ny = field efficiency (dimensionless)
T, = theoretical time required to perform operation (h)

T =1/ Ky (h)
K, = fraction of implement actually utilized
T, = time losses proportional to area, (h)
T, = time loses not proportional to area, (h)
Srivastava et al. (1993) include a table available that shows field efficiencies,

speed ranges, and estimated maintenance costs of many different field operations as they

pertain to agricultural operations.
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Estimated draft requirements are important for choosing the proper tractor to
operate an implement. Srivastava et al. (1993) provided formulas for estimating the
implement draft requirement and the drawbar power required to pull the implement under
field conditions. The draft requirement for implements was estimated using the

following formula:

D,=F, (4+Bv+Cv?)wd (2.10)
where, Dy = implement draft (kN)
F; = texture adjustment factor
i =1 for fine soils, 2 for medium soils, or 3 for coarse

textured soils
A, B, C = implement adjustment factors

w = implement working width (m)
v = travel speed
d = tillage depth (cm)

The draft equation above is prelude to estimating drawbar power requirements (2.11).

D, v
P, =—L 2.11
ey (2.11)
where, Pi, = drawbar power (kW)

D; = implement draft (kN)
v = travel speed (km/h)

In-field management of machinery is important for performing tasks in a timely
manner. Economic machinery management is an important aspect of farming that needs
attention. Ownership costs include depreciation, interest, taxes, insurance, and sheltering
the machinery. Depreciation is the value reduction of a machine over time. Estimating
machinery depreciation can be a key factor in determining economic management
strategies (Srivastava et al., 1993).

Bryant (2004) described some methods the J.G. Boswell Company used to

manage equipment. This company or farm row crops about 140,000 acres which requires
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hundreds of different tractors and implements. A farm of this scale tries to run efficiently
as possible by effectively managing their equipment. The management philosophy is to
operate as fast as possible using the least number of people. With this philosophy in
mind, they have adopted the use of tracked tractors to minimize soil compaction and
disturbance by reducing tractor weight and increasing available horsepower. They have
been successful at accomplishing a weight to power ratio of 1 horsepower to 100 pounds
of tractor weight.
Ballasting

Zoz et al. (1995) performed research on a methodology for estimating proper
tractor ballasting. Previous methods of choosing proper ballasting for agricultural
operations were based general field observations and not technical calculations as they
reported. The traditional idea was that the amount of slip governs equipment ballasting.
However, ballasting varies with soil types and cannot be solely estimated from slip. They
suggested that gross traction ratio was the best variable to base ballasting

recommendations. Gross traction ratio (2.12) is defined as the input to the tractive

device.
GTR = . (2.12)
=7,
where, GTR = Gross traction ratio (fraction)
P = Tractor power, kW
w = Tractor weight, kg
V; = Theoretical travel speed, m/s

Net traction ratio can be a good indicator of proper ballasting if the drawbar force
is known. This variable also changes with soil strength and tire size, which makes it

difficult to accurately calculate. The main objective of proper tractor ballasting was to
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maximize the time spent at maximum tractive efficiency, and to minimize fuel
consumption (Zoz et al., 1995). They suggested that gross traction ratio was the best
estimate of proper ballasting for agricultural tractors because of its independence of soil
strength and traction devices. Unfortunately, many operators ballast their equipment
according to the worst case scenario that the tractor will encounter and never alter this
configuration. They suggested a gross traction ratio of around 0.50 was required for
maximum tractive efficiency. In order to spend the most time at maximum tractive
efficiency, the ballast will have to be lighter than the ballasting required for the worst
cases of operation. They concluded that gross traction ratio of 0.54 to 0.60 supplied good
traction efficiency for most operations.

Equations have been developed to estimate equipment performance data without
direct measurement. Goering et al. (2004) discussed equations to estimate equipment

variables. A definition of linear power (2.13) was defined:

P= M (2.13)
3.6
where, P = linear power (kW)

F = force (kN)
S = speed (km/h)

If fuel consumption is known then fuel equivalent power can be calculated. Fuel
equivalent power (2.14) is defined as the amount of power that can be obtained by

burning fuel.

HV)x\M .
P, L) <lar, ) (2.14)
3600
where, P, ={uel equivalent power (kW)

HV = heating value of fuel (kJ/kg)
M; = mass fuel consumption rate (kg/h)
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The mass fuel consumption rate (2.15) is a function of the volumetric flow rate

and the density of the fuel at time of consumption.

M, =0, xP, (2.15)
where, M; = mass fuel consumption rate (kg/h)
Or = volumetric fuel consumption rate (L/h)

Py =fuel density (kg/L)

Tire Pressure

Adjustments made to tire pressure can improve traction and operational
efficiency. Lancas et al. (1996) performed research on the effect of tire pressure on
equipment productivity. There are two types of tires used in agriculture, bias-ply and
radial. A radial tire is constructed with the reinforcing belts, usually steel belts, sideways
under the tread rather than lengthwise and a bias-ply tire has crossed layers of ply cord
running diagonally to the tread. Radial tires perform better because the belts stiffen the
tire which reduces lug deflection which decreases performance (Lancas et al., 1996).
These tires have increased side wall deflection which increases the contact area, thus
increasing traction. Power-hop is a problem encountered when using radial tires and is
defined as a combination of vibration and bounce that causes a vertical jumping effect
seen on mechanical front wheel drive (MFWD) and four-wheel-drive tractors (4WD)
(Lancas et al., 1996). Advantages to lower tire pressures include higher tractive
efficiency, increased fuel efficiency, lower soil compaction, and power-hop control.

Lancas et al. (1996) performed a series of tests in California in both spring and
summer of 1994. Spring testing consisted of disking a wet, Capay clay with two tire
inflation pressures. A high tire pressure of 165 KPa and a low/correct pressure of 76 KPa

for the rear tires and 90 KPa in the front tires were chosen for these tests. Over the
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summer, a Rincon silt clay/Yolo silt loam soil was tilled with a 9 shank subsoiler using
two tire inflation pressures. Inflation pressures for summer consisted of a high pressure
of 165 KPa and low/correct pressures of 97 KPa for the rear and 90 KPa in the front for
summer testing. A John Deere 8870 4WD agricultural tractor was used for testing. Soil
data collected included moisture content, bulk density, and cone index. They concluded
that a tractor with lower tire pressures used 20% less fuel and achieved a 5.7% increase in

productivity.

Soil Compaction

The impact of soil compaction on agricultural soils has been studied and
documented for well over 50 years. Farmers, foresters and others who cultivate land
have found the existence of soil compaction to be a cumbersome problem. As with many
problems, compaction can have a wide range of influence on plants. Plants may be
influenced minimally, causing a slight decrease in growth and yield, or compaction can
totally impede crop growth by limiting seedling emergence resulting in little or no yield.

Solids, liquids, and gas are three main components constituting soil. Mineral and
organic particles make up the solid portion while liquid and gas parts occupy pore space
or porosity. All three components are important when defining soil compaction.
Compaction involves the reduction of the porosity of the soil matrix caused by an
external factor. Soil compaction has been defined as the process by which the macro-
pore structure of soil collapses and soil particles are rearranged (Reaves and Nichols,

1955).
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Soil pores are important to plant growth. They permit water and air movements
through soil along with letting roots penetrate and explore the soil medium to collect
nutrients and moisture. As porosity is reduced, plant growth is directly affected. Soil
compaction involves both internal and external variables, which determine its magnitude
and extent. Natural soil characteristics determine the internal factors such as soil texture
and structure. External factors exert pressure on the soil matrix and generally are induced
by surface traffic and cultivation practices. As machinery and other equipment traverses
a soil, pressure is applied that tends to push soil particles closer together creating less
space for the gas-liquid components of the soil. Moisture and other variables such as soil
texture can also effect soil compaction.

Soil moisture content is the factor having the greatest influence on the degree of
compaction generated by external pressure (Weaver and Jamison, 1951; Amir et al.,
1976; Cooper and Nichols, 1959; and Hampton and Selig, 1965). Throughout the year,
moisture fluctuates with rain and snow accumulation, and the drying effects caused by
nature. Moisture held between soil particles acts as a lubricant (Harris, 1971). The
presence of moisture allows particles to be more easily rearranged and to be packed
together much tighter than in dry conditions. The bulk density of soil increases with
increasing moisture content, but only to an optimum moisture content for compaction, at
a given pressure. Most soils are compactable when the moisture content reaches field
capacity (Akram and Kemper, 1979). Field capacity is defined as the moisture content of
a soil after it has drained from saturation for approximately 24 hours. Soils with water
contents above field capacity do not compact as easily because water occupies some or

all of the macropore space.
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Dry soils have more resistance to compaction. More pressure is required to
compress a dry soil to a given porosity than is required for a moist soil. In return, more
power is required for tillage and similar operations at lower moisture contents. Soil
moisture conditions during field operations play a significant role in managing
compaction due to the pressure exerted by large equipment.

Both texture and structure determine the ability of soil to supply nutrients, water
and air to plants (Grandt, 1988). Soil texture is the distribution of the size of soil
particles expressed in percent of sand, silt, and clay. Soil structure is the connection of
various sizes of soil particles into secondary particles or aggregates. Raghaven et al.
(1976) reported that, for a given external pressure, soil of any texture will be compacted
to some degree. Clay soils at high moisture contents are susceptible to compaction
(Eriksson et al., 1974). Of the three soil particle size categories, sand will compact to a
denser state than silt or clay (Larson et al., 1980). A soil having a wide range of particle
sizes is more compactable than one with a uniform particle size because smaller particles
can move into the voids between larger particles.

Plant roots have a harder time penetrating a compacted clayey soil than a
compacted sandy soil. Veihmeyer and Hendrickson (1948) showed that plant roots could
grow well in a sandy soil at 1.6 g/cm’, but experienced an effective barrier in clay soil at
the same density with growth factors kept equal between both textures. A poorly
structured soil is susceptible to compaction, notably those with low organic matter
contents (Larney and Fortune, 1986).

Literature has indicated that an increase in soil organic matter results in a decrease
in compatibility (Larson and Allmaras, 1971; Howard et al., 1981; and Free et al., 1947).
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The existence of organic matter within soil horizons helps reduce both bulk density and
penetration resistance, and increases the ability of soil to retain and transport water (Ohu
et al., 1994). Most farmers depend on crop residue left after harvest to add to the organic
matter content of soils within their fields. The residue is considered important and most
farmers benefit by managing residue to preserve an optimum level.

Wheeled vehicles are the most predominant types of transport elements used in
off-road applications. Wheeled machinery is faster and less damaging to paved roadways
than tracked vehicles. However, these machines are the most common source of
machine-induced soil compaction (Reed, 1940). The first pass of a wheel induces about
80% of the total compaction on a loose soil. As with agricultural soils, forested soils are
also sensitive to compaction. A conventional forest harvesting operation can cause 20%
to 40% soil disruption and compacting (Brady et al., 2002). The highest impacts are
along the skidder trails were machines skid logs to the landing decks.

Rubber tires tend to concentrate a load in a relatively small contact area between
the ground and tire. This leads to high contact pressures on equipment with large axle
loads. Agricultural tractor tires inflated to nominal pressures of 69 to 103 KPa
commonly apply pressures of 138 to 345 KPa to the soil (Cohron, 1971).

Several advancements that reduce the tendency of pneumatic tires to compact
soils are: wider tires (Taylor, 1980), larger diameter tires, and lower inflation pressures
(Abu-Hamdeh et al., 1995). Robertson and Erickson (1978) showed that dual tires and
flotation tires could decrease compaction. These advancements increase the contact area
at the tire-soil interface reducing the exerted pressure by distributing the weight of the

machine over a larger area.
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The adverse effects of soil compaction on crop growth have been recognized for
years. Bulk density and soil strength are two physical properties which quantify soil
compaction. The level of compaction which requires amelioration for a given soil type is
not well understood. No generally accepted rule of thumb exists.

Soil bulk density is defined as the weight of oven dry soil divided by its volume.
Therefore, bulk density provides a measurement for the compactness of soils. Many
methods have been devised to determine the bulk density of soil. Special coring devices
have been developed to extract soil of know volume while minimizing disruption of its
natural state (Brady et al., 2002). Devices have a cylinder that has a series of inner
cylinders of a known volume that are filled with soil when driven into the ground. First
the samples must be dried in the over at 105°C for 72 hrs. The samples are weighed and
the bulk density is calculated.

Bowen (1981) suggested a general rule (with many exceptions) that bulk densities
of 1.55, 1.65, 1.80 and 1.85 Mg/m’ can impede root growth and thus will reduce crop
yields in clay loams, silt loams, fine sandy loams, and loamy fine sands, respectively.
Bulk density greater than 1.2 Mg/m” for clay soil, 1.6 Mg/m® for loam soil, and 1.8
Mg/m’ for sandy loam adversely affected the root growth of rice (Kar et al., 1976).
Singh et al. (1992) proposed a bulk density less than or equal to 1.3 Mg/m’ as non-
limiting to crop growth, in any soil type. However, due to the lack of research literature,
they suggested that a maximum bulk density of 2.1 Mg/m’ in any type of soil is unusable
by plants. Within the range of 1.6 to 2.0 Mg/m’, some type of tillage or other physical
manipulation should be applied. Around 2.0 Mg/m’, a critical bulk density for soils,
exists at which roots are unable to penetrate and develop.
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Soil strength or mechanical impedance is also an indicator of how easily roots can
penetrate soil and provides a measurement of the physical resistance of a soil to deform
under pressure. Cone index is measure of soil strength that is measured with an
instrument called a soil cone penetrometer. ASAE S313.3 (2004) describes the cone
penetrometer as a driving shaft with a 30 degree circular stainless steel cone (or cone
base) at one end. Recommendations for cone base sizes are: 323 mm” with 15.88 mm
diameter shaft for soft soils and 130 mm?® with a 9.53 mm diameter shaft for hard soils.
For accurate cone index readings, the cone should be inserted into the ground at a rate of
30 mm/s. Readings should be taken at least every 50 mm of depth (ASAE EP542, 1999).

Manual penetrometers can be difficult to operate and pose inaccuracies if
insertion is paused to take readings. Raper et al. (1999) developed a tractor mounted soil
cone penetrometer with an on-board instrumentation system for increased measurements.
The penetrometer was hydraulically inserted in the ground and a SOMAT®
instrumentation system collected cone index readings at rates between 5 to 10 Hz. This
system was effective for applications that require higher sampling rate such as soil
compaction profiling.

Penetrometer resistance limiting root growth depends upon the soil conditions and
characteristics and the crop of interest. Ehlers et al. (1983) stated that the penetrometer
resistance limiting growth of oats was 3.6 MPa in tilled Ap horizon, but 4.6 to 5.1 MPa in
untilled Ap horizon and subsoil. Cone index became less dependent on dry density at
higher moisture contents. Sojka et al. (1990) studied the effect of penetrometer resistance
on sunflowers. A penetrometer measurement of 2 MPa produced some restriction to root

growth and a resistance of 3 MPa created a total barrier to root elongation. A maximum
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root growth index for citrus is 1.5 MPa (Lutz et al., 1986). Taylor et al. (1964) found that
cotton roots are unable to penetrate soil strength above 3.0 MPa in an Amarillo fine sandy
loam. Murdock et al. (1995) suggested a penetrometer reading of 2.07 MPa as indicative
of severe compaction for Kentucky soils. The literature suggests that penetrometer
values measured with a 13-mm, 30-degree cone tip above 2.5 to 3.0 MPa limits root
growth in most soils (Busscher and Sojka, 1987).

Philips and Kirkland (1962) and Morris (1975) reported corn yield reductions of
10 to 22 % due to compaction. Canarache et al. (1984) reported that each 0.1 Mg/m3
increase in bulk density created an 18% decrease in maize grain yields compared to the
yield on a non-compacted plot. Increased soil compaction can reduce yields in potatoes
up to 22% (Saini and Lantagne, 1974) and decrease wheat growth (Feldman and Domier,
1970). These results illustrated the potential for compaction to reduce crop yields.

Gaultney et al. (1980) studied the effect of bulk density on corn (Zea mays L.)
yields over two years. They compacted a silt loam soil to densities between 1.71 to 1.82
Mg/m’. A layer of the compressed soil, 0.04 to 0.05 m thick was placed at 0.20 to 0.23 m
depths within in the soil. Yields were reduced by 45% to 50% over the study. Similarly,
Pollard and Elliott (1978) found barley (Hordeum vulgare L.) yields were reduced by
38% due to a sandy loam soil compacted to range of 1.89 to 2.07 Mg/m’ at 0.15 to 0.20
m depth as compared to compaction levels between 1.52 to 1.56 Mg/m” at the same
depth. Unger and Kasper (1994) reported that natural amelioration of compaction can

result from freezing/thawing and wetting/drying cycles in some soil types.
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Methods to Reduce Compaction

Current cropping practices produce a cycle between soil compaction produced by
off-road equipment and the alleviation of this condition by means of tillage or natural
processes such as freezing and thawing. Nature tends to reduce soil compaction over
several years, but most stewards of the land require a quicker cure for compaction
problems. Tillage is the main process used in agriculture to break up compacted layers.
Controlled Traffic

Considerable research has shown controlled traffic to be an effective means of
reducing compaction in agricultural operations (Buckingham, 1975; and Dumas et al.,
1973). Equipment is confined to predetermined paths to decrease the area of soil affected
and traffic is restricted to dry soils. Real time kinematic (RTK) technology is being used
to guide equipment with centimeter accuracy. Manufacturers including John Deere and
Trimble have agricultural guidance systems on the market that automatically steer the
tractor along a predetermined path. These systems are often used for installation of in-
furrow irrigation systems were accuracy is crucial. Guidance systems would allow for
easy implementation of controlled traffic. Gan-Mor and Clark (2001) indicated that
controlled traffic can lessen and in some cases eliminate the need for deep tillage
operations. Raper and Bergtold (2007) reports a 6% fuel savings and 9% draft force
reduction could be achieved with controlled traffic subsoiling.

Tillage

"Tillage may be defined as the mechanical manipulation of soil for the purpose of

enhancing the growth of crops" (Wells, 1994). Tillage processes are used to reduce bulk

density and lower soil strength to facilitate root development. Deep tillage, sometimes
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called subsoiling, provides a method to alleviate poor physical properties caused by soil
compaction. The presence of hardpans and other restrictive layers requires deep tillage to
break up these layers and permit roots to reach the B-horizon early in the growing season
to access valuable nutrients and moisture. The U.S. southeastern coastal plains contain
sandy loam soils, which are highly compatible. Many researchers have studied the effects
of deep tillage on these soils and have often reported yield increases for crops (Chancy
and Kamprath, 1982; Box and Langdale, 1984; Reeves and Touchton, 1986; Sene et al.,
1985; Wagger et al., 1992; and Busscher et al., 1988). Kamprath et al. (1979) showed
that subsoiling increased the utilization of subsoil moisture in soils with root limiting
layers.

Deep tillage can result in benefits for short periods of time or create adverse
effects. Gaultney et al. (1982) found subsoiling was ineffective in reducing the effects of
compaction on a silt loam soil in Indiana. Barnhisel (1988) reported that there was a
tendency for bulk density to increase over a period of two years in both ripped and non-
ripped areas. Elkins et al. (1983) also noted that subsoiling has short-term beneficial
effects but undesirably mixes soil horizons. Subsequent cultivation operations requiring
machinery traffic, along with the natural settling of the soil particles, can lead to a
reduction on pore space that was created by deep tillage (Larney and Fortune, 1986; and
Kouwenhoven, 1985). Therefore, some soils may require yearly subsoiling to help
reduce soil strength and bulk density and enhance plant growth. However, deep tillage
requires large amounts of power and can become costly if required annually. Raper and

Bergtold (2007) recommended subsoiling when soil has adequate moisture so that surface
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soil disruption and energy requirement can be minimized. They reported a 19% fuel
savings and a 28% draft reduction by avoiding tillage in dry conditions.
Site-Specific Tillage

Rising fuel costs are influencing producers to consider alternative tillage methods
to reduce input costs. Most crop producers subsoil at a constant depth usually limited by
the moisture content of the soil and/or the size of the tractor and implement being used
(Raper et al., 2005a). However, soil compaction occurs at variable depths throughout a
field and many producers subsoil deeper than required.

A method known as site-specific tillage reduces energy requirement and saves
fuel cost by tilling only to the depth required to destruct compaction layers. Knowing
where the hardpan is located throughout the field and performing tillage site-specifically
can decrease energy requirements and optimize crop yields (Raper et al., 2005a). First,
the compaction layer is located throughout the field and tillage zones are assigned
according to depth layers. Methods of locating the compaction layers include bulk
density, cone index, and electrical conductivity. Fulton et al. (1996) investigated using
the physical soil properties bulk density and cone index to determine the depth of the
hardpan. He reported that little correlation existed between dry bulk density and cone
index for the particular soil type being examined. According to the selected dry bulk
density threshold of 1.6 Mg/m?®, no portion of the field exceeded this value. However,
portions of the field exceeded the cone index threshold of 2.0 MPa. Fuel consumption
estimations yielded a 50% reduction in fuel usage could be achieved with subsoiling the
portions of field exceeding the 2.0 MPa cone index value compared to uniform deep

subsoiling the entire field.
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Raper et al. (2005a) investigated the idea of using site-specific tillage techniques
in order to save energy and maximize corn yields. Tests were carried out using three
tillage patterns. Site-specific tillage was carried out at three depths: 25 cm, 35 cm, or 45
cm. The second treatment was to simulate uniform depth subsoiling at 45 cm and the
third treatment was no subsoiling. The results show that site-specific subsoiling had
similar affects compared to deep subsoiling, but both methods had better results than no
tillage. Various treatments of cover crops were also planted and tested but did not have a
significant effect on corn yields. Subsoiling at the shallower depths of 25 cm and 35 cm
required less draft force compared to deep subsoiling (45cm), thus saving time and
energy. Referring to Table 2.1, shallower subsoiling also reduced the amount of fuel
used during the operation with fuel savings of 45% for 25 cm subsoiling and 27% for 35
cm subsoiling depth compared to deep subsoiling.

Raper et al. (2005b) performed a similar experiment to investigate subsoiling
benefits on cotton production. The results showed slightly higher savings with a 59%
and 35% decrease in draft forces with the 25 cm and 35 cm tillage depths respectively
compared to uniform deep depth tillage at 45 cm. Reductions in power requirements
reached 52% with the 25 cm depth compared to deep tillage and 26 % less power
required at the 35 cm tillage depth. Estimations of fuel savings ranged from 43% with
the 25 cm depth and 27% less fuel required for the 35cm tillage depth.

Abbaspour-Gilandeh et al. (2005) also investigated the energy and fuel savings
for variable-depth tillage operation for three different soil types. Soil electrical
conductivity and penetrometer readings were also used to assign appropriate tillage

depths needed to correctly eliminate the existing compacted layer. In order to determine
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the effects of the variable-depth tillage methods, a tractor was implemented with a data
acquisition system that monitored and recorded draft forces, fuel flow, engine speed, GPS
coordinates, and ground speed. Uniform and site-specific tillage were conducted in three
different soil types, three tractor speeds, and two soil moisture levels. The three different
soil types encountered were Faceville loamy sand, Fuquay sandy loam, and Lakeland
sand. Compared to uniform depth tillage (45.72 cm), site-specific tillage yielded a 50%
energy savings and 30% fuel savings in the Faceville loamy sand (Table 2.1). The
Fuquay sandy loam soil yielded 21% and 8% energy and fuel savings, respectively, along
with 26.1% and 8.5% energy and fuel savings, respectively, for the Lakeland sand soil
(Table 2.1).

Gorucu et al. (2001) researched variable depth tillage based on geo-referenced
soil compaction data in South Carolina. Penetrometer, electrical conductivity, and yield
maps were created to access soil variability throughout a 4.9 ha field. A relationship
between electrical conductivity and corn yield existed. The field was divided into four
management zones according to soil electrical conductivity and penetrometer data.
According to predicted tillage depths, 75% of the field could be tilled shallower than the
conventional tillage depth. Each zone was subjected to 5 replications of 3 treatments: no
tillage, uniform depth tillage, and variable depth tillage. Variable depth tillage was
carried out at 25 cm, 33 cm, and 38 cm. Deep tillage was performed at a depth of 41 cm.
A tractor was implemented with a data acquisition system that collected fuel
consumption, engine speed, ground speed, slip, and draft forces. Results indicated a
42.8% energy savings and a 28.4% fuel savings with variable depth tillage compared to
constant depth tillage (Table 2.1).
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Table 2.1. Summary of results on site-specific tillage research.

Uniform tillage  Site-specific ~  ---—---- Energy savings-------
Authors Year Soil type depth Range depth range Draft Fuel Power
Fulton et. al 1996 Maury silt-loam 45.7 cm 0.0 - 40.6 cm N/A 50% NA
Gorucu, etal. 2001 Dothan Loamy sand 43.2 -45.7 cm 254-40.6cm  N/A 28.4% 42.80%
Gilandeh etal. 2005 Faceville 45.7 cm 203-35.6cm  N/A 30% 50%
Gilandeh etal. 2005 Fuquay 45.7 cm 279-457cm  N/A 8% 21%
Gilandeh etal. 2005 Lakeland 45.7 cm 279-457cm  N/A 8.50% 26.10%
Raper et al. 2005a  Dystrudepts - Hapludults  45.0 cm 249-350cm  28-55%  27-45% 17-47%
Raper et al. 2005b  Toccoa fine sandy loam 45.0 cm 249-350cm  35-59% 27-43%  26-52%




In-Row Subsoiling Performance

Raper et al. (2005¢) performed experiments regarding the effects of tillage
frequency on soil compaction and cotton yield in southeast silt load soils. Three different
subsoilers were chosen for comparison: Kelley Manufacturing Company (KMC) in-row
subsoiler, and Bigham Brothers Paratill™, and a Bigham Brothers TerraTill™. The
Paratill™ and TerraTill™ are of a bent shank design often used by southeast regional
farmers. Three tillage frequencies were analyzed: annual, biennial, and triennial. Cone-
index measurements were used to determine the depth of the compaction layer
throughout the field which was at 30 cm. With that information, the tillage depth was set
at 33 cm so the compaction layer would be disrupted. A John Deere 8300 tractor
equipped with a data acquisition system collected speed, and implement draft. Data for
2002 and 2003 were collected. For 2002, results for the annual subsoiling frequency
were reduced compared to the biennial and triennial subsoiling frequencies. The KMC
subsoiler exhibited the lowest draft forces compared to the TerraTill™ or the Paratill™.
The TerraTill™ had the highest draft forces for 2002. The 2003 results yielded no
differences in draft forces between the three implements. Results showed that the annual
frequency had lower draft forces compared to the biennial and triennial tillage
frequencies. However, the magnitudes of differences between the frequencies were not
as great in 2003 compared to 2002.

Raper (2005d) looked at straight and bentleg subsoilers and their force
requirements and soil disruption on two different soil types. Ideally for conservation

tillage systems, tillage should maintain minimum aboveground soil disruption while still
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having adequate belowground soil disruption to alleviate hardpan conditions. Eight
different subsoiler shanks were compared for the experiment with five being straightleg
and three bentleg shank designs. Testing was carried out in the indoor soil bins located at
the USDA-ARS National Soil Dynamics Laboratory in Auburn, AL. Artificial hardpan
conditions were simulated and tests consisted of four replications for each shank in a
randomized block. Cone index readings were obtained before and after tillage. Result
indicated that the straight shanks required increased amounts of draft forces than the
bentleg shanks for the Norfolk sandy loam soil (Raper, 2005d). Overall, the Decatur clay
loam required more draft than the Norfolk sandy loam however, only one statistically
significant difference between shanks existed. The bentleg shanks generated increased
side force compared to the straight shank designs. Raper and Bergtold (2007) reported
that the use of bentleg or inclined subsoiler shanks can save up to 15% in fuel and 32% in

draft.

Summary

Researchers have developed and tested various data acquisition systems and
measurement devices to monitor and collect equipment performance data (Schrock et al.,
1982; Turner, 1993; Hansson et al., 2003; and Al-Janobi, 2000). Schrock et al. (1982)
reports a 19.8% saving in fuel when using his gear selection aid. GPS technology
enables the collection of performance data joined to spatial coordinates for site specific
management of equipment (Adamchuk et al., 2004; Demmel et al., 2002; Veal et al.,

2005; Yule et al., 1999).
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Many agricultural machinery operators often neglect altering equipment setup for
different processes. Tire air pressure and ballast are two straightforward adjustments that
can improve traction and save valuable fuel during operation. Slip, tractive efficiency,
and dynamic traction ratio are all variables used to help describe how efficiently power is
transferred from the traction device to the traction surface. Various equations are used to
estimate equipment performance such as draft and implement motion resistance for
proper equipment selection.

Soil properties have been thoroughly studied for decades and have a substantial
effect on equipment behavior during tillage. The majority of energy and time is
expended during subsoiling operations in order to control soil compaction. Tillage
research revealed that tilling at shallower depths can save fuel and reduce draft forces.
Implement design has evolved to more effectively conform to conservation tillage and
tractor performance. Two prominent implement shank designs include straightleg and
bentleg. Depending on the soil type and conditions, each design has advantages and
disadvantages. Referring to equipment performance, implement research is limited to
basic fuel consumption and draft data, some of which is based on formulated estimates

and not real-time in-field monitoring.
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CHAPTER THREE
RESEARCH METHODS

Introduction

This chapter describes the data acquisition system components and sensors used
to measure equipment performance during four different tillage experiments. Several
variables were analyzed in order to compare performance differences within each
experiment. Experimental methods used to conduct the different experiments along with
the statistical analysis methods performed on the data will also be presented in this

chapter.

Data Acquisition System Development

A data acquisition system was developed to monitor and collect various
equipment performance data. The system was capable of accommodating several sensor
types including analog, digital, temperature, and transistor-transistor logic (TTL) signals.
An important system characteristic was its ability to be transferred from vehicle-to-
vehicle without major modifications to the vehicles. Components needed to sustain the
harsh operating environments encountered during field operation which primarily

consisted of dust, moisture, vibration, and physical abuse.
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Transducers

Several variables were measured to assess equipment performance. The
following provides a list of directly measured variables seen as major components to
measure equipment performance:

Fuel Consumption,

Torque,

Exhaust Gas Temperature (EGT),
Wheel Speed,

Ground Speed,

Engine Speed, and

GPS position.

Nk L=

Accurately measuring fuel consumption for a diesel engine can be challenging.
The fuel supplied by the fuel tank, referred to as supply fuel, is delivered by the injector
pump to the injectors at high pressure. Once the fuel is delivered to the injectors, only
the necessary amount of fuel is injected based on engine speed and load while the rest is
bypassed back to the tank. The bypassed fuel is commonly referred to as return fuel. At
this point, the fuel return has been heated causing its gravimetric properties to differ from
fuel at ambient temperatures or temperature within the fuel tank. To accurately measure
fuel consumption, the return fuel must be cooled, volume measured and that amount
subtracted from the supply fuel to accurately compute the actual injected fuel. Corrsys
Datron Systems manufactured the fuel sensor (model number CDS-DFL3) used in this
research to measure the fuel consumption of diesel engines (Figure 3.1; Appendix F.3)
described above about measuring return fuel.

The fuel sensor has an integrated reservoir that supplies the engine with fuel. The
return fuel is cooled through an internal heat exchanger and is routed to the transducer

reservoir instead of the tractor fuel tank. The transducer works on the concept of
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maintaining a fixed volume in this reservoir at all times. In order to sustain this fixed
volume, fuel is delivered from the tractor fuel tank to the reservoir. This amount
represents the quantity of fuel added to maintain the reservoir at a fixed volume and is the
consumption amount (Corrsys Datron, 2007). Measurement is performed by a counter in
which four pistons are connected to a crankshaft. Fuel is forced through the crankshaft
cavity into the piston cylinders thus rotating the crankshaft. Crankshaft rotation is
measured by two Hall Effect sensors which produce twelve pulses per revolution. Each
pulse is equal to approximately 0.333 cm’. Digital pulse multiplication yields a final

output signal of 500 pulses/cm’ (Corrsys Datron, 2007).

Figure 3.1. Corrsys Datron DFL-3 fuel consumption transducer.

A torque transducer was needed to measure rear drive axle torque. Several types
of transducers exist differing in power and signal transmission options while ranging
from slip ring couplers to radio frequency (RF) signal transmission for rotating shafts or
in this case an axle. For the application at hand, a compact and rugged system was
needed to monitor torque on a rotating tractor axle shaft. A Binsfeld Engineering®
(Appendix F.6) product was chosen that measures strain on a round shaft. The system

uses a 4-arm Wheatstone bridge strain gage that is adhered to the shaft. The strain gage
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is wired to a transmitter that broadcasts the signal using radio frequency to a receiver.
The signal processing system then interprets the signal and outputs an analog voltage
signal (+/-10 V) based on the amount of torque being applied to the axle. The full scale
torque was calculated according to the diameter of the shaft and then divided by 10 to
determine the amount of torque per volt. The signal is then directed into the
digital/analog module of the data acquisition system.

Pre-strain often happens when mounting strain gages. This is caused when the
strain gage measures strain but under a no-load condition which commonly occurs when
adhering the gage to the specimen of interest. In order to compensate for pre-strain, an
AutoZero feature located on the telemetry receiver subtracts the measured no-load strain
from the full scale range. Larger no-load strains reduce the measurement range of the
system. For example, if the initial imbalance was +2.5 V, the AutoZero function would
subtract that amount from the positive range of the system resulting in a full scale range
of +7.5 V compared to the potential full scale range of +10 V.

Exhaust gas temperature (EGT) was measured using a K-type thermocouple
produced by Exhaust Gas Technologies. A hole was drilled and tapped allowing a
compression fitting to be threaded into the exhaust manifold. The thermocouple was then
inserted pre-turbocharger of a John Deere 6420 (Appendix E.1) agricultural tractor as

illustrated by the red arrow in Figure 3.2.
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Figure 3.2. lllustration of the exhaust gas temperature thermocouple installed in the
manifold of a John Deere 6420.

Wheel speed was attained in two different ways during this project. A John Deere
8300 (Appendix E.2) agricultural tractor was used for three experiments of this research.
The wheel speed signal for this application was received from an existing sensor located
on the top of the transmission housing. This sensor produced a pulse proportional to the
speed of the transmission and was calibrated according to the speed of the wheel. Other
testing was performed using a John Deere 6420. The wheel speed for this tractor was
measured with a DICKEY-john® rotary encoder. The encoder was driven by a sprocket
that was mounted to the rear axle of the tractor. Ground speed was measured using a
DICKEY-john® ground speed radar for both tractors. The rotary encoder and the ground
speed radar output a TTL level pulse signal in which pulses were counted over a time
period and then converted into a ground speed. Existing Hall Effect sensors on the
tractors’ engines provided the pulse signal used for engine speed in both applications.

Draft measurement was performed using a three-point-hitch dynamometer that
measure forces in 3-dimensions. This system was fabricated and provided by the
National Soil Dynamics Laboratory in Auburn, AL. The dynamometer utilizes load cells
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which measure force in the direction of travel as well as side and vertical forces. The
data from this transducer was collected with a SOMAT" data acquisition system
(Appendix F.5) at a rate of 25Hz. An ON/OFF switch was used to initiate data collection
with this system during testing. This switch was also digitally monitored with the
performance monitoring system so all measurements coincided in time. When the switch
was in the OFF position, a “1” was input to the text file of the performance monitoring
system. During testing, the switch was turned to the ON position and a “0” was input
into the text file of the performance monitoring system. In order to merge data between
the performance monitoring system and the draft system, draft data was averaged on a 1-
Hz basis and then merged with the performance data after field collection.

Signal Processing

A KEE Technologies ZNYX X15 computer module (Appendix F.4) was used as
the mobile computer. The X15 features 2 universal serial bus (USB) ports and 4 serial
port terminals making it compatible with most GPS receivers and data acquisition
systems. The X15 was designed for use in controlling variable-rate (VR) application
controllers, machine guidance, and built to handle the rigors of off-highway applications.
Its use in this research was to handle developed software for data acquisition and as the
graphical user interface (GUI) for tractor operators.

Torque signals and the digital switch used for the draft system were processed
using a Measurement Computing USB-1608FS (USB) analog/digital data acquisition
module (Appendix F.1). This module is capable of managing up to 8 channels of 16-bit
analog input along with 8 digital input/output bits and also included an event counter.
Thermocouple signals were handled with a Measurement Computing USB-TC (Appendix
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F.2) that is capable of measuring up to 8 temperature inputs and 8 digital input/output
bits. Programs were written in Visual Basic (VB) to configure and communicate with
both Measurement Computing data acquisition modules as described in the following
paragraph.

The VB programs (Appendix G) were also used to collect equipment performance
data and then display data to the X15 screen. The programs featured a graphical user
interface (GUI) that displayed and updated all data at 1 Hz during operation (Figure 3.3).
The GUI included a display of all data being collected on equipment as well as data
logging options. This feature provides the ability to view instant feedback on equipment
performance while in operation. Data logging options allow you to choose a directory
and create a file name to store data. Data collected during field operations is written at a
rate of 1 Hz to a comma delimited text file which can then be saved to the hard drive.

Field information can be archived for future reference and development of field records.

. Serial Port and LISB Data Logger
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Figure 3.3. Example of the GUI during field operation as seen on the X15 screen.
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The data acquisition system for the Draft dynamometer was a SOMAT® 2100
Field Computer System (FCS). This system handled signals from load cells, ground
speed radar, and ultrasonic depth sensors. Data collected with this system was collected
at a rate of 25 Hz and internally stored once a test was completed. The data was then
wirelessly transmitted to a computer located in a van and saved as a comma delimited

text file.

Depth Performance Experiment

A 0.07 hectare field located at the E.V. Smith Research and Extension Center in
Shorter, AL was chosen to conduct the first field experiment. The test was conduct on
March 8, 2007. The soil was Marvyn loamy sand. This experiment was performed
concurrently with researchers from the USDA Agricultural Research Service (ARS) at
the National Soil Dynamics Laboratory (NSDL) in Auburn, AL. The field was divided
into 16 plots (Figure 3.5) with dimensions of 3.1 m by 15.2 m. This experiment had two
objectives: 1.) evaluate the performance of the developed data acquisition system and 2.)
collect and analyze performance data for subsoiling at two different depths.

A mechanical front wheel drive (MFWD) John Deere 8300 agricultural tractor
was the test base for this experiment (Figure 3.4; Appendix E.2). A Kelley
Manufacturing Company (KMC) 4-row Generation I Rip-Strip subsoiler (Appendix E.3)

was used as the tillage implement.
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Figure 3.4. lllustration of the John Deere 8300 and KMC subsoiler.

Two tillage depth treatments were analyzed which included a shallow depth of
22.9 cm and a deep depth of 35.6 cm. The other two treatments consisted of using or not
using a prototype shank attachment which was being investigated by the USDA-ARS
NDSL Conservation Tillage research group. Since this prototype attachment is under
development and potentially patentable, specifics will not be discussed but referred to as
“attachment” here after. The original treatment assignments were 1 for shallow with
attachment, 2 for deep with attachment, 3 for shallow without attachment, and 4 for deep
without attachment. All treatments were replicated 4 times. The plot layout with

dimensions and treatment descriptions is presented in Figure 3.5 below:
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g(l;gvr:\S Deep Attachment Shallow Attachment
Shallow No Attachment Deep  No Attachment
Deep No Attachment Shallow No Attachment
Deep Attachment Shallow Attachment
Shallow No Attachment Shallow  Attachment
Deep Attachment Deep No Attachment
Deep  No Attachment Deep Attachment
Shallow Attachment Shallow No Attachment

Figure 3.5. Plot layout and dimensions for the Depth Performance experiment.

The tillage depth describes the measure of distance from the shank point in the
soil medium to the soil surface. The manufacturers recommended depth range for this
implement was 30.5 to 40.6 cm (KMC 2007). The shallow depth chosen for this
experiment was not within the manufacturer’s recommendation, but the implement was
still able to perform effectively at this depth. Draft force, fuel consumption, ground
speed, and transmission speed were collected during the experiment. A Real-Time
Kinematic (RTK) Trimble AutoPilot guidance system was used for tractor guidance
during the experiment.

The depth for each implement was set by inserting the implement into the soil and
pulling a short distance outside of the test area. The depth was measured by inserting a
measurement probe into the ground and the process was repeated until the correct depth
was achieved. Implement depth was set by adjusting the lift stop in the tractor cab to
coincide with the desired depths. Testing was performed with the MFWD engaged.
When the tractor was aligned with the plot, the implement was lowered to the desired

depth. The tractor engine was set to full throttle and then tillage was initiated. Soil
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samples of 0 to 15.2 cm and 15.2 to 30.5 cm were collected, bagged and labeled
accordingly within each plot to determine soil moisture content. Soil samples were
collected in three replications per plot. Data was filtered to remove the first and last
second of data collected with each plot to obtain readings for steady state operating

conditions and not during subsoiler lowering and raising.

Tillage Rotation Experiment

A 0.8 hectare field at the E.V. Smith Research and Extension Center in Shorter,
AL was the site of this experiment. The experiment was conducted on April 19, 2007.
The soil type for this field was Marvyn loamy sand. Again, this test was also performed
in conjunction with the USDA Soil Dynamics Laboratory in Auburn, AL. Tillage
rotation was the focus of this experiment and was defined as the time between tillage
events. Annual, biennial, and triennial tillage time rotations were analyzed for this
experiment along with three different implements, for a total of 9 treatments. Annual
tillage represents tillage performed every year in a plot. Biennial tillage was performed
every other year with triennial tillage performed every third year.

A KMC Generation I Rip Strip in-row subsoiler, Bigham Brothers TerraTill™,
and Bigham Brothers Paratill™, all 4-row configurations, were the implements used for
this experiment (Appendix E). The tillage depth range was 33 to 35cm for all treatments.
Each treatment was replicated 4 times for a total of 36 plots (Appendix A.1). According
to the plot layout, only the plots with vertical (KMC), horizontal (Paratill™), and
diagonal (TerraTill™) lines were used for this experiment. Plots dimensions were 4.05 m

by 25.9 m.

47



The KMC implement was of a straight shank design while both Bigham Brothers
implements were different bentleg design (Appendix E, Figure 3.6). The Paratill™ has a
larger outward bend at 21.6 cm compared to 12.7 cm for the TerraTill™. The
TerraTill™ is capable of tilling effectively at shallower depths than the Paratill™. The

implements were all three point hitch or integral mounted.

i B
15 qreis
TerraTill™ Paratill™

Figure 3.6. Comparison of Bigham Brother TerraTill™ and Paratill™.

The same MFWD John Deere 8300 agricultural tractor was used. Testing was
performed with the MFWD disengaged. The tractor was outfitted with two data
acquisition systems with one collecting draft data and the other collecting fuel

consumption, axle torque, ground speed, transmission speed, and GPS positions.

Tillage Speed Experiment

A 0.5 hectare Cahaba sandy loam field located at the E.V. Smith Research and
Extension Center in Shorter, AL was the site chosen for testing. This experiment was
conducted on July 25, 2007. The objective of this experiment was to perform subsoiling
with two different implements operated using three different transmission gears providing
three speed ranges. The speed categories were slow, normal, and fast and selection will

be discussed later. The two implements chosen included a 6-row KMC Generation I Rip-
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Strip in-row subsoiler (Figure 3.7; Appendix E.3) and a 6-row Bigham Brothers

Paratill™ (Figure 3.8; Appendix E.4)

Figure 3.7. llustration of the Kelley Manufacturing Company (KMC) Generation |
Rip-Strip.

Figure 3.8. lllustration of the Bigham Brothers Paratill™.

One of the goals of this experiment was to simulate typical equipment
configurations under normal operating conditions. According to Bigham Brothers, the
power rating is 22-30 kW per shank for the Paratill™ (Bigham Brothers, 2007) while the
power rating for KMC Generation I Rip-Strip is 19-22 kW per shank (KMC, 2007).
Testing was performed at a constant tillage depth of 30 cm which is within the
manufacturer’s recommendation for both implements (Appendix E). The power rating
for the John Deere 8300 was approximately 149 kW so both implements are within the

power range of the tractor. The depth for each implement was set by inserting the
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implement into the soil and pulling a short distance. The depth was then measured by
inserting a measurement probe into the ground and the process was repeated until the
correct depth was achieved. It was decided to perform slow speed in 2™ gear (approx.
3.0 km/h), normal in 5™ gear (approx. 5.8 km/h), and fast in gt gear (approx. 8.3 km/h);
thus having 3 transmission gears between each of the speeds. These gears were chosen
according to preliminary testing to determine how well the tractor responded to on-the-go
gear changes, being especially cautious of engine overloading when operating at higher
gears.

A total of six different treatments were performed in four replications with the site
measuring 122 m by 44 m (Figure 3.9). Each plot measured 30.5 m by 5.5 m and was
arranged in an 8 by 3 block configuration. The width of 5.5 m was the implement width
and the length of 30.5 m was chosen to ensure that a sufficient amount of data points
would be collected for each speed. The design consisted of 8 rows of 3 blocks with a 15
m transition space between blocks with each row being one implement. The treatments
were assigned randomly within each block. Tillage was performed in three plot intervals
with appropriate gear changes occurring on-the-go in the 15 m transition spaces.

Treatments are summarized in Table 3.1.
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122 m N
|1‘?_1‘!1 30.5m

Paratill Slow Paratill Normal Paratill Fast

KMC Normal KMC Slow KMC Fast
Paratill Fast Paratill Normal Paratill Slow

441 KMC Slow KMC Normal KMC Fast
KMC Normal EMC Fast KMC Slow
Paratill Slow Paratill Normal Paratill Fast

KMC Fast KMC Slow KMC Normal

1 Paratill Slow Paratill Fast Paratill Normal

Figure 3.9. Plot layout and dimensions for the Tillage Speed experiment.

Table 3.1. Summary of treatments for the tillage speed experiment.

Treatment Implement Speed

1 Paratill™ Slow
2 Paratill™ Normal
3 Paratill™ Fast
4 KMC Slow
5 KMC Normal
6 KMC Fast

The tractor was outfitted with two separate data acquisition systems which were
described earlier in this chapter. Variables collected include draft, fuel consumption, axle
torque, ground speed, transmission speed, and engine speed.

Three soil samples per plot were collected to determine soil bulk density and
moisture content within each plot. A Multiple-Probe Soil Cone Penetrometer (MPSCP)
fabricated by the USDA-ARS NSDL in Auburn, AL was used to obtain cone
penetrometer measurements (Raper et al., 1999). A core sampling tube was attached to
the MPSCP and used to exact undisturbed soil cores for soil bulk density measurement.

The soil cone penetrometer and bulk density samples were collected in triplicate for each
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plot. The soil cores were also used to determine soil moisture content. Further
explanation of this process is described in the ‘Soil Analysis’ section of this chapter.
The amount of draft and fuel consumption per unit length of shank was also
calculated to compare the performance of the Paratill™ and TerraTill™ for this
experiment. The length of shank was the linear distance along the center line of the

shank face which contacted the soil including the point surface.

Spatial Tillage Experiment

A 1.5 hectare field at the E.V. Smith Research and Extension Center, Shorter, AL
was the site for this experiment. This experiment was conducted on September 17, 2007.
The goal of this test was to spatially analyze a subsoiling operation and measure the
effects of three different tire pressures on the performance of the machinery. This study
served two purposes: 1) show how spatial equipment performance could be used to
improve equipment management for potential increased efficiency and profitability and
2) a precursor to potential use of central tire inflation (CTI) systems on off-highway
vehicles to maintain optimal field performance. A KMC Generation I Rip-Strip was used
in this study and operated at a constant depth of 30 to 36 cm which was within the
manufactures’ recommended operating depth. The manufacturer’s power
recommendations for this implement were 18.7 to 22.4 kW per shank (Appendix E.3). A
John Deere 6420 agricultural tractor with an advertised 70.3 kW was utilized for testing
(Appendix E.1). Preliminary testing was performed to determine the number of shanks
that tractor could pull within reason. With the field conditions at that time, it was

concluded that 2 shanks would provide adequate loading for this particular test. The
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tractor was equipped with a John Deere GreenStar RTK AutoTrac system was used for

this experiment (Figure 3.10).

- R i —
— . — et

Figure 3.10. lllustration of the John Deere 6420 tractor equipped with a GreenStar
receiver (red arrow) and KMC subsoiler used during the Tire Pressure experiment.

A data acquisition system was mounted on the tractor that monitored and
collected the following variables at 1 Hz: GPS positions, fuel consumption, axle torque,
engine speed, wheel speed, and ground speed. The GPS positions were obtained from the
John Deere Starfire receiver via outputted National Marine Electronics Association
(NMEA) sentences which were RTK corrected. Draft was not collected for this
experiment. The tires on the front of the tractor were Firestone Super All Traction R-1W
bias ply tires (size 13.6-24) and the recommended tire pressures ranged from 83 to 193
KPa (Petersen, 2007). The rear tires were Firestone Radial 8000 radial tires (size
18.4R34) and the manufacturer’s recommended inflation pressure range was from 41 to
159 KPa (Petersen, 2007). Staying within the limit of the manufacturer’s

recommendations, the pressures used are summarized in Table 3.2.

53



Table 3.2. Summary of treatments for the tire pressure experiment.
Pressure Front Pressure Rear

Category KPa KPa
Low 83 41
Normal 138 100

High 193 159

Figure 3.11 presents an illustration of air pressure treatment assignment for each
pass within the test area. The help show the randomized treatment assignment for each

pass, only the south half of the test area is presented. A wet area in the field is outlined in

orange.

Legend

[ ] TestArea
Wet Area
= High (Green)
« Normal (Blue)
« Low (Red)

Figure 3.11. South half of Field boundary with actual study area and pressure
categories.

Prior to performing tests, cone penetrometer readings and soil samples were

collected randomly throughout the field. Soil samples were collected and analyzed by

54



depth intervals of 0 to10 cm, 10 to 20 cm, and 20 to 30 cm. The six replications of each
treatment were randomized by drawing numbers out of a hat that coincided with the track
number of the auto-guidance system. Calibration tillage was done in the same field in
order to set transmission speed and depth. The infinitely variable transmission (IVT)
speed was set to a maximum of 6 km/h at full throttle. Once the tractor was aligned with
the plot, the implement was lowered to the ground and data collection was initiated. Data
was collected in a separate text file for each pass to keep treatments separated and
minimize data loss for any system malfunction.

The field chosen for the experiment is illustrated in Figure 3.12. The field was of
an irregular shape with varying terrain to access equipment performance under different
field conditions. Elevation data used in the experiment was collected by a Trimble 5800
RTK survey grade GPS system and is illustrated in Figure 3.12. Equipment performance
can vary according to direction of travel and elevation differences. To isolate these
difference effects on equipment performance, the test area was divided into three zones
for separate analysis. The three zones are outlined in Figure 3.12. Each zone contains
the same number of tire pressure treatments so these effects were not considered for this
analysis. A buffer of 3 m was present between zones. By examining the elevation
differences, it was seen that the middle of the test area (Zone 2) had the highest elevation
and was fairly level (60.1 to 61.0 m) compared to the north (Zone 1) end of the field.

Zone 1 experienced a drop in elevation of about 2.5 m. Zone 3 was also relatively level.
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Legend

h D Zane Boundaries
!; Elevation (m)
| - 583-59.0
ﬂ 59.1-60.0
C 60.1-61.0
| Field Boundary

Figure 3.12. lllustration of field elevation with zones outlined.

Spatial data from this experiment was used to develop fuel consumption and fuel
cost maps which can be valuable management resources. Productivity rate is a projection
of how much land can be processed per hour of time and is presented as Equation 3.1.
Note that this equation does not take into consideration turning and idling and assumes a
constant travel speed. From productivity rate, fuel cost (Eq. 3.2) was calculated since
fuel consumption was collected. Fuel cost was presented as dollars per acre by
calculating the time it would take to process an acre of land.

m 2
10,000 —

PR = ha 3.1)

(GS)* (1,000 :;j * (W)
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where, PR = Productivity Rate (hrs/ha)

GS = Ground Speed (km/h)
WW = Working Width (m)
FC=PR*FR*FP (3.2)
where, FC = Fuel Cost ($/ha)

PR = Productivity Rate (hrs/ha)
FR = Fuel Consumption Rate (L/h)
FP = Fuel Price ($/L)

The illustration of how fuel costs vary across fields permits this variable cost to be
assigned not only to a field but also at a sub-field level. Currently, most producers or
managers assign costs at an enterprise level, but as equipment and farms get larger,
looking at costs at the field and even at a sub-field level will be necessary to assess

equipment performance and operating efficiency. This type of analysis can permit

mangers to evaluate where cost savings may exist.

Soil Analysis

For the tillage rotation experiment, a multiple-probe soil cone penetrometer
(MPSCP) was used to obtain cone index readings. The penetrometer attaches via a 3-
point hitch and uses support links to prevent lateral and vertical movement during
measurement (Raper et al., 1999). A hydraulically operated cylinder mounted between
two frames performs the insertion of the cones (Raper et al., 1999). One of the frames is
stationary while the other is moved down in the vertical direction during measurement.
The five cones were inserted and mounted directly into five Lebow load cells (Raper et
al., 1999). The load cells had about a 7 MPa capacity each. Depth is measured with a

constant tension spring motor attached between frames (Raper et al., 1999). A handheld
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CPA40II cone penetrometer manufactured by RIMIK Electronics was used for measuring
cone index for the tire pressure test.

The soil bulk density was calculated only for the implement speed test. The
MPSCP frame was also capable of obtaining bulk density measurements. The soil cones
were removed and replaced with one undisturbed core sampling tube. This tube
contained an inner cylinder that was split into 5 cm rings. After insertion, the tube was
opened and the soil was segmented into depths (Raper et al., 1999). Once the soil core
was divided into 5.08 cm increments, they were placed in round tin cans and processed in
a laboratory. Bulk density is described as the mass of a unit volume of dry soil (Eq. 3.3)
(Brady et al., 2002).

_ Weight Dry Soil

Soil Volume

B.D.

(3.3)

where, B.D. = Bulk density (g/cm’)

Bulk Density is the weight of the oven dry soil divided by the volume of the soil.
The soil samples were placed in a 105°C oven for 72 hours. Moisture content was also
calculated from the same samples as the bulk density. The moisture content of the soil

was determined on a dry basis (db; Eq. 3.4).

MC.db= Weight Water (3.4)
Weight Dry Soil
where, M.C. db = Moisture contend dry basis (dimensionless)

M.C. dbis the moisture content of the dry soil and is equal to the weight of the
water in the soil divided by the weight of the oven dried soil. The soil was dried at 105 °

C for a period of 72 hours.
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Statistical Methods

Draft data for the Depth Performance experiment was filtered to remove data at
the beginning and end of tillage for each plot to only use collected data when the tractor
was at operating conditions. Draft and performance data was analyzed by obtaining
pooled averages for draft and fuel consumption and then compared according to depth.
The tillage rotation and speed experiments were analyzed by merging the draft and
performance data. Due to the difference in sampling rates of the two systems, each of the
25 readings that comprised one second of draft data were averaged and matched to the
appropriate second of data collected with the performance monitoring system. The two
data sets were then merged to make one data set which was then used for analysis. For
the Tillage Rotation and Speed experiments, data was filtered to remove the first and last
second of data to obtain data for steady operating conditions and not subsoiler lowering
and raising. Data for the tire pressure experiment was filtered to remove the first 8 to10
data points to account for idle time present at the beginning for each repetition and to
ensure everything was brought up to operating conditions. The data was statistically
analyzed using Statistical Analysis System (SAS) statistical package. The least
significant difference (LSD) test was performed using a significance level of 0.05 to test
for significant differences between and within treatments.

The experiments were planned using a randomized block design in which
experiment treatments are randomly assigned to blocks (Neter et al., 1974). Group
comparisons were performed to test for differences between experimental treatments.
The first step for statistical comparison is to formulate a null hypothesis and alternative

hypothesis. The null hypothesis (Ho) for the test was that all the treatment means ()
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were equal (Davis, 2004). The alternative hypothesis (Ha) for the test was that at least
one of the means was different.

Ho:pi=po=ws=...... Mo

Ha: at least one p; # ;
Once the hypotheses are determined, a test statistic is calculated which is defined as a
statistic used to measure the acceptability of an alternative hypothesis relative to a null
hypothesis. An Analysis of Variance (ANOVA) F-test was used to test the test statistic.
Two models are present for this particular method which includes the full and reduced
models (Ramsey et al., 1997). The full model, also called the separate means model,
describes the data with separate means for each treatment. The reduced model imposes
the restrictions of the null hypothesis upon the data; in this case it would assume equal

means for all treatments as illustrated below (Ramsey et al., 1997).

Group: 1 2 3 4........ n
Full model: Ui U2 w3 [ Un
Reduced model: n n n n u

This procedure leads us to the extra sums of squares F-test. This procedure estimates the
parameters in the full and reduced models and compares the variability about the
estimated means to see if they are comparable (Ramsey et al., 1997). The estimated
parameter is Y and is the combined average of all observations. For the Full model, the
estimated parameter is the average of all observations for each individual treatment. The
Reduced model parameter assumes equal means so a grand average for all observations

for all treatments is the estimated parameter (Ramsey et al., 1997).

Group: 1 2 3 4....... n

Full model: Y, Y, Y, Y,..... Y,

Reduced model: Y Y Y Y Y
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Residuals exist for each model and are defined as the observation value minus its
estimated mean (Ramsey et al., 1997). The residual for the full model is Yij —Yi ,
meaning the jth observation of the ith treatment subtracted by the ith treatment mean
(Ramsey et al., 1997). The residual for the reduced model would be Yij—Y , meaning the

Jjth observation of the ith treatment subtracted by the grand average of all observation for
all treatments (Ramsey et al., 1997). If the magnitudes of residuals are similar, the null
hypothesis is true. When the null hypothesis is false, the magnitudes of residuals of the
equal means model tend to be larger (Ramsey et al., 1997). The residual sum of squares
is the sum of the squared residuals (Ramsey et al., 1997). Table 3.4 is an Analysis of
Variance table for one way classifications. The extra sum of squares is the difference in
the residual sums of squares between the reduced and full models (Eq. 3.5).

Extra sum of squares (ExtraSS) = (3.5)
Residual sum of squares (reduced) — Residual sum of squares (full)

The extra sum of squares measures the unexplained variability in the reduced model that
can be explained by the full model (Ramsey et al., 1997).

In Table 3.3 below, within groups represents the full model and Total represents
the reduced model. The degrees of freedom between groups are equal to the number of
groups (I) or treatments subtracted by one. The degrees of freedom for the within groups
is equal to the number groups (I) subtracted from the number of individual observations
(n). The degrees of freedom for the total are equal to the number of individual
observations (n) minus one. The F-distribution provides a means of comparing the extra

sum of squares with a known probability distribution.
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Table 3.3. Analysis of variance (ANOVA) table for one-way classification.

Sum of Degrees of Mean
Source Squares Freedom Square F-Statistic p-Value
Between Groups  ExtraSS I-1 MSB MSB/S,’
Within Groups SSW n-I S,
Total SST n-1
Where: ExtraSS = SST - SSW (3.6)
1 n; _ 2
ssw o =Y (-7, (3.7)

ssT =X Xy, —17)2 (3.8)

I = Number of groups or treatments

n = Number of individual observations

MSB = Lxrads (3.9)
(7-1)

S, _ S5»W (3.10)

(n=1)

The p-value can be found from an F-distribution table with the degrees of

freedom of the between groups and within groups. The p-value describes the probability

of obtaining a value as extreme or more extreme than the one observed and the smaller

the p-value is the greater the probability that the null hypothesis is true (Ramsey et al.,

1997).

Fuel Consumption and Draft Estimation

Another aspect of this research was investigating methods used to estimate

equipment performance. Equations have been developed to estimate certain performance

variables and energy requirements for tractors and implements. These types of equations

are useful to check the compatibility of tractor/implement combinations. Raper et al.

(2005b) developed an equation (Eq. 3.11) to estimate a fuel rate during subsoiling for the
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John Deere 8300 MFWD tractor in this research. Power-take-off data was converted to
drawbar power using data available in the Nebraska Tractor Test for this tractor (Raper et

al., 2005b). This equation is specific to the tractor mentioned above.

FR=031*DP+9.14 (3.11)

where, FR = fuel rate (L/h)
DP = drawbar power (kW)

Power is defined as the rate of doing work (Goering et al., 2004). Drawbar power or
linear power is the product of draft and speed.

The American Society of Agricultural and Biological Engineers (ASABE)
published a draft estimation equation (Eq. 3.12) in standard D497.5 (2006). This formula
uses a variety of field and machine coefficients to accurately estimate draft requirements

for a variety of implements. The formula for draft calculations is below.

D=F |4+ B(S)+C(S) |wr (3.12)
where, D = implement draft (N)
F = dimensionless soil texture adjustment (table)
i =1 for fine, 2 for medium, 3 for coarse textured soils
A, B,and C = machine specific coefficient (table)
S = field speed (km/h)
w = machine width, (m) or number of tools (table)
T = tillage depth (cm)

However, no machine coefficients are included in the standard to estimate draft
requirements for modern tillage implements such as those of a “bentleg” design. The
same coefficients were used to estimate draft for both the KMC and the Paratill™ which
yielded the same results for both implements.

Equations 3.11 and 3.12 were used to estimate or calculate theoretical fuel

consumption and draft from data collected during the tire pressure experiment.
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Theoretical and actual values were then graphically compared to assess the accuracy of

these estimation methods.
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CHAPTER FOUR
RESULTS AND DISCUSSION

Introduction

The results of the four experiments conducted during this research are presented
within this chapter. Equipment performance data collected during these experiments
were analyzed to improve understanding of tillage operations, especially for the potential
of site-specific tillage. Operational variables (tillage depth, tillage rotation, tillage speed,
and tractor tire air pressure) were analyzed to evaluate their effects on tractor and tillage
implement performance. Spatial maps of different tractor data were also developed to
illustrate how performance data can be used to make informed management decisions and

improve operational efficiency of equipment.

Depth Performance Experiment

This experiment was the first time using the developed performance monitor
during field operations. Once the sensors were mounted on the equipment, the system
was easily removed and installed on tractors between test days without difficult
procedures or additional calibration. The switch that linked the performance monitoring
system to the draft system worked well allowing data to be merged into a single file for
analysis. The GUI provided an accurate display of equipment performance variables that

was convenient for assessing the condition of equipment and performance system. The

65



system proved its ability to provide accurate equipment performance data plus held up
under the harsh operating environment.

Results of this experiment are presented in Table 4.1 with standard deviations
(SD). The main focus of this experiment was to compare equipment performance for two
tillage depths. No statistical evidence existed to conclude that the prototype attachment
had an effect on the draft (p = 0.897) and fuel consumption (p = 0.949) for this
experiment. Therefore, the attachment and no-attachment treatments data were pooled

and analyzed according to depth only (Table 4.2).

Table 4.1. Statistical summary by treatments for the subsoiling Depth experiment.

Tillage Depth Draft (N) Fuel Con (L/hr)
(cm) Attachment  Mean* SD Mean* SD

23 Yes 10,953 1,922 16.5° 1.9

23 No 9,218° 1,685 16.1° 1.6

36 Yes 22,159 2,650 19.9° 1.6

36 No 22,922 3,061 20.3° 1.3

*Means with similar letters in columns are not statistically different (o = 0.05)

Table 4.2. Summary of results for the subsoiler Depth experiment.

Tillage Depth Draft (N) Fuel Con (L/hr)
(cm) Mean* SD Mean* SD

23 9,825b 1,904 16.3° 1.8

36 22,550° 2,893 20.1° 1.5

*Means with similar letters in columns are not statistically different (a = 0.05).

Statistical differences (p < 0.05) existed between draft and fuel consumption for
the two different depths. Mean draft increased 130% from the shallow to the deep depth
while a 19% saving in fuel consumption occurred for the shallow depth over the deep
depth. More variability in draft was observed at the deeper depth as seen with the higher
standard deviations. As tillage depth increases, the shanks contact more area disrupting a

larger soil volume causing different draft reactions in response to soil property
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variability. Therefore, it is expected that the standard deviation would increase with
tillage depth since more volume of soil is being disrupted as depth increases which also
increases the sensitivity to soil property variations.

A monetary savings of $1.59 per hectare (assuming $0.62 per liter for off-road
diesel fuel) was observed for the shallow depth compared to the deeper tillage. For
example, if shallow depth tillage could be performed over 500 hectares, $795.00 in fuel
savings would be experienced compared to deep depth tillage.

Figure 4.1 illustrates implement draft versus fuel consumption for the two
different depths of this experiment. Since only two tillage depths were used, a complete
linear regression analysis was not possible. However, it is surmised that the addition of
more data between 23 cm and 36 cm would generate a linear relationship between fuel
consumption and draft. If the depth of compacted layers throughout a field can be
measured, an economic analysis could be performed using this relationship to determine
if site-specific or uniform depth tillage should be implemented. In general, this
experiment proved that tillage at shallower depths can save a considerable amount of fuel
and energy compared to uniform deep depth tillage. Reduced draft loads and fuel savings

mean less input costs and extended equipment life.
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Figure 4.1. Fuel consumption vs. draft for the Depth Performance experiment.

Tillage Rotation Experiment

This test evaluated the effects of annual, biennial, and triennial tillage time
rotations on equipment performance and energy requirements of three different

implements. The summary of results for fuel consumption, draft, and axle torque for the

three implements are provided in Table 4.3.
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Table 4.3. Summary of results for the Tillage Rotation experiment.

Fuel Con Draft Torque
(L/h) (N) (N-m)
Rotation ;oo SD Mean* SD  Mean*  SD
Implement (yrs.)
KMC 1 16.8° 0.8 12,825 1,179 8,191 1,970

17.1¢ 0.6 1