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ABSTRACT

A soil bin test facility was developed at the University of Manitoba for indoor soil
dynamics studies, specifically on soil-machine interaction research in agriculture. The
soil bin permitted soil-machine interaction research being studied continuously without
weather interruption and allowed researchers to control soil conditions. The soil bin
featured fixed soil containers and a moving carriage. The soil containers were designed
to enable quick soil preparation and testing different sqil types in one test run. An 11.19
kW electric motor was fixed to a position at one end of the soil bin. The moving carriage
was towed by the electric motor via a chain and sprocket system and traveled at a design
maximum speed of 2.78 m/s. Conceptual designs of a 3-directional dynamometer for
measuring soil-tool interaction forces and a single wheel tester for measuring breaking

torque of soil-wheel interaction were also studied and presented.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Soil bin is a generic term for a test facility for studying soil dynamics, specifically on
soil-machine interaction research in agriculture. The application of soil bin for soil-
machine interaction research was initially established by several research institutes, such
as the National Tillage and Machinery Laboratory (NTML) in the United States, the U.S.
Army Tank Automotive Center Land-Locomotive, the Vicksberg Waterways
Experimental Station, and Caterpillar Tractor Co. (Clark and Liljedahl 1968). Soil bins
can be used for indoor and outdoor testing. But, many soil bins are intended for indoor
testing. There are two broad divisions of soil-machine interaction studies. The first is on
the applications of tools related to soil engaging and materials incorporation operations.
The second is on the applications related to tractive devices, such as wheels and tracks.

Soil bins were used more often in the first division than in the second.

Ideally, soil-machine interaction tests are conducted in fields for development of a
prototype machine or evaluations of an existing machine, so that the tests could emulate
the actual farm situation. Several problems often limit field-testing. The problems come
from two sources, the weather condition and the soil condition. Testing can only be
conducted when the weather is suitable for farming operations. But weather condition
and changes in climate affect farming operations (Hammer et al. 2000). Manitoba has a

variable weather condition (MMSW 2002), which permits farming operations during the



growing season only. So, the weather condition limits the time period for conducting a

field test in Manitoba.

Soil condition consists of soil types, soil moisture content, and roughness of soil
surface. Soil types may vary greatly within one field (Clark and Liljedahl 1968) and also
from one field to another. Therefore, replicating the same soil condition is a challenge in
field-testing. ~ Moisture content, which influences the mechanical and dynamical
properties of the soil, varies within one field. Natural field condition is bumpy that migﬁt
affect the machine traveling speed and the working depth of a test-tool. But, controlling
these parameters is essential for valid comparisons of measurements of tools or traction
devices. (Gill and Berg 1968). These infield conditions parameters are beyond the

control of researchers in field conditions.

Soil bins provide several benefits to soil-machine interaction studies. If located
indoor, tests can be conducted all year round without weather interruption. Soil bins also
allow researchers to control soil type and soil moisture content (Stafford 1979). In
addition, researchers can replicate the same soil condition in a soil bin easily for every
test. Monitoring and controlling of travel speed and working depth of the test tools can
also be done easily in a soil bin. Experiments using soil bins can also reduce
experimental errors due to the precise control on the tool working depth and travel speed

(Chen 2002).



Soil bins providé tremendous benefits to researchers. But there are several limitations
in soil bin testing. Firstly, soil bins are built under dimensional constraints. For instance,
the design dimensions of most soil bins may be chosen to accommodate only three test-
tools for testing in one pass (Liu et al. 2002). Therefore, most soil bin testing is limited
to a small number of test-tools. Secondly, soil bins have a limit in maximum loads.
Chen et al. (2004) could not test both seed-opener and fertilizer-opener for testing in one
pass in a soil bin because the total loads of those devices exceeded the allowable load
capacity of the carriage. Thirdly, most indoor laboratories are closed confinement. Thus
any high odor materials cannot be tested with indoor soil bins. Rahman et al. (2004)
replaced hog manure with water or dyed liquid when they tésted liquid manure injection
tools in an indoor soil bin. Other limitations may include the existence of vegetation and

crop residue that affect the actual performance cannot be replicated in a soil bin.

A soil bin is important for studying soil-machine interaction in the laboratory.
Experiments with soil bins can overcome the limits imposed by time constraint to
develop a new design prototype or to evaluate an existing design. But, one should realize
that there are some limitations to soil bin testing. Thus, field-testing still plays a role in
soil machine-interaction studies. Soil bin testing should be used to investigate the initial
phenomena of soil-machine interaction. The results from a soil bin testing may be

validated with field tests.

There is a need for a soil bin test facility to conduct soil-machine interaction studies

at the Biosystems Engineering Department, University of Manitoba. The soil bin should



be able to meet the demand for testing and developing prototype tools, comparing the
performance of existing tools, and studying the phenomena of soil and machine

interaction.

1.2 Objectives

The prime objective of this study was to design and develop a new indoor soil bin at
the Department of Biosystems Engineering, University of Manitoba. The specific
objectives were to develop the design concepts, analyze the design, fabricate, and
assemble the soil bin. In addition, the conceptual design of a 3-directional dynamometer
and a single wheel tester that were needed for soil-machine interaction studies was also

expounded.



CHAPTER 2

LITERATURE REVIEW

2.1 Basic components

In general, a soil bin consists of five basic components. The first component is a
soil container to contain soil. The second component is a carriage or a device to mount
test-tools. The third component is the drive system to move the carriage. The fourth
component is a soil-processing device to prepare the soil condition for a desired test. The
fifth component is instrumentation for data collections. Other components may be added
as necessary. An example of an additional component is a camera for capturing the image

of soil movement while a tool cuts through the soil (Jayasuria and Salokhe 2003).

2.2 Design layout

Basically, a soil bin layout describes the physical appearance of a soil bin and its
design configuration. There are two general types of design layouts, and both of them are
related to the design of the soil container. The layouts can be classified upon the shape of
the soil container (circular or straight) or based on the moving component (soil container

or test-tool).

Every design layout has its advantages and disadvantages as describes by Siemens

and Waber (1964). For instance, a circular soil container is good for continuous testing,



such as testing the weariness of a high-speed tillage tool. However, one must consider
that the difference in traveling speed between the outer edge and the inner edge of the
tool must be included in the analysis. Otherwise, the data is meaningless. This fact
increases the complexity of the analysis. Meanwhile, a straight soil bin reduces the
complexity of the soil bin design and permits easier data analysis. A straight soil bin can

better represent the condition of a tool moving in linear motion in a field operation.

The design of a moving soil container reduces the complexity of the design for
carriage, as the test tool can be mounted to a stationary frame. A stationary frame can
also be equipped with more instrumentation than a moving one (moving carriage). But,
the soil in a moving container can be exposed to vibration from the motion of the
container, which reduces the rigidity of the soil in that container. Furthermore, the
amount of power required is directly proportional to the load. Thus, moving a soil
container requires tremendous amount of power to accelerate the heavy soil to an
intended speed. But, relatively smaller amount of power is required to move a carriage.
Moving soil container design also requires more space than moving carriage. Therefore,

the design with moving carriage and stationary soil container design is the better option.

2.3 Soil bin classification

Soil bins can be classified into large-scale soil bins and small-scale soil bins. The
size of the soil bin influences the type of testing, the amount of data collected, and the
number of test tools per test run. The significant difference between a large-scale and a

small-scale soil bin is the overall length of the soil bin. The overall length of the soil bin




consists of the working length and the effective lengtﬁ of the soil bin. The overall length
directly refers to the length measured from one end to another of the entire soil bin
structure. The working length refers to the total traveling distance of test tool. The
effective length is the distance over which a test tool is moving in a constant speed. It is
important to note that the effective length for measurements is important. According to
Gill and Berg (1968), tool draft varied with the tool traveling distance. Hence, draft and
other data should be taken at the constant tool traveling speed. Usually the longer the soil

bins, the more data points can be collected in one pass.

A soil bin at the National Soil Dynamics Laboratory (NSDL), in the United States
is a good example of a large-scale soil bin. The length of the soil bin is 75 m long, 6 m
wide, and 0.6 to 1.5 m deep. Another large-scale soil bin is located at the Obihiro
University of Agricultural and Veterinary Medicine, Japan (Taniguchi et al. 1999). The

soil bin is 100 m long, 4.3 m wide, and 1.0 m deep.

The soil bin designed by Siemens and Weber (1964), Stafford (1979), Durant et
al. (1980), Godwin et al. (1980), and Onwualu and Watts (1989) are some examples of
small-scale soil bins. The length of those soil bins ranges from 5 to 13 m. Therefore, one
can classify any soil bins longer than 20 m as large-scale bins and those shorter or equal

to 20 m as small-scale soil bins.

It was reported that large-scale soil bins are able to test a test-tool at a test speed

up to 4.8 m/s (Burt et al. 1980; Taniguchi et al. 1999). Most small scale soil bins have a



maximum test speed range of 1.0 to 3.0 m/s. In a rare occasion, Stafford (1979) designed

a soil bin with a test speed of up to 5.5 m/s for a total working length of 10 m.

Soil bin length directly affects the capability of collecting a sufficient amount of
data and achieving a high test speed. The capability to reach a high test speed is also
influenced by the size of the motor that drives the carriage. A closer observation reveals
that the motion profile of a test-tool consists of three sections: the acceleration, constant
speed (effective length), and the deceleration sections. Regardless of the motor
capability, a motor requires some distance for acceleration to achieve the desired constant
speed. The higher the target test speed, the longer the distance needed to accelerate and
decelerate under the same motor power. Furthermore, the higher the target test speed, the
shorter the time it takes to travel over the working length. Thus, if the length of a soil bin
is long enough, one should have an ample distance to be allocated for acceleration and

deceleration sections, and a high test speed is feasible as well.

2.4 Soil bin components

2.4.1 Soil container

The primary function of a soil container is to contain soil. A soil container can
also be used to provide support to the carriage rails (Godwin et al. 1980; Onwualu and
Watts 1989). It has also been discussed that the design of a soil container is influenced

by the need of having a moving container or stationary container.



The dimensions of a soil container are the major factors in a soil bin design,
influence the overall dimensions of the soil bin. Basically, the dimension selection has
two constraints. The first constraint is the space limitations. This factor determines the
possible length of the soil bin and consequently affects the motion profile of the test tool.
The second constraint is boundary effects on the test results. By definition, the boundary

effect is interference from the sidewalls and the bottom floor of the soil container.

There are no specific theories for determining the dimensions of a soil containef.
Previous reports had made several assumptions to come up with a valid dimensional
value. Sowers (1962) cited by Clark and Liljedahl (1968) stated that for testing a track
type traction device, a length to width ratio of 5 or larger for the container could satisfy
the testing without boundary effects. Harrison (1961) cited by Clark and Liljendahl
(1961) suggested that a width to depth ratio of 3 to 1 was adequately enough to prevent
boundary effects. Clark and Liljedahl (1961) improvised a method for traction device
testing, based on the theory of shallow foundation of bearing capacity. This. theory was
normally used in civil engineering. Initially, it was assumed that a traction device had an
infinitely long footing in longitudinal direction, so the problem could be reduced to a
two-dimensional analysis for selecting the width and depth of the soil container. The
width and depth of the soil container was determined based upon the width and weight of
a test wheel or track. They were determined by calculating the failure zones produced by
the soil-traction device interaction. A rule of thumb, suggested by Schafer ( 1988), cited

by Onwualu and Watts (1989), focused on the width and depth selection for tool testing.



The method treated the value for minimum soil container width as a function of the

working depth and width of the tool.

A soil container can be designed to be a big tank that covers the whole length of a
soil bin (Onwualu and Watts 1989). It can also be designed to occupy only the constant
speed section, which is more cost-effective. A soil container can be designed to be a
combination of small sections for testing various soil types in one test run (Stafford
1979). It can also be designed to have an adjustable width and length to satisfy variety of

test purpose (Godwin et al. 1980).

Some soil containers were designed with transparent sidewalls (Jayasuria and
Salokhe 2003), so that the soil displacement within the soil container can be observed.
An uncommon design was proposed by Liu et al. (2002), in which the soil container
could be lifted at one end by a pair of hydraulic cylinders in order to simulate a slope

surface condition for tillage erosion studies.

2.4.2 Carriage

The primary function of a carriage is to transport test tools. Other functions
include transporting soil processing devices and housing instrumentation. Siemens and
Waber (1964) suggested that a carriage should be rigid enough to subject the weight of
test tools and the forces that are produced by the tools. Another important consideration
in the design of a straight soil bin is to ensure that the carriage motion is maintained in a

straight path. For this reason, Onwualu and Watts (1989) employed a set of four rigid
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wheels, running along the rails on the vertical plane of the sidewalls. Stafford (1979) ran
the carriage on an overhead rail. Godwin et al. (1980) used a steel angle as the guide rail,
so that the rigid wheels rolled on the steel angle instead of on the flat surface of a rail.
The tendency for carriage tilting should also be considered. Onwualu and Watts (1989)
used another sets of rigid wheels running along the bottom surface of an I-beam rail to

prevent the carriage from tilting.

2.4.3 Soil processing devices

Soil processing devices are used to prepare soils in the soil container for testing.
The devices may consist of several components such as a rotary tiller, a leveler, and a
compaction roller. The devices may be mounted on a specifically designed carriage for
the soil processing devices (Durant et al. 1980), or shares a common carriage with the test
tool (Onwualu and Watts 1989). When the carriage is shared, either a tool or a soil-

processing device will be mounted to the carriage at one time.

2.4.4 Drive system

An electric motor is the common driving power source. Stafford (1979) used a
DC electric motor (20 kW) to drive the carriage. The maximum test speed was up to 5.5
m/s. A distance of 3 m was designed for acceleration and deceleration sections and the
effective length was 4 m. Onwualu and Watts (1989) employed a combination of an

electric motor and a hydraulic motor and pump. Durant et al. (1980) used an electric
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motor to drive a hydrostatic transmission system. Godwin et al. (1980) used a stationary

tractor engine (internal combustion) to drive the carriage.

2.4.5 Instrumentation

The most common instrumentation is a force dynamometer that measures forces
of the test-tools in horizontal, vertical, and lateral directions (Stafford 1979). There are
many types of dynamometers that can be used for soil bin applications. AThose
dynamometers can be classified into frame types and linkage types (Kirisci et al. 1993).
In a frame type dynamometer, force transducers are mounted into a frame that is to be
installed between the tool to be tested and a soil bin carriage or a tractor drawbar. The
dynamometer used on the previous soil bin in the Department of Biosystems Engineering
is a frame type dynamometer. This dynamometer measured three orthogonal forces
(horizontal or draft, vertical, and lateral) and had been used for many soil-tool interaction
studies (Rahman and Chen 2001; Chen 2002). Like most frame type dynamometers, this
dynamometer was large, which changed the position of the tool relative to the toolbar,
which is not desired in drawbar force measurements. A linkage type dynamometer can

overcome this drawback, as it is more compact in structure.

Linkage type dynamometers have been developed by many researches. Zoerb et
al. (1983) and Kirisci et al. (1993) designed instrumented hitch pins to replace the usual
implement hitch pin. The strain gauges installed in the pins generated force signals that
were recorded as the drawbar force of an implement. Most pin type dynamometers are 1-

D dynamometers that can measure drafts only. Vertical and lateral forces of a tool or an

12



implement are also important in many studies. Furthermore, pins cannot accommodate

bending moments exerted on the drawbar by a tool or an implement.

Another linkage type dynamometer is ring dynamometers, such as extended
octagonal ring (EOR) dynamometers (Siemens and Weber 1964; Hoag and Yoerger
1975; Godwin 1975; Gu et al. 1991). They were developed for accommodating large
bending moments and measuring two or three forces. The latest development for EOR
dynamometers includes large capacity double EOR dynamometers developed by Tessier
et al. (1992), McLaughlin et al. (1998), and Chen et al. (2005) for measuring forces

exerted by an implement on the tractor drawbar.

In any dynamometer design, the locations of transducers or strain gauges are
critical. The optimal strain gauge locations are those where the measurement of one
force is not affected by that of another force. In other words, the optimal locations should
minimize or eliminate the crossing effects between the force measurements in three
directions. One of the drawbacks of EOR dynamometers is the difficulty in selecting the

strain gauge locations to minimize the crossing effects.

In summary, a compact dynamometer was needed to replace the previous frame
type soil dynamometer used in the previous soil bin. The compact dynamometer should
measure three orthogonal forces, minimize the crossing effects between three forces, and

be able to accommodate large bending moments.
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2.5 The role of soil bin in soil-machine interaction

Soil bins have been used to test soil engaging tools and materials incorporation
tools. Soil engaging tools include tillage tools and seeding openers. Materials
incorporation tools include manure injection tools and straw incorporation tools. Studies
conducted on these tools included measurements of draft requirement and characteristics
of soil disturbance caused by the tool (Rahman and Chen 2001), evaluations of existing
tools (Chen and Ren 2002), and development of a prototype tool (Chen 2002). A soil bin
was also utilized for evaluating straw and soil movement resulting from a tillage tool (Liu
2005) and the distribution pattern of liquid manure in soil following manure injection
(Rahman et al. 2004). Chen et al. (2004) studied the performance of drill and crop as

affected by various drill configurations in a soil bin.

2.6 The role of soil bins in soil-traction studies

Researchers have been using soil bins to investigate the phenomena of soil-traction
and soil compaction. Raheman and Singh (2002) studied the effect of steering forces on
a driven tractor wheel in a soil bin. Canillas and Salokhe (2002) developed a decision
support system to predict soil compaction based on a soil bin research. Carmen (2002)
evaluated the degree of compaction caused by a towed wheel in a soil bin. Others
(Watyotha et al. 2001; Hendriadi and Salokhe 2002) utilized a soil bin to gain a better

understanding in cage wheel design to improve the traction of the cage wheel.
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Many soil-traction studies in a soil bin were conducted by utilizing a single wheel
tester. The function of a single wheel tester is similar to that of a soil bin carriage.
However, the single wheel tester is not necessarily movable like a carriage. It can be

fixed stationary on a soil bin when testing.

2.6.1 A single wheel tester

A single wheel tester is a test jig. With this tester measurements are taken under
different vertical loads. Those measurements include input torque, drawbar pull, input
velocity, and output velocity. These data are collected by transducers and data
acquisition systems. Later the data are used to calculate traction performance parameters.
Single wheel testers can be designed in various scales to suit the test objectives. There
were small-scales and large-scale single wheel testers. The large-scale testers are usually
used for field-testing, while smaller-scale testers are used in the laboratories or operated

on soil bins.

2.6.2 Large-scale single wheel testers

Burt et al. (1980) reported the development of a single wheel tester used by the
National Tillage Machinery Laboratory (NTML) in the United States. The test tire was
driven by a system that consisted of a radial piston hydraulic motor, a chain drive, a
speed reducer, and a closed loop servo for angular velocity control. The angular velocity
could be controlled at 0.3 and 4.2 rad/s. Maximum torque was 42 000 N-m and could be

reached within 2.1 rad/s. A hydraulic cylinder and a closed loop control were used to
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regulate the vertical load to the test tire. Maximum applied load was 71.2 kN, but because
of the opposite reaction from the torque reaction force, the net dynamic load was 44.0 kN

at the maximum torque value.

Upadhyaya et al. (1986) developed a unique, mobile single wheel tester. The
machine was equipped with the necessary sensors to measure forward speed, wheel load,
wheel angular speed, torque, and drawbar force. The machine could be operated either
on a control draft option or a control slip option. The maximum tire size that could bé
mounted on the machine was 1 m in width and 2 m in diameter. The maximum wheel
load that could be applied was 26.7 kN while the maximum torque was 230 N-m at a

rotational speed of 2103 rpm.

Shmulevich et al. (1996) developed a large-scale single wheel tester for field-testing.
The tester was mounted at the rear of a tractor and towed around a field. The tractor
hydraulics was used to drive the test tire and also power other equipment. The machine
could be equipped with a tire up to 2 m diameter. Vertical load could be applied up to 50
kN and the maximum torque was 31 kN. Alcock and Wittig (1992) also reported a similar
device. While Shmulevich et al. (1996) used a single frame machine, Alcock and Wittig

(1992) used a dual frame with an inner frame sliding within an outer frame.

2.6.3 Small-scale single wheel testers

Clark and Liljedahl (1969) designed a small-scale single wheel tester for testing the

effect of single, dual, and tandem wheels. The tester was operated in a soil bin 6.7 m
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long, 0.9 m wide, aﬁd 0.3 m depth. Ram and Pathak (1969) used a single wheel tester to
investigate the tractive efficiency of soil. A pneumatic tire without lugs was used as the
test tire. The tire size was 0.4 m in diameter and 0.1 m wide. The test tire was driven by a
0.4 kW 3-phase electric motor with a gearbox, a sprocket, and chains arrangement. The
soil processing carriage was used as the horizontal wheel load. Two straight rails were
installed side by side in order to permit the test device to move only in forward or reverse

motion.

Wanjii et al. (1997) used a single wheel tester to study the distribution of normal and
tangential soil stresses of a rigid wheel. The tester consistéd of an outer frame and an
inner frame. The inner frame could move freely in vertical direction within the outer
frame. Normal and tangential dynamometers were installed to the rigid wheel to measure
normal and tangential stresses acting on the wheel. The target vertical load and angular
velocity of the wheel were 1.09 kN and 0.9 rad/s, respectively. But during the-test, the
angular velocity fluctuated between 0.55 to 0.92 rad/s. A hydraulic motor was used to

drive the rigid wheel.

2.6.4 Design factors

A single wheel tester is designed based upon several factors. Two of the most
important factors are the needs to drive the tire and to provide variable vertical loads to
the test tire. In an active drive study, the test tire is required to have a direct drive to
overcome the motion resistance. In this case, a motor is connected to the test tire to

provide a driving torque. A hydraulic motor was used by Upadhyaya et al. (1986) and
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Shmulevich et al. (1996) to provide torque. An electric motor was used by Ram and
Pathak (1978). One must consider the fact that the speed of the motor must be reduced to
a level which is acceptable to the test. Ram and Pathak (1978) used a chain and sprocket

arrangement to reduce the speed of the motor.

Many traction tésts study the effects of various vertical loads. A single wheel tester
may be equipped with a hydraulic cylinder, installed vertically from the center of the
wheél to vary the vertical load (Upadhyaya et al. 1986). Another method to vary the
vertical load is by means of adding a weight block. In some cases, the vertical load may

remain constant (Ram and Pathak 1978).

Frame configurations may be considered in the design of a single wheel tester. The
function of the frame is to hold the related components and instrumentation. The frame
should be design to reflect the required parameters. Zoz and Grisso (2003) described
three configurations of a frame design. The simplest configuration is to have a frame
with a single arm, where one end of the arm is connected to the test tire and the other end
1s connected to the main frame. A force transducer is connected beMeen the end of the
single arm and the main frame. The transducer in this case measures the drawbar pull
produced by the tire-soil interaction. Although the design is simple, one has to consider
the weight transfer effect for this configuration because the vertical load also influences
the torque to the test tire. The second configuration eliminates weight transfers by
utilizing two parallel arms. But, measuring the drawbar pull is difficult. The third

configuration has two parallel arms with joints, so that the test wheel is free to move
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along the vertical direction. This configuration is employed in many single wheel tester

designs.
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CHAPTER 3

DESIGN CONCEPTS AND CRITERIA

3.1 Constraints and limitations

Space availability to install the soil bin and the maximum testing speed desired
were two vital factors in the soil bin design. It was decided to build an indoor and straight
soil bin to accommodate those tests during the winter season and to better represent a
typical field operation. The indoor space availability limited the overall length of the soil
bin. The intention was to place the soil bin in the future Biomachinery Laboratory at the
Engineering and Information Technology Complex, University of Manitoba. The longest
measurement from wall to wall of the laboratory is 15 m. Therefore, the overall soil bin
length should be lesser than 15 m. Thus, the soil bin would fall into the category of a

small-scale soil bin.

Agricultural field machines (such as a tractor) are normally operated under a
speed of 10 km/h. Therefore, the maximum speed of the soil bin was set as 10 km/h
(2.78 m/s). As aforementioned, testing can be achieved by either moving soil container
or moving tool carriage. For the limited space, moving tool carriage instead of soil
container was the better choice. Thus, the available space could be used optimally for

constructing the soil bin.
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3.2 Components

3.2.1 Soil container, rail, and rail-support

The optimum shape for a soil container would be a rectangular box, where the
carriage could be designed to move along the longitudinal direction of the soil container.
The soil container could be sectional and filled with different soils. Thus, one test run
could cover different soil types, which is effective for studies in comparisons of the effect
of soil types. The soil container might not necessarily cover the whole length of the soil
bin system; instead the soil container was chosen to only cover the constant speed section
(effective length) of the soil bin. Thus, the amount of material required to make the box
would be less and the amount of soil required would also be reduced. Furthermore, soil
processing before a test would be completed quicker. Thus, the soil contaiﬁer having
three sections (or three rectangular boxes) was considered for the soil bin. A rail should
be assembled on top of each soil containers side walls to enable carriage motion. The
soil container supported the rails at the center, while both ends of the rails were supported

by rail supports.

3.2.2 Carriage

The carriage structure must be rigid to carry a test-tools and to overcome the draft
of the test-tools. It is essential that the carriage moves in a straight path, so that the
collected data points are consistent. Assembling a steel angle on top of the carriage rail
and using groovy type rigid wheels for the carriage would ensure a straight path, as long

as the groovy wheels roll on the steel angle. The carriage must have a toolbar or toolbar
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plate to mount test-tools. The carriage must also have a capability to adjust the position

of the test-tools in lateral and vertical directions.

3.3.3 Drive system

The drive system provides power to move the tool carriage. Power can be provided
by a motor (electrical, hydraulic, or gasoline engine). Selection of motor type depends
upon the convenience of operating the soil bin. Application of a Variable Speed Drive
(VSD) control to regulate the motor speed was preferred instead of a traditional gear
reducers unit, because a VSD allowed for simple drive system designed, easy operation,
and easy to include variety of control instrumentation, such as limit sensors and brakes.
Considering the power supply available at the intended soil bin location, an AC 3-phase

electric motor with a VSD should be the optimal choice for the soil bin drive system.

3.3 Design sketch

A conceptual sketch was developed to show the major components of the soil bin
and the way these components were connected (Fig. 3.1). The ends of the soil bin were
labeled as motor end and tensioner end. An electric motor was located at the motor end
to tow the carriage. A chain tensioner was located at the tensioner end to control the
tension of the chain. A soil container was located at the center of the soil bin. A rigid
rail was installed on top of the soil container. Both ends of the rail were supported by

rail-supports.
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The carriage moved on top of the rails. Two stages of chain and sprocket systems
linked the carriage to the electric motor. The first stage had two sets of chain and
sprocket system. Each set was assembled to one side of the soil bin in longitudinal
direction. Specifically, the first stage of the chain and sprocket system consisted of the
carriage, two roller chains A, four carriage sprockets, and a drive shaft at both ends.
Chain A was connected to the carriage via chain connectors. The second stage of the
system consisted of a roller-chain B, a drive sprocket (installed at the center of the drive
shaft at the motor end in lateral direction), and a motor sprocket an electric motor. A test'-
tool was mounted on a dynamometer, while the dynamometer was mounted to the

vertical adjustment frame of the carriage.

Vertical adjustment frame

. < >
<Tensioner end> Motor end

Dynamometer ;” ] )
- Moving carriage

””” Chain tensioner 7~ Carriage sprocket and

Test-tool . ! drive shaft
ST _ ~Chain connector - Chain B |
qurlage sprocket and ;L/;:i/ ~Rail | / /,/'"“DI‘IVC sprocket
/7 drive shaft s , '/ ~Chain A
/- / & S ain
) Ti
. “\ .. . "~ Motor
SR - ; _.-~~Motor sprocket
. p"
/ 7 / //, BN N \ '\\ \ , 7 /,/ // //,
“"Rail-support ~~Soil container

Rail-support

Fig. 3.1 Conceptual sketch the soil bin
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CHAPTER 4

ANALYSIS OF COMPONENTS

4.1 Dimensions of the soil container

The design of a soil container must consider the dimensions for inner width and
depth. The dimensions should be selected to satisfy testing without boundary effects from
the container’s sidewalls and bottom floor. The method suggested by Schafer (1988),
cited by Onwualu and Watts (1989) fo'r selecting the container dimensions for testing a

tillage tool, was used as a guide to select the dimensions for the inner width and depth of

this soil bin.

~— Tool Width —=——— Free Space -—»!
|
[ /
AN l /
N p
. ‘ e
N | R Tillage Depth
. 1 -
| " aso
\\ y 45
: |
N, 9(° |
N /\ Half of Tool Width

A e

|
|

Fig. 4.1 Determination of inner width and depth based on Schafer (1988), cited by
Onwualu and Watts (1989)

This method assumes that for any test-tool width, the amount of free space from the

edge of the test-tool to one side of the container sidewall is equal to the tillage depth (tool
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working depth) (Fig. 4.1). Then the minimum width is the sum of the free space on both
sides and the tool width itself. The minimum depth is the sum of the tillage depth and half

of the tool width.

In selecting the width and depth of the soil bin, the width of test-tool was based on the
biggest sweep widtﬁ possible. A sweep type tool of 0.57 m wide, working at a depth of
0.15 m, used by Rahman and Chen (2001), seemed to be the case representing the widest
tool‘ operated at the greatest depth. Using this exémple, the minimum inner width
required for the soil container was 0.87 m and the minimum inner depth was 0.44 m. To
allow for a greater flexibility of testing other tools, greater values were selected for the
dimensions of the soil container. The final designed inner width and depth were 0.91 m
and 0.61 m, respectively. These values for width and depth will also allow for testing
multiple narrower tools in one test run and for testing tires for traction or soil compaction

studies.

4.2 Rail length and testing time

From Chapter 3, the overall length of the soil bin was designed as 15 m. A length
of 3 m was allocated for placing the drive system components and chain tensioners at the
ends of the soil bin. The rail length was 12 m. A length of 2 m of the rail was allocated
for the carriage. Thus the working length was 10 m, which included all the three sections
of carriage (or tool) motions: length for acceleration, length for constant speed (effective
length), and length for deceleration. Within the 10 m working length, a length of 2 m was

allocated for both acceleration and deceleration sections. Thus, the effective length was 6
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m, which was considered sufficient for the effective length for most tests. Assuming the

tool moves in a uniform linear motion, the acceleration of the carriage was estimated with

eq. (4.1).

- .1

Where,
a = acceleration (m/s?)
S = distance travel (m)
V = final speed (m/s)

V, = initial speed (m/s)

Based on eq. (4.1), to move a test-tool from zero speed to the maximum testing speed of
2.78 m/s within a distance of 2 m, the acceleration was 1.93 m/s®>. The time required for

acceleration can be found by eq. (4.2):

4.2)

Where,

t = traveling period (s)

Using eq. (4.2), one knows that the traveling period, t to accelerate the carriage from zero

to‘a maximum constant speed of 2.78 m/s was 1.44 s. Similarly, the traveling period, t to
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decelerate the carriage from maximum constant speed to zero was also 1.44 s. Based on
the selected length for constant speed section (6 m), the time required to remain in
constant speed was 2.16 s. Therefore, for a working length of 10 m at maximum test
speed, a test run (tool motion from tensioner end to the motor end) should take

approximately 5 s to complete.

4.3 Equivalent angular speed and acceleration

Based on Fig. 3.1, the power from the power supply is transmitted to the carriage
by means of two stages of chain and sprocket system. To design the driving system, one
should consider the equivalent angular motion parameters related to the linear motion

parameters of the carriage. Linear speed and angular speed are related by eq. (4.3):

(4.3)

e
Il
| <

Where,
® = angular speed (rad/s)
V = linear speed (m/s)

R =radius of the sprocket (m)

Considering a carriage sprocket radius of 0.05 m and a maximum linear speed of 2.78

m/s, the equivalent angular speed was 55.6 rad/s or 531 rpm. Therefore, with this carriage
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sprocket, the drive shaft should be rotated to a maximum speed of 531 rpm within 1.44 s

in order to achieve the maximum design linear test speed.

Linear acceleration and angular acceleration are related by eq. (4.4):

(4.4)

w | o

Where,

a = angular acceleration (rad/s)

Considering the same radius for carriage sprocket (R = 0.05 m) and .the linear

acceleration of 1.93 m/s’, the equivalent angular acceleration was 38.6 rad/s’.

4.4 Power requirement

The requirement of motor power was determined based upon two factors: the
mass moment of inertia of the carriage and the draft force produced by the test tool.
Torque from each factor was estimated independently and added up to form the total
torque requirement. The requirement for motor power was determined from the total

torque. The drive system was considered as a constant load problem.

4.4.1 Estimation of draft force of test tool

There is no single value of draft force which can be used for the soil bin design, as
draft force of a tool increases with the working depth and travel speed (McKyes 1985).

Draft force also varies with the tool width, and the bigger the width, the higher the draft
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force is. For example, disc type tools have lower draft forces than sweep type tools, as the
latter tools are wider. Soil types used in the soil bin also affect the draft of test tool. In
this study, the draft force for a large sweep, reported by Rahman and Chen (2001) was
used as a reference for determining the power requirement of the motor. The sweep was

fairly wide (0.573 m) and it produced a draft of 1700 N at the working depth of 0.15 m.

4.4.2 Mass moment of inertia

Carriage. Estimation of the mass moment of inertia of the carriage requires estimation
of the mass of the carriage. The mass of the carriage included the mass of the carriage
assembly, test tools, and roller chains A and B (Fig. 3.1). A dynamometer should also be
included in the carriage assembly. A total mass of 250 kg was considered for these

components. The mass moment of inertia of the carriage was estimated by eq. (4.5):
J=mR? (4.5)
Where
J = mass moment of inertia (kg-mz)

m = mass (kg)

The radius of carriage sprocket, R was 0.05 m. Thus, mass moment of inertia of the

carriage was 0.625 kg-m”.
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Drive shaft. The mass moment of inertia of the drive shaft was estimated based upon a

solid cylinder condition, eq. (4.6):
n 4
J=51p(R) (4.6)

Where,
p = material density (kg/m’)

1 = length of the cylinder (m)

Appendix C (section C.1) describes the calculation of the mass moment of inertia for two

units of drive shafts, which was 1.82 x 107 kg-m?.

Drive sprocket. The mass moment of inertia of the drive sprocket was estimated based

upon a hollow cylinder configuration. The method is described in eq. (4.7).
T 4 4
J=21pRY-RY) @.7)

Where,

R, = outer radius (m)

R; = inner radius (m)
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Appendix B (section B.3) describes the dimensions and calculation of moment of inertia

of the drive sprocket, which was 1.23 x 107 kg-m?

Carriage sprockets. Equation (4.7) was also used to calculate the mass moment of
mertia of the drive sprockets. Appendix B (section B.5) describes the dimensions and
calculation of mass moment of inertia of the carriage sprocket, which was 4.40 x 107 kg-

2
m-.

Motor sprocket. Equation (4.7) was also used to calculate the mass moment of inertia of
the drive sprocket. Appendix B (section B.6) describes the dimensions and calculation of

the motor sprocket, which was 1.27 x 10” kg-m?.

4.5.3 Torques and motor power

The total mass moment of inertia for the system was calculated based on eq. (4.8):

T, =3 +0 +1 +J, +] (4.8)
M 1 2 3 4 5

Where,

Jum = total mass moment of inertia (kg—m2)

J; = mass moment of inertia of the carriage (kg-m?)

J, = mass moment of inertia the drive shafts (kg-mz)

J3 = mass moment of inertia the drive sprocket (kg-m?)

J4 = mass moment of inertia the carriage sprockets (kg-m?)
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Js = mass moment of inertia the motor sprocket (kg-m?)

Hence, Jy was 0.661 kg-m”. Torque due to the moment of inertia and the draft of the tool

should be determined based on eq. (4.9) and eq. (4.10) respectively:
T, =J, @ 4.9)

Where,

Twm = torque due to mass moment of inertia of the system (N-m)

T, =F, R
(4.10)
Where,
Tp = torque due to the draft force (N-m)

Fp = draft force (N-m)

Previously, it was determined that the angular acceleration was 38.6 rad/s®. Thus, torque
due to the moment of inertia, Ty was 25.52 N-m. It was determined previously that the
tool draft was 1700 N and the radius, R of the carriage sprocket was 0.05 m. Therefore,
torque due to the draft force, Tp was 85 N-m. The total torque of the system should be
the summation of Ty and Tp, which was 110.52 N-m. Torque and power are related by

eq. (4.11)
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P=Ta 4.11)

Where,
P = power of the motor (kW)

T = total torque (N-m)

Given an angular speed of 55.6 rad/s, the motor power required was 6.14 kW.

4.4.4 Motor selection

Based upon the required power of 6.14 kW estimated to overcome the inertia
force and the draft force, the motor was selected based on the manufacturer’s catalog. An
electric motor with 11.19 kW (15 hp) was selected to power the carriage, which gives a

safety factor of approximately 1.8.

4.5 Structural analysis

Structural analysis was performed on critical structure members to aid in material
selection and to verify the capability of the design. Four structures with critical members
were analyzed against known parameters.

e the vertical member of rail-support;
e the vertical member of the soil container frame;
e the vertical adjustment frame of the carriage;

e ' the carriage body frame.
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© 4.5.1 Rail support

2.5 kN
236 N/m
A B
~—6.00 6.00
12.00

Fig. 4.2 Side view for rail and rail-support positions for design analysis

Rail supports were located at the ends of the rails (I-beams) (Fig. 3.1). For
analysis purpose, the rail supports are considered as two supporting points, A and B (Fig.
4.2). The rail support carries load from the rails, which was treated as a distributed load.
The cross section area of the I-beam (part No.: sb-rx-1, Appendix D) is 0.003 m” and the
density of steel ASTM 36 is 7850 kg/m® (Muvdi and McNabb 1984). Hence, the value of
the distributed load was estimated as 236 N/m. Loads from the carriage assembly were
alsé supported by the rail-support, which was 2.5 kN (section 4.4.2). For worst case
scenario, the carriage would be located at the center of the I-beam (Fig. 4.2). The
structural design was symmetrical for each side of the soil bin. Therefore, analysis was
done only on one side. Based on Fig. 4.2, the vertical reaction force at A and B should be
2.7 kN. There were two vertical support members on each end of the rail-support, so

each member took 1.35 kN.
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The vertical support members were analyzed in terms of resistance to buckling.
They were treated as a free-fixed condition, so that the effective length was twice of the

actual length. The critical load of each member was calculated from eq. (4.12)

4.12)

Where,
P. = critical load (kN)
E = modulus of elasticity (kPa)
I, = area moment of inertia (m”)

L = length of the member (m)

The vertical support member was a square tubing (Appendix C, C.2). The length of the
vertical support member was 0.66 m. From eq. (4.10), the critical load was 19 kN. This
critical load was 14 times greater than the load imposed on the member. Hence the rail-

support structure was fairly stable with this arrangement and the selected material.

4.6.2 Soil container frame

The result from structural analysis on the vertical member of the rail-support is

applicable to the soil container frame, because both components have similar design
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configuration to support the vertical load. But, the vertical member of the soil container

frame exerted another load acting in lateral direction due to soil in the container (Fig 4.3).

Vertical meplber Side wall
N A‘\\ .
Nt
4
< N Lateral force, F
. due to soil in the
“container

4———‘“—*“\\

<

Fig. 4.3 Vertical members of the soil container frame.

There are a number of soil types, and estimating the lateral wall force based on
soil types might not be possible. Therefore, only one type of soil, loamy sand, was used
for the estimation of the lateral wall force. It was assumed that the Coulomb method
(McKyes 1989) would be adequate to define the lateral wall force. The method is

described in eq. (4.13):

1 c’K?

F=—vh’K -chK + 4.13
27 . K (4.13)

a

Where,

F = soil lateral force per unit length (kN/m)

v = soil specific weight (kN/m>)
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h = height or depth of the wall (m)
K, = active earth pressure coefficient (dimensionless)
K. = active earth pressure coefficient (dimensionless)

¢ = soil cohesion (kPa)

The active earth pressure coefficients of K, and K. can be described by the eq. (4.14):

K=K, = S0 ¢ (4.14)
" 1+smmé¢ -
where,

¢ = Soil internal friction angle (°)

Rahman and Chen (2001) specified that a loamy sand soil type had the following
parameters: y = 15.35 kKN/m’, ¢ = 9.23 kPa, and ¢=29°. As mentioned before, the height
(depth) of the soil container wall occupied by soil was chosen as 0.61 m. According to
€q. (4.14), one has K, = 0.347 and K. = 0.589. From eq. (4.13), the corresponding soil
lateral force for this soil type was F = 0.45 kN/m. Considering a safety factor of 3 for
sidewall design (McKyes 1989), the design lateral wall force per unit length was taken as

1.35 kKN/m.

The effect from lateral force per unit length was checked fo; resistance of the
vertical members against bending. A unit of soil container frame has 10 vertical
members. For analysis purpose, only one vertical member was considered for worst case
scenario. The maximum deflection in vertical plane was estimated based on the

distributed load on a beam as:
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V:
30EI,

(4.13)

Where,

v = deflection (m)

The maximum deflection in vertical plane due to the wall lateral force is 1.52 mm on the
tip of the vertical member. If maximum allowable deflection is considered as span/360
(Erdman 1984), the maximum allowable deflection is 1.69 m. In this case, the maximum
allowable deflection is greater than the maximum deflection due to soil pressure.
Therefore, there should not be any problem with the vertical member design, in terms of

deflection.

4.6.3 Vertical adjustment frame of the carriage

The Vertical. adjustment frame (Fig. 3.1) was analysed for resistance to failure in
bending. The bending load is the draft of the tool acting at the mid span of the frame in
horizontal direction. Considering a safety factor of 3, the bending load was equal to three
times of the anticipated draft force of tool, which was 5100 N. Each side of the frame
took up half of the load, so the load for the design was 2550 N. The deflection was

determined based upon the superposition method as:

3
V= 1913]}51 4.14)
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Where,

F, = bending load (N)

The length, L of the frame was 1.13 m. The frame was made from steel angle (Appendix
C, section C.3). Based on eq. (4.14), the deflection was 0.85 mm. This is acceptable if
the span/360 rule is considered, which states that the maximum allowable deflection is

3.00.mm, for this case.

4.6.4 Carriage body frame

Similar analysis was conducted on the carriage body. But, bending was checked
on both vertical and horizontal directions because the carriage body frame was designed
to withstand loads from both directions. The deflection was also checked againt the
span/360 rule. The length of the member that supports the load was 0.99 m. Considering
the system as a fixed support, the maximum bending should occur at the mid span. Based
on eq. (4.14), the maximum deflection in horizontal direction was 1.24 mm, while the

maximum limit based on the span/360 rule for horizontal deflection was 2.75 mm.

The effect of vertical load was considered based on the weight imposed to the
body. The total vertical load was considered to determine the maximum deflection of the
carriage body. Assuming the weight of the tool and the vertical adjustment frame were

summed up to give a total of 2500 N. For this case, the maximum deflection in vertical
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direction was 1.46 mm, while the maximum limit based on the span/360 for vertical

deflection was 2.75 mm, which is acceptable for this case.

4.7 Summary

In summary, a detail design process was undertaken to ensure that the proper
components were selected. Some components were fabricated in-house, while standard
components were purchased. The components fabricated in-house were the soil
container, carriage, rail supports, rails, motor end frame, and tensioner end frame.
Purchased (standard) parts were the electric motor and other drive components. A list of

complete components can be referred to Table A.1 (Appendix A).
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CHAPTER 5
DESIGN FEATURE, FABRICATION, ASSEMBLY, AND

SOIL BIN CONTROLS

5.1 Model development

Rails

Tensioner end frame

Carriage

Rail-supports

- == Soil containers

. Rail-support

. Motor end frame

Fig. 5.1 A computer model of the soil bin
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Figure 3.1 was refined into a 3-D computer model. The 3-D model was generated
after the essential components (as discussed in Chapter 3) had been analyzed and
important dimensions have been decided (Chapter 4). Several other factors, such as easy
to manufacture and replace, and quick disassembly of compoﬁents were taken into
consideration. The 3-D model had undergone several iterations before a final version was
decided for fabrication (Fig. 5.1). The 3-D model was originally constructed in English
units. All standard parts (Table A.1), and steel materials were also in English units.
Based on Fig. 5.1, detail part drawings (Appendix D) were developed and used for

fabrication and assembly.

5.1.1 Soil container

Three units of soil containers were designed and incorporated into the soil bin.
Each unit was 2.44 m long (Fig. 5.2), while the dimensions for inner width and depth
were as specified in Chapter 4. All units were assembled in longitudinal direction to
form a large section. The overall length of the large section was 7.32 m. The container
was made up from two parts, a soil box and a frame. The soil box was made from
plywood, while the frame was made from steel. The soil box was bolted and reinforced
to the frame and bottom floor. The frame members that reinforced the soil box’s
sidewalls were designed to have a feature for mounting rails on top of it. The frame was
bolted to the laboratory concrete floor at five mounting points on each side in

longitudinal direction. The mounting points were 0.6 m apart.

During a soil-machine testing, each soil container unit can have different soil

type, which makes it possible to test different soil types in test run. This feature is
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convenient for experiments that involve performance comparison of a test-tool in
different soil types. The soil containers occupied only the constant speed section of the
rail. This feature enables quicker soil preparation as the amount of soil used for testing is

optimized for the needs to collect data at the constant speed section.

/ Soil box

.Frame

Fig. 5.2 A unit of soil container

5.1.3 Rail

Wide flange steel I-beams were used as the rail base (Fig. 5.3). Two I-beams
(each I-beam was 6.1 m long) were connected end to end to form a total length of 12.2 m.
The upper part of the I-beams was connected to a steel angle. The lower part of the I-
beams was connected to the soil container and rail-supports. An I-beam has two
channels. One channel was facing inside the soil bin. The other channel faced outside
the soil bin and container chain separator. Chain B (Fig. 3.1) ran within the channel that

faced outside the soil bin. A chain separator, attached to the I-beam, was used to separate
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the roller chain (chain B) that ran on the upper and lower part within this channel. A

chain guard, to prevent direct contact to the roller chain, was bolted to the chain

separator.
Chain guard
o Steel angle
/A\/ e P B - pE— I_beam
AN ‘,A/ ‘
Il :~ s Upper
E .‘.
== ~Rail
e o - - connector -
JL 1, e Lower
separator |

Fig. 5.3 The cross-sectional view of the rail

5.1.2 Rail-support

The soil containers supported a section of 7.32 m of the rail and the remaining
section was supported by three rail-supports (Fig. 5.1). The rail-support was made from

steel materials (Fig. 5.3). In assembly, all rail-supports were fixed stationary on the floor.
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Fig. 5.4 A unit of rail-support

5.1.4 Carriage

The carriage body frame was made from steel materials (Fig. 5.5). It was
supported on the rails by four rigid wheels (top rigid wheel), which were installed at four-
corners at the bottom of the carriage (two wheels per side). Groovy surface rigid wheels
(top rigid wheel) were used so that the carriage motion was restricted to back and forth on
a straight path. Furthermore, four rigid wheels (lower wheel) with flat surface that run on
the bottom surface of the upper part of the I-beam were used to compensate any net
vertical force that would cause tilting. Roller chain B (Fig. 3.1) was connected to the

carriage body frame.

A vertical adjustment frame was designed to allow for adjustment of test-tool
position along the vertical direction. The frame consisted of an outer and an inner frames.
The outer frame served as a cage, while the inner frame slided within the outer frame.

The mner frame was connected to a threaded rod. Adjustment in vertical position was
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achieved by turning the threaded rod clockwise or counterclockwise. The threaded rod
for vertical adjustment was powered by a small electric motor. Normally, a test-tool is

mounted to a dynamometer, so the vertical adjustment frame had mounting points to

mount the dynamometer.

Belt and pulley system

o Reducer

7 o " Chain and sprocket system
s
{ / = e
Vertical adjustment frame 1 _/m ¢ " e T Small motor
e | A = S -~ Lateral adjustment frame
Inner frar{li y ] Connected to roller chain B
LS =i
IR
/ A A— 3 i
S ; SNS

4 / \\L Steering wheel
Threaded rods , |
A 3 ' 7 M AN
= N \
Vi \ Mounting points N Carriage body frame
Top rigid wheel —

Lower wheel -
Connected to roller chain B

Fig 5.5. Features of the soil bin carriage

The same concept was applied for lateral position adjustment of the test-tool. But

the lateral position adjustment was accomplished by manually turning a steering wheel.
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The lateral adjustment frame was integrated to the carriage body frame. It slides within
the body frame. The vertical adjustment frame was bolted to the lateral adjustment

frame.

5.1.5 Motor end frame and tensioner end frame

A motor end frame and a tensioner end frame were designed and fabricated to
hold all rotating components for the drive system to tow the carriage. The motbr end
frame assembly consisted of a drive shaft, pillow bearings, and carriage sprockets, drive
sprockets, roller chain A, and an electric motor (Fig. 5.6). The tensioner end frame
assembly consisted of a drive shaft, pillow bearings and a chain tensioner on both sides

(Fig. 5.7). The frames were located at the ends of the rails and bolted to the floor.

Drive sprocket Drive shaft

i
i

s “éarriage sprocket
\

Roller chain A

Electic motor..-~~

'Motor sprocket

- Fig. 5.6 Motor end frame assembly.
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- Tensioner end frame

Chain tensioner...—""

Drive sprocket

Fig. 5.7 Tensioner end frame assembly

5.2 Soil bin control

A Toshiba TEFC Premium Efficiency EQP III, A.C, 3-phase, 15 hp, and 240 V
electric motor was used to tow the carriage. The motor has a maximum speed of 1725
rpm. Based on Chapter 4, the maximum speed required for testing was 531 rpm. The
electric motor was equipped with a Toshiba VSD G-11 series, Variable Speed Drive
(VSD) control to regulate the motor speed. The electric motor was hard wired to the

VSD. The VSD was hard wired to the power supply.

The application of VSD into the soil bin test facility allowed operators to control
the test speed easily. The VSD was basically a micro-computer that reads input
parameters, specified by the operators. Three input parameters were required, which
were the time period, t (s) to accelerate and decelerate, and the maximum intended

frequency, f (Hz). The frequency, f indicated the test speed on the VSD display.
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Assuming the relationship as linear, the frequency on the VSD display and the motor

speed (rpm) are related by eq. (5.1).

£=0.035 N (5.1)

Where,
= frequency on the VSD display (Hz)

N = motor speed (rpm)

Based on eq. (5.1), if N is O rpm, f is 0 Hz. At the maximum motor speed of 1725 rpm,

the equivalent f is 60 Hz.

The soil bin will be equipped with limit sensors and a Toshiba Dynamic Braking
Resistor (DBR) unit to control the carriage motion. The limit sensors (Topwork Go
Switch, non-contact sensor type) and the DBR are to be wired to the VSD controller. The
sensors work by sensing the presence of any moving steel component within a distance of
10 mm. In this case, the moving steel component is the carriage. The DBR works to
stops the carriage motion. There are two limit sensors. One sensor is located at the
intersection of the acceleration and constant speed sections. The other one is located at
the intersection of the constant speed and deceleration sections. Moller Control Switches
are used to enable only one of the limit sensors to work at one time, either forward or
reverse motion. Once the carriage is detected by the sensor, the VSD starts the

deceleration mode and engage the DBR to stop the carriage automatically.
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5.3 Safety issues

The Canadian Standards Association (CSA) Safeguarding for Machinery
(Z43204) was followed for safety consideration in the design. The standard states that all
rotating parts and moving parts must be guarded from direct exposure. The parts that
were considered for guarding were the sprockets, drive shafts, and motor. Chain guards
were installed along the outer sides of the rails to covers the moving roller chains (Fig.

5.3). Sheet metal boxes covered the drive shafts, sprockets, and motor.

5.4 Soil bin assembly

After fabrications of all components, the soil bin was installed in the laboratory
(Fig. 5.8 (a), (b), (c), (d), and (e)). Three units of soil containers were assembled in the
longitudinal direction and fixed to the laboratory floor. The rails were assembled to the
mounting plates on top of the soil container. The free ends of the rail were supported by
rail-supports. A laser aligner was used to ensure straightness in lateral and longitudinal
directions. Several shim plates were inserted underneath the soil container and rail
supports to the level the surface before the components were bolted to the floor. The
carriage was put on top of the rails. The center of four rigid wheels was aligned to the
center of the steel angle on top of the rail to ensure straightness. Roller chain B was
connected to the carriage. Roller chain A was used to connect the drive shaft to the motor
shaft. Chain tension was controlled by adjusting the position of the chain tensioner at the

tensioner end of the soil bin.
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Fig. 5.8 (a) Soil bin assembly

Fig. 5.8 (b) Soil bin carriage



Fig. 5.8 (c) Carriage on top of the rail

Fig. 5.8 (d) Chain B, the rail assembly, and chain guard

52



Fig. 5.8 (¢) Chain B connection to the carriage
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CHAPTER 6
CONCEPTUAL DESIGN OF A THREE-DIRECTIONAL

DYNAMOMETER AND A SINGLE WHEEL TESTER

6.1 Introduction

The soil bin is a versatile test facility for soil-machine studies. One can add
variety of instruments to the soil bin for any specific test objectives. One of the major
interests in soil-machine studies is measuring the forces of test-tools, because those
forces reflect the performance of the tools in terms of power requirement. Another major
interest in soil-machine studies is measuring the traction force and the level of
compaction due to wheel traffic. A dynamometer is a useful instrument to measure the
forces of test-tools. Similarly, a single wheel tester is an instrument to measure forces of

soil-wheel interaction.

6.2 Three-directional dynamometer

6.2.1 Motivation and intention

Normally, three forces (horizontal, vertical, and lateral) and six moments exist
during a soil-tool interaction test. Among the three forces, draft force, which occurs

along the horizontal axis, is the most critical force. A 3-directional dynamometer to
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measure forces in all three directions is needed for the soil bin. The intention of this

study was to complete a conceptual design of a 3-directional dynamometer.

6.2.2 Design criteria

The dynamometer should be able to measure forces in all the aforementioned three
directions. It should minimize the undesired effects of moments. Weight of the
dynamometer should not increase the load on the carriage significantly. Thus the

dynamometer should be compact and lightweight.

6.2.3 Forces and moments of a test tool
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Fig. 6.1 Forces and moments of a test tool
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Figure 6.1 describes the forces and moments éf a test tool (Godwin et al. 1993).
Point O is the origin of the coordinate system (0, 0, 0). Point A is the position of the tool
tip, with a coordinate of (x;, yi, z;) from the origin. Point B is an offset distance below
the origin (0, 0 z;), which represents the way a tool is mounted to an implement. Point C
is the interface between the tool and the dynamometer, which is located (x;, 0, 0) from
the origin. During a test, the tool tip at point A is experiencing a draft force (Fp) that
occurs along the x-axis, vertical force (Fy) along the y-axis and lateral force (Fy) along
the z-axis. The forces at point A can be replaced by the equivalent forces and moments
system at point C. The reaction forces are equal but in opposite direction at point C. The
moments at points C are Fy * y; and Fy * z,, acting along the axis of the draft force in
vertical-lateral plane; Fp * y; and F * x; acting along the axis of the vertical force in
horizontal-lateral plane; and Fp * z; and Fy * x; acting along the lateral force axis in

vertical-horizontal plane.

6.2.4 Design analysis

The key to measure forces and minimize moments lies on the selection of proper
load cells and the arrangement of the load cells in the dynamometer. The selected load
cells are Michigan Scientific, Model TR3D-A-1, pancake type (Fig. 6.2). The cost for
each load cell is US$ 2100. Each load cell can measure forces up to 4.5 kN. Assuming
the maximum draft is 1700 N (Rahman and Chen 2001), the dynamometer has a safety

factor of 10, which ensures measurement without damaging the load cells.
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‘Error! Unknown switch argument.
Fig. 6.2 The three directional load cell (Michigan Scientific)

Four load cells are arranged symmetrically (Fig. 6.3). On average, each load cell

should take up only a quarter of the total force (e.q. 6.1).

1

FD(1)= FD(z)= K D) 1:1)(4): ZFD
1

Fvu): FV(.’Z): FV(3): FV(4)= ZFV 6.1)
1

B = Fo=Fg=Fy= ZFL

Where,
Foay, Fpe), Fp@), and Fpy = draft force at load cell 1, 2, 3, and 4 respectively
N)
Fvay, Fv@), Fva), and Fyg) = vertical force at load cell 1, 2, 3, and 4 respectively
(N)

Fray, FL), Fue), and Fra) = lateral force at load cell 1, 2, 3, and 4 respectively (N)

Summation of all forces from all load cells gives the total values of draft, vertical and
lateral forces. The moments due to the draft, vertical, and lateral forces are compensated
by the load cells. The summation of moments due to location of each load is canceled by
the symmetrical arrangement. Equation 6.2 describes the summation of forces and eq.

(6.3) describes the summation of moments at the dynamometer.
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FD = I:D(l) + FD(Z) + FD(3) + FD(4)

F,= va + Fv(z) + FV(3) + FV(4) (6.2)
F = FL(I) + Fuz) + FL(3) + FL(4)

2FV(1)*Y2 - 2FV(2) *y, +2F V) *y, - 2F,5%y, =0
2FL(3)*22 + 2FL(4)*22 - 2FL(1)*Z2 - 2FL(2) *z, =0
2FD(1)*Z2 - ZFD(4)*22 + 2FD(2)*Z2 - 2F,5%2, =0

2F D(z)*Y2 + 2FD(3) *y, - 2FD(1)*Y2 - 2F,,, %y, =0

(6.3)
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Fig. 6.3 Load cells arrangement in the dynamometer

6.2.5 Dynamometer construction

The dynamometer frame is made of two aluminum plates, sandwiching the load
cells between them (Fig. 6.4). Aluminum would be a better choice of material because of

the lightweight properties. One face of the plate is attached to the test tool through a tool

58



plate. The other faée of the plate is integrated to the carriage (carriage platé). Four
placement holes are bored at the four corners of each plate. Each placement hole has an
opening to allow cables protruding out from the load cells and be connected to a signal
conditioner. The load cells are installed exactly in those placement holes. The load cells
are restrained firmly in the placement hole by bolting four M8 x 1.25 threaded holes of
the load cells to the carriage plate. Each load cell has a threaded hole M12 x 1.75 facing

the tool plate. This hole should be used to mount the test tool.

. Carriage plate
// :

( \\) A Load cell

\A\
\‘“—T\\\ Tool mounting hole

o

\/\\

>~ Cable hole

Tool plate -

Fig. 6.4 The dynamometer frame and location of load cells
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6.3 Single wheel tester

6.3.1 Motivation and intention

A wheel can be treated as either a rigid wheel or pneumatic tires. For pneumatic
tires, it is better to smdy the effect of a pneumatic tire on soil with a single wheel tester,
instead of deriving the results from other methods, such as cone index and soil triaxial
test. It is because the interface of soil-tire interaction is complex. The ground contact
area may be represented by different modes, such as rectangular or ellipse mode. The
soil-tire interaction is also affected by vertical loading, tire inflation pressure and
mechanical properties of the soil. The intention of this study was to complete a

conceptual design of a simple single wheel tester for soil-tire studies in the soil bin.

6.3.2 Design criteria

The single wheel tester should fit into the soil bin. The test wheel diameter and
width are dependent upon the size of the soil bin. The possible tire size can be determined
by using Clark and Liljedahl (1968) method. The objective of the sihgle wheel tester is
to measure the braking torque of a tire. The braking torque can be defined as the
minimum torque required to overcome the motion resistance and produced motion.
Therefore, the single wheel tester can be placed stationary on the soil bin. The braking
torque should be tested against various vertical load levels. Thus, the single wheel tester

should have the capability to vary the vertical load.
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6.3.4 Apparatus description
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Fig. 6.5 Single wheel tester frame

The wheel tester consists of several subassemblies (Fig. 6.5). The first
subassembly is the tire assembly. A test-tire is assembled to a hub. The hub is assembled
to a body. A sprocket is connected to the body to receive torque and to rotate the test tire.
The second subassembly is the power assembly. A power hydraulic cylinder is connected
to the body at one end. The other end of the power hydraulic cylinder is assembled fo a
disc, which is located at the end of the body. A shaft connects the disc and a sprocket on
the opposite side of the body. A chain is used to connect this sprocket to another sprocket
at the test tire. This connection allows for input transmission to the test tire. The third
subassembly 1s the vertical load assembly. A load hydraulic cylinder is connected from
one end of the frame to one end of the body. The hydraulic cylinder can be set to provide
various loading conditions to the test tire. A load cell is assembled between the load

cylinder and the body, which measures the amount load imposed to the test tire. Another
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load cell is assembled between the body and the frame, which measures the potential

traction force of a given test tire on a given soil condition.

6.3.3 Design consideration and analysis

Z - Disc
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Fig. 6.6 Forces equilibrium on a disc

The single wheel tester is powered by a hydraulic cylinder, which is connected to
a disc. The rotation of the disc causes rotation on a sprocket on the opposite site of the
body. Fig. 6.6 describes the forces and moment on the disc. For simplicity, the design
analysis is considered in two dimensional, in horizontal and vertical directions. The
forces of interest in a soil-wheel analysis are the wheel loads that occurs on the vertical
axis, and the traction force that acts along the horizontal direction. The force equilibrium

in horizontal direction on the disc is described in eq. (6.1):

F=ma =0 | (6.1)

62



Where,
Fx = horizontal force (N)
m = mass of the disc (kg)

ay = acceleration in horizontal direction (m/sz)

Based on the equation, the disc does not move in horizontal direction. The force

equilibrium in vertical direction is described by eq. (6.2):
F=ma,=0 (6.2)
Where,

F, = vertical force (N)

a, = acceleration in vertical direction (m/s?)

The disc also does not move in vertical direction. The moment about the center of the

disc or at point O can be calculated by eq. (6.3):

FR, =1q,
1 2
= {—mR;] a, (6.3)
2
2F
a] fre R —
mR,

Where,
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F = force supplied by the power cylinder (N)

I = mass moment of inertia of the disc (kg-m?)

o = the angular acceleration of the disc (rad/s?)

R, = the distance from the center of the disc to the location of power cylinder

attachment (m)

The angular acceleration o is transferred to the sprocket on the other side of the body.
Assuming both the sprocket besides the disc and the sprockets at the test tire are the same

size, the angular acceleration should be the same for all sprockets and disc.

(6.4)

Where,
ay = the angular acceleration of the sprocket (rad/s”)

o3 = the angular acceleration of the sprocket at the test tire (rad/s%)

Equations 6.1, 6.2 and 6.3 are useful to describe how the power cylinder provides power

to rotate the test tire on a test soil.

Vertical load on the test tire is provided by a hydraulic cylinder. But the position

of the cylinder may not be exactly at vertical position. Therefore, the geometry of the fix

frame assembly is analyzed to find the correct angle of the vertical load (Fig. 6.7).
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Fig. 6.7 Geometry of the test frame

The length of the load cylinder, Ls varies along with the load setting, which is directly
proportional to the load set on the hydraulic cylinder. Therefore, Ls is measured directly
from the tester. Angle § is the angle from the body to an imaginary line L, from the lower
corner of the frame to the upper corner of the frame, and is solvable by applying triangle

rule:

L,=L3+12 (6.5)

Where,
L, = the vertical length of the frame (m)

L; = the horizontal length of the frame (m)
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If L, is the length of the body, which is a known value, Ls is solved by cosine rule (eq. 6.6),

which is used to determine &:

L =L+L}-2L, L,(cos )
therefore:
L - (L3+L)

2L, L,

L@+
d=cos™ | -2
2L, L,

cos 0=

Then, angle f is determined by using sine’s rule:

smf3  siné
L, L

[

- sind
,stm'(L4 7 j

s

(6.6)

(6.7)

The force interaction at the tire, which is the main interest of a soil-tire study, can be

determined once the geometry of the frame in action has been determined. F igure 6.6 shows

the general case of force equilibrium system in a soil-tire system. Load Fs from the vertical

hydraulic cylinder consists of a horizontal and vertical components. The components of Fg

can be determined by eq. (6.8):

E,=E; cos(8 + §)
E,=E sin(0 + 3)

Therefore, the force equilibrium in horizontal direction is described eq. (6.9):
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F -F-F =0 (6.9)

mr gt
Where,
Fpr = soil resistance (N)
Fq = gross traction force (N)
The force equilibrium in vertical direction is described in eq. (6.10):

F -F-W=0 (6.10)

Where,

W = weight of the test tire and the frame (N)

The summation of moment about the wheel center:

T-F . (r)=Ia, ©.11)

Where,
1; = torque radius of the wheel (im)

T = the braking torque (N-m)
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In most cases, the unknown parameters are Fy,, r; and Fg. In this design, these parameters
can be determined from the single wheel tester. Based on these parameters, further tractive

performance can be analyzed for a given test tire and a soil condition.

Fig. 6.6 Forces on a test-tire

68




CHAPTER 7

CONCLUSION

The indoor soil bin test facility developed in this study has several unique
features. The soil bin has three small units of soil container for testing up to three
different soil types in a test run. The combined units of soil containers were designed to
occupy only the effective length section. Thus, quicker soil processing is possible. The
soil bin was designed to test a soil-engaging tool at a maximum speed of 2.78 m/s, that is
the common speed limit of actual operations on field. For that maximum speed, the
effective length was designed for 6 m, which was adequate for collecting data for soil-

machine interaction studies.

The soil bin utilizes a VSD control, which enables researchers to vary the test
speed easily. The carriage was designed with adjustable mounting tool frame features.
Thus, the test-tool can be adjusted in lateral and vertical directions. Safety of operation
was considered based upon CSA standards. Thus, all moving and rotating parts were

covered adequately to prevent injuries by direct contact.

The fundamental components were fabricated and assembled in a temporary site
prior to the installation in the actual intended site. It is expected that the soil bin should
be able to aid soil-machine interaction studies as long as the soil bin is operated within

the specified speed.
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The conceptual designs of a three-directional dynamometer and a single wheel
tester were also discussed. The dynamometer is capable of measuring tool forces in all
three directions. The load cells and their symmetrical arrangement in the dynamometer
are capable of minimizing moments. The dynamometer is light and compact, which
makes it suitable for indoor soil bin testing. The single wheel tester is a simple instrument
for studying soil-tire interaction in the soil bin. The device can be used to measure the
braking torque to induce motion at various vertical loads. Both the dynamometer and
single wheel tester can be constructed in the future to extend the testing capability of the

soil bin.
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Table A.1 Bill of materials

APPENDIX A

Desciption Part No. status

soil bin assembly sb fabricate
so0il container assembly sb SC fabricate
soil container frame sb sc 1 fabricate
floor tubing sb sc 1 1 fabricate
wall tubing in sb sc 1 2 fabricate
wall tubing out sb sc 1 3 fabricate
lower wall tubing sb sc 1 4 fabricate
floor tubing out sb sc 1 5 fabricate
lower wall tubing in sb sC 1 6 fabricate
floor tubing in sb sc 1 7 fabricate
upper wall tubing sb SC 1 8 fabricate
rail plate sb sc 1 9 fabricate
floor mount sb sc 1 10 fabricate
soil container box sb sc 2 fabricate
wall sb sc 2 1 fabricate
floor sb sc 2 2 fabricate

rail assembly assembly sb X
rail base sb X 1 fabricate
top rail sb X 2 fabricate
connecting plate sb X 3 fabricate
chain seperator sb X 4 fabricate
chain guard sb X 5 fabricate
rail support frame sb IS fabricate
floor tubing in sb Is 1 fabricate
floor tubing out sb 18 2 fabricate
wall tubing out sb IS 3 fabricate
top wall tubing sb ] 4 fabricate
wall tubing in sb 1S 5. fabricate
rail plate sb IS 6 fabricate
floor mount sb IS 7 fabricate
motor end frame assembly sb mf fabricate
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Desciption Part No. status

motor end frame sb mf 1 fabricate
floor tubing sb mf 1 1 fabricate
vertical tubing sb mf 1 2 fabricate
top tubing sb mf 1 3 fabricate
support sb mf 1 4 fabricate
base sb mf 1 5 fabricate
mid vertical tubing sb mf 1 6 fabricate
mid lateral tubing sb mf 1 7 fabricate
support tubing sb mf 1 8 fabricate
electric motor sb mf 2 standard
drive shaft sb mf 3 fabricate
drive sprocket sb mf 4 standard
chain # 80 sb mf 5 standard
pillow bearing sb mf 6 standard
carriage sprocket sb mf 7 standard
motor sprocket sb mf 8 standard
tensioner end frame assembly sb tf fabricate
tensioner end frame sb tf 1 fabricate
floor tubing sb tf 1 1 fabricate
vertical tubing sb tf 1 2 fabricate
top tubing sb tf 1 3 fabricate
bearing support sb tf 1 4 fabricate
bearing support sb tf 1 5 fabricate
vertical tubing sb tf 1 6 fabricate
top tubing sb tf 1 7 fabricate
floor mount sb tf 1 8 fabricate
tensioner mount sb tf 1 9 fabricate
support tubing sb tf 1 10 fabricate
drive shaft sb tf 2 fabricate
pillow bearing sb tf 3 standard
chain tensioner sb tf 4 standard
carriage sprocket sb tf 5 standard
carriage assembly sb cg fabricate
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Desciption Part No. status
carriage body frame sb cg 1 fabricate
center tubing sb cg 1 1 fabricate
center support sb cg 1 2 fabricate
center vertical support sb cg 1 3 fabricate
side frame tubing sb cg 1 4 fabricate
mid support tubing sb cg 1 5 fabricate
vertical mid support tubing sb cg 1 6 fabricate
angle base sb cg 1 7 fabricate
top plate sb cg 1 8 fabricate
center top tubing sb cg 1 9 fabricate
side rod tubing | sb cg 1 10 fabricate
spacer sb cg 1 11 fabricate
chain connector sb cg 1 12 fabricate
small spacer sb cg 1 13 fabricate
chain mount sb cg 1 14 fabricate
side cage tubing sb cg 1 15 fabricate
rear support tubing sb cg 1 16 fabricate
front support tubing sb cg 1 17 fabricate
left front chain connector sb cg 1 18 fabricate
horizontal adj frame asm sb cg 2 fabricate
horizontal adj frame sb cg 2 1 fabricate
main cage sb cg 2 1 1 fabricate
top cage sb cg 2 1 2 fabricate
rod plate sb cg 2 1 3 fabricate
mid cage sb cg 2 1 4 fabricate
mount sb cg 2 1 5 fabricate
nut sb cg 2 1 6 standard
roller bearing assembly sb cg 2 2 standard
roller bearing sb cg 2 2 1 standard
bolt sb cg 2 2 2 standard
nut sb cg 2 2 3 standard
spacer sb cg 2 2 4 standard
vertical adj frame assembly sb cg 3 fabricate
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Desciption Part No. status
outer frame sb cg 3 1 fabricate
side frame sb cg 3 2 fabricate
lateral side frame sb cg 3 3 fabricate
end tubing sb cg 3 4 fabricate
mount sb cg 3 5 fabricate
inner cage sb cg 3 6 fabricate
rod plate sb cg 3 7 fabricate
inner vertical cage sb cg 3 8 fabricate
inner side cage sb cg 3 9 fabricate
tool mount sb cg 3 10 fabricate
reducer plate sb cg 3 11 fabricate
motor plate sb cg 3 12 fabricate
roller bearing assembly sb cg 3 13 standard

roller bearing sb cg 3 13 1 standard

bolt sb cg 3 13 2 standard
nut sb cg 3 13 3 standard
spacer sb cg 3 13 4 standard
nut sb cg 3 14 standard
steering wheel sb cg 4 standard
chain and sprocket assembly | sb cg 5 standard
dynamometer sb cg 6 conceptual
lower wheel assembly sb cg 7 standard
flat surface rigid wheel sb cg 7 1 standard
wheel holder sb cg 7 2 fabricate
bracket sb cg 7 3 fabricate
horizontal threaded rod sb cg 8 standard
vertical threaded rod sb cg 9 standard
reducer sb cg 10 standard
belt and pulley assembly sb cg 11 standard
electric motor sb cg 12 standard
chain hook bracket sb cg 13 fabricate
rod bearing sb cg 14 standard
top rigid wheel assembly sb cg 15 fabricate
groovy rigid wheel sb cg 15 1 standard
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Desciption Part No. - status
bracket sb cg 15 fabricate
chain # 60 sb cg 16 standard

79




APPENDIX B

B.1 Electric motor

Fig. B.1 Electric motor, sb-mf-2

Part No.: sb-mf-2

Model: Toshiba EQP III TEFC Premium Efficiency 254T .
Electrical: A.C, 3-phase, 240 V

Maximum speed: 1725 rpm

Power: 11.19 kW (15 hp)

Quantity: 1

B.1.1 Variable Speed Drive control

Model: Toshiba TOSVERT VF-S11
Electrical: A.C, 3-phase, 240 V
Power: 11.19 kW (15 hp)

Quantity: 1
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B.2 Drive sprocket

[ @2.00 (0. 03)

i~~—!

! 2,50 (0.06)

0.5 (0.01)
-
f T ;
@ I
==
JNP/\ &
3 8.00 (0.20) ] Baia
1.00 (0.03)

Dimensions: inch (meter)

Fig. B.2 Major dimensions of the drive sprocket

Part No.: sb-mf-4

Number of teeth: 24

Quantity: 1

Mass moment of inertia for one unit:
Apply eq (4.7)
Density, p = 7850 kg/m’.

=2 01><7850)[(9—29> (005 y }

+ % (0. 02)(7850){(%) (9-95) }

=1.23x 10” kg-m’
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B.3 Chain # A

Part No.: sb-mf-5

Chain type = Roller chain, ASA# 80.
# of strand = single strand.

Mass per unit length = 2.607 kg/m.
Chain length = 0.610 m.

Total mass = 1.59 kg.

Quantity = 1.

B.4 Pillow bearing

Part No.: sb-mf-6 and sb-tf-3
Bore size: 2 in (0.05 m)

Quantity: 6
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B.S Carriage sprocket

}_ e ©2.00 (0.05)

IR R

] 2.50 (0.06) 1=~
19 5((006)!

~ @ 3.00 (0.08) ] 0.50(0.01)
S
=~ T\ R
A © 4.00 (0.10)
@ 3.00 (0.08)

N=—"F 4

0.25 (0.006) ___

|
LTI LD

- 0.25 (0.006)

—  0.50 (0.01)

Dimensions: inch (meter)

Fig. B.3 Major dimensions of the carriage sprocket

Part No.: sb-mf-7 and sb-tf-5

Number of teeth: 15

Quantity: 4

Mass moment of inertia for one unit:
Apply eq (4.7)

Density, p = 7850 kg/m"®.

83




-2 0. 006)<7850>[<ﬂ8—> ) }

T 0.10, ,0.05,
+5(001)(7850){( 5 )¢ (—2—~)}

+ % (. 006)(7850)[(9—%) (20 05) }
+ g (. 01)(7850)[(@9) (89 05) ]
=1.10x 10” kg-m’

Mass moment of inertial for four units:

J=4.40x 107 ke-m>.

B.6 Motor sprocket

LI T
L_v_J

(B
(. 04)

- 0250 (0,06) -
I

0.50(0.01)

/ /// \> > 1 @450 0.11)

/\
{
L
|
|l| [T

'

.......... _l 1.00 (0.03)

Dimensions: inch (meter)

Fig. B.4 Major dimensions of the motor sprocket
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Part No.: sb-mf-8

Number of teeth: 17

Quantity: 1

Mass moment of inertia for one unit:
Apply eq (4.7)

Density, p = 7850 kg/m’.

=T 2y
5 (0.01)(7850)[( 5 ) (

0.11 0.04 ,
=) }

0.06 0.04 ,
) }

L8 4
o (0.02)(7850)[(7) «

=1.27x 10° kg-m’

B.7 Chain tensioner

Chain

tensionear

Fig. B.5 Chain tensioner, sb-tf-4
Part No.: sb-tf-4

Quantity: 2

B.8 Nut for threaded rod

Part No.: sb-cg-2-1-6 and sb-cg-3-14

Inner thread diameter: 1.0 in (0.025 m)
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Note: the nut for threaded rod should match with a threaded rod with 5 threads/in.

Quantity: 2

B.9 Roller bearing

Part No.: sb-cg-2-2-1 and sb-cg-3-13-1
Inner bore: 5/8 in.

Quantity: 32

B.10 Bolt, nut and spacer for roller bearing

Part No.: sb-cg-2-2-2 and sb-cg-3-13-2 (bolt)
Thread diameter: 5/8 in

Quantity: 32

Part No.: sb-cg-2-2-3 and sb-cg-3-13-3 (nut)
Inner thread diameter: 5/8 in

Quantity: 32

Part No.: sb-cg-2-2-4 and sb-cg-3-13-4 (spacer)

Inner diameter; 5/8 in

Quantity: 64
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B.11 Streering wheel

",

Steering wheel

Fig. B.6 Steering wheel to adjust tool position in lateral direction

Part No.: sb-cg-4

Quantity: 1

B.12 Flat surface rigid wheel

Part No.: sb-cg-7
Wheel diameter: 3 in (0.0762 m)
Wheel width: 2 in (0.05 m)

Quantity: 4

87



B.13 Threaded rod

Part No.: sb-cg-8 (horizontal)
Length: 50 in (1.3 m)

Thread diameter: 1 in (0.0254 m)
Note: 5 threads/in

Quantity: 1

Part No.: sb-cg-9 (vertical)
Length: 60 in (1.5 m)

Thread diameter: 1 in (0.0254 m)
Note: 5 threads/in

Quantity: 1

B.14 Reducer and small electric motor

Part No.: sb-cg-10 (reducer)
Reduction ratio: 60:1

Quantity: 1

Part No.: sb-cg-12 (small motor)
Power: 1/10 hp
Electrical: Single phase, 240 V

Speed: 1725 rpm
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Quantity: 1

B.15 Flange bearing

Part No.: sb-cg-14
Inner bore: 0.5 in (0.0127 m)

Quantity: 4

B.16 Groovy rigid wheel

Part No.: sb-cg-15-1
Diameter: 4 in (0.10 m)
Width: 2.5 in (0.06 m)

Quantity: 4

B.17 Chain# B

Part No.: sb-cg-16

Chain type = Roller chain, ASA# 60.
# of strand = single strand.

Mass per unit length = 1.624 kg/m.
Chain length = 24.40 m.

Total mass = 39.62 kg.

Quiantity = 2.



APPENDIX C

C.1 Drive shaft

Part No.: sb-mf-3 and sb-tf-2

Quantity: 2

Mass moment of inertia for one unit:
Apply eq. (4.6)

0.05

ng (1.26) (7850) (-2—)“ =6.07x 10° kg-m®

Mass moment of inertia for two units:

J=1.82x107kg-m’.
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C.2 Square tubing

0.10 (0.003) —=f e

0.10(0.003) -

1.00 (0.025)

le— 1.00(0.025) —

Dimensions: inch (meter)

Fig. C.1 Cross sectional dimensions of a square steel tubing

Material: Steel ASTM 36

E =200 x 10° kPa

Density, p = 7850 kg/m’

Cross sectional area, A, =2.32 x 10* m?

Area moment of inertia, I,= 2.05 x10% m*
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C.3 Steel angle

2(4.76¢3) ——

2.00 (5.08 e-2)

I
5 (476 ¢-3) |

2.00 (5.08 e-2)

Dimensions: inch (meter)

Fig. C.2 Cross sectional dimensions of a steel angle

Material: Steel ASTM 36

E =200 x 10° kPa

Density, p = 7850 kg/m’

Cross sectional area, A, = 4.61 x 10 m?

Area moment of inertia, I, = 1.13x107" m*
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APPENDIX D

Items | Part No.
i sb-sc
2 sb-rx
3 sb-rs
4 sb-mf’
3 sb-tf’
[ sh-cg

©.

Title: soil bin assembly

Part No: sb

Qty: 1

Scale: Material:

Do not scale Sheet 1 of 2

Fig. D. 1 Soil bin assembly components
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_ {Titte: soil bin assembly

Part No: sb

Quv:

Scale:
Do not scale

Material:

Sheet 2 of 2

Fig. D. 2 Soil bin assembly dimensions

Items Part No.
@

(1) sh-sc-1

) sh-sc-2

Title: soil container assembly

Part No: sb-sc

Qty: 3

Scale:

Do not scale

Material:

Sheet 1 of 1

Fig. D. 3 Soil container assembly components
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Htems Pant No.
[§D) sb-se-1-1
(2) sh-sc-1-2
B ® 3 sh-ge-1-3
i [C)] sb-se-1-4
~m // (s) sb-see1-5
/ (6) sb-sc-1-6
(@] sb-sc-1-7
(8) sh-sc-1-§
) sh-sc-1-9
[410)] sh-sc-1-10
et
Untess berivine Title: s0il frame

Part No: sh-sc-1

Qiy: 1

Scale:
Do not scale

Material:

Sheet 1 of 2

LR e
f
!
I828
|
[ —
[=EiG iacn]
mlw
i o
f it
1
i
1975
|
[ T
1828
i
e ok
«Jo.co by 138 1200 11 780
L00 400
- 7. -
P i
ZRI,; .—I,X(KA
i |
bl 1

B

£t

£ Untess otherwice
{ pecified

Title: soil container frame

e mincties Part No: sh-sc-1
; Generat ol 4005

£ Gen, angic ted £ 1 Qty:

iSeale: Material:

Do not scate

Sheet 2 of 2

Fig. D. 5 Soil container frame dimensions
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Note:

1. Use 2x4 steel tubing, wall thickness 0.25

in.

e
el

Enless adierwise
fiod

Title: floor tubing

are ininches
Generat tol. 2 0.09
Gen. angletol, + 1%

Part No: sb-sc-1-1

Qiy: §

Scale:
Do not scale

Materiul: Steel

Sheet 1 of 1

Fig. D. 6 Detail dimensions, sb-sc-1-1

83
O

NN

23.00 ~T

17

v.w,,ﬁ..v_igjk

Note:

1. Use tx1 stee] tubing, wall thickness 0.1 in.

Uniess otherwize

Title: wall tubing in

spreified all

are m inches
Genesal ted. £ 0 05
Gen angle tol 2 19

Part No: sb-ye-1-2

Qty: 10

Scale:
Do not scake

Material: Stecl

Sheet 1 of 1

Fig. D. 7 Detail dimensions, sb-sc-1-2
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Note:
1. Use 1x1 steel tubing, wall thickness 0.1 in.

Usless udicrwine Title: wall tubing out

arc in inches Part No: sb-sc-1-3

Gegeral o, 4 0.05

Ge. aagle tol. % 1¢ Quy: 10

Scale: Material: Steel

Do not scale Sheet 1 of 1

Fig. D. 8 Detail dimensions, sb-1-3

Note:
1. Use 1x1 steet tubing, wall thickness 0.1 in.

Title: Tower wall bing out

Part No: sh-se-1-4

Qty: 4

Material: Steel

Do not scale Sheet 1 of 1

Fig. D. 9 Detail dimensions, sb-sc-1-4
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1.060

[

1.00

Note:

1. Use [x1 steel tubing, wall thickness 0.1 in.

e

Uniess otherwize

Titte: floor tubing out

are m nches
Grnerat tol. » UES
Gen anpletol, 41

Part No: sb-sc-1-5

Qy: 8

Scale:
Do not scale

Material: Steel

Sheet 1 of 1

Fig. D. 10 Detail dimensions, sb-sc-1-5

1.00

1.00

L]

Note:
1. Use 1x1 steci tu

bing, wall thickness 0.1 in.

e

Untess etherviiee

PRSI —

Titlc: lower wail tubing in

i inckes

Pant No: sb-se-1-6

Geasl 1008

Gen angied 2 1° Qty: 4

Scale: Material: Stecl
Do not scale Sheet 1 of 1

Fig. D. 11 Detail dimensions, sb-sc-1-6
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Note:
1. Use Ix1 stecl tubing, wall thickness 0.1 in.

Unicss atheewise

Title: i P
e sions Title: floor tubing in

e i fuches

Gaeral ol 0,08

Part No: sb-se-1-7

Gen, angletol. 4 1° Qty: 8
Scale: Material: Steel
Do not scale Sheet 1 of 1
Fig. D. 12 Detail dimensions, sb-sc-1-7
96.00
oo
______________________________ I L0
) P
____________________________ L Lo
ksl
Note:
1. Use 1x1 steel tubing, wall thickness 0.1 in.
Title: upper wall tubing
Part No: sh-sc-1-8
065
Gen.argletol. 2 8¢ Qty: 2
Scale: : ecl
Do not scale Sheet 1 of |

Fig. D. 13 Detail dimensions, sb-sc-1-8
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6.0

0 -

-

2 x @ thru alt

0.25. [

Untcss ctherwise
sprafied sll gimenswns
are itk

Generat tal 2 0.05
Gen. angle tol 4. 1

Title: rail plate

Part No: sb-sc-1-9

Qty: 10

Scale:
Do not scale

Material: Stect

Sheet 1 of 1

Fig. D. 14 Detail dimensions, sb-sc-1-9

2,00 =

4.00

e 3 thrw il

.

2.00

2.0
)

Note:

1. Use 4x4 stee] angle

3

Unless otterwise

Title: floor mount

specificd
ate s inches.
Gerwrad tod. 2 8 05

Part No: sb-sc-1-10

Gen azgle tol. = 1 Quy: 10
Scale: Material: Steel
Do not scale Sheet 1 of 1

Fig. D. 15 Detail dimensions, sb-sc-1-10

100




Ttems Part No.
(1) sb-sc-2-1
) sb-sc-2-2

falel

Undess edberssse

ase i nches
General fol. £ 0.05
Gen angie ol £1°

specified ail dimenstons

Title: soil container box

Part No: sb-sc-2

Qty: 1

Scale:
Do not scale

Material:

Sheet 1 of 2

Fig. D. 16 Soil container box members

96,00

37.00——w;

24.00

e Y1

96.00

Title: soil container box

Part No: sb-sc-2

Qty:

Seale:

Do not scale

Material:

Sheet 2 of 2

Fig. D. 17 Soil container box dimensions
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Note:

1. Use plywoad thickness 0.5 inches,

s

Unless ot
E all dimeions
are in inches

Geveral ol 3 0.05

Gen angletol.2 1

Title: wall

Part No: sb-sc-2-1

Qiy: 2

Scale:
Do not scale

Material: Plywood

Sheet | of 1

Fig. D. 18 Detail dimensions, sb-sc-2-1

37.0

96,00

Note:

1. Plywood thickness 0.5 inches,

Unlezs etherwase

Title: floor

spociicd
aren irches

Genenl k. = 403
Gen angle tol. 2 1°

Part No: sb-sc-2-2

Quy: }

Scale:
Do not scale

Material: Plywood

Sheet 1 of 1

Fig. D. 19 Detail dimensions, sb-sc-2-2
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Items Part No.
[€))] sb-rx-1
2) sb-rx-2

Pha (2) 3) sb-rx-3
)
AP B ) sb-rx-4
*r' (5) sb-rx-3
Pt

Eats

4

specfied all

Unless otbevise

Title: rail assembl

are ininchey
Genessl In. & (105
Genangletol. % 1

Part No: sb-rx

Qiy: 2

Seale:
Do not scale

Material:

Sheet 1 of 2

Fig. D. 20 Rail assembly components

480.00
// / // ///
s /

240.01

praguy
5T

Usless therwise

stein mches
General 161+ 005
Gen. angle tol. 2 1°

spasifiol al dimesiens

Title: rail assembly

Part No: sh-rx

Qty:

Scale:
Do not scale

Materul:

Sheet 2 of 2

Fig. D. 21 Rail assembly dimensions
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6.00

6.00

Note:

1. I-beam fength: 240 in

G

Vrdesr sthervne
*peitied all cimensions
sre is insbes

Gerenal 1! 2 005

Goo. angietel s 1

Title: rail base

Part No: sb-rx-1

Qiy: 4

Scale:
Do not scale

Material: steel

Sheet 1 of 2

Fig. D. 22 Detail dimensions, sb-rx-1

240.00

oy 400 i

7 i , ‘
2 ' 2.88 i
f,.‘ jj’ 1 1 4‘.33
E PR IO 1
5 / N
f‘v —'!’ ) A,
, e \\
"""" 4x 0§ thruali

Title: rail base

Part No: sb-rx-1

Qty:

Scate:

Do not scale

Matcrial:

Sheet 2 ol 2

Fig. D. 23 Detail dimensions, sb-rx-1 (side view)
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Note:
1. Use steel angle, length: 240
in

s

Unless oherise
specidied all dimensions

005
Gien. angle el 4 1

Title: top rail

Part No: sb-rx-2

Qty: 4

Scale:
Do not seale

Material: stecl

iSheet 1 of 1

Fig. D. 24 Detail dimensions, sb-rx-2

8 x @7 thru all

10.00

=
3.

Note:

1. plate thickness: 0.25 in

Title: connecting plate

Part No: sb-rx-3

Quy: 4

Scalc:
Do not seale

Material: steel

Sheet 1 of 1

Fig. D. 25 Detail dimensions, sb-rx-3
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—=— 2.00 =—

240,007

f\/\f ~

ke

Ritas

Unless oxherwise

Title: chain seperator

ate
Geperal ol + 005
Gee. mgletol. 31

Part No: sh-rx-4

Qiy: 4

Scale:
Do not scale

Material: steel

Sheet 1 of 1}

Fig. D. 26 Detail dimensions, sb-rx-4

r 2.00 —-]

i

8.00

Note:

I. Material thickness: | in
2. Material length: 10 ft

gy
T

Unless ol

o0 mches
Grneral tol. £ 0 63
Gem. angletol 4 1¥

o
apecificd alf duncasions

Title: chain guard

Part Na: sb-rx-3

Qty: 8

Scale:
Do not scale

Material: steel

iSheet 1 of 1

Fig. D. 27 Detail dimensions, sb-rx-5

106




Items | Part No.
(1 sb-rs-1
(2) sb-1s-2
(3) sb-rs-3
4) sb-rs—4
(5) sb-rs-5
(6) sb-rs-6
(7) sb-rs-7
- s
/ I
/ /
o )
./:
/
/’
!
. (7
Untess atharwise Title: rail support frame
specified all dhmensions
ase n inches Part No: sb-rs

Genezal tol. £ 0.05
Gei angle tol, £ 1° Qty: 3

Seale: Material:
Do not scale Sheet 1of 2
Fig. D. 28 Rail support frame members
: :
in I
g §
4.00 4.00 == 12,00 =
- 37.50 —10.00
28,00 2825
4.00; ] [ L1
4 49.50 =20,00-=

Unless wtierwine Title: rail support frame
specilied all dimens

e i nches Part No: sb-rs

General ol 2 0.0

Gen angle ol # 1% Qty:

Scale: Material:

Do not scale iSheet 2 of 2

Fig. D. 29 Rail support frame dimensions
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45.50

Note:

Title: floor tubing

Part No: sb-1s-1

Qty: 2

Scale:

Material: Steel

Do not scule Sheet | of 1

Fig. D. 30 Detail dimensions, sb-rs-1

- 2.00

o S -

| a

—12.00

Note:

1. Use 2x4 steel tubing, walt thickness 0.25

n

Jf'}(:}v
Unters ctrweise Title: floor tubing b
are i inchey Part No: sb-rs-2
Geaeral 10l 3 003
Gen, angletol, £ 1° Qtv: 2
Scale: Material: Steel

Do not seale Sheet_ 1 of 1

Fig. D. 31 Detail dimensions, sb-rs-2
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——‘T 1.00 i—<-—

24.00 “/\/ JJ\/\/ Note:
i . 1. Use 1x1 steel tubing, wall thickness 0.1 in.
/\/\J\/\/ [\/» J

Title: wall tubing out

Part No: sb-rs-3

et tol. 4 .05

Giee. angle fol 114 Qiy: 4
Seale: Material: Stecl
Do not scale Sheet 1 of 1

Fig. D. 32 Detail dimensions, sb-rs-3

10.00

i ! 100
———————————————————— = e | T

é H:] ‘ 1.00
______________________ ) 1

Nate:
I. Usc IxI steel tubing, wall thickness 0.1 tn.

Unless otherwine
fied

Titie: top wall tubing

are w ches Part No: sb-rs-4
Gemeral tol. 5. 005

Gen, angle tot, = 3¢ Qty:2

Scale: Material: Steel
Do not scale Sheet 1 of 1

Fig. D. 33 Detail dimensions, sb-rs-4
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B

27.00
Note:
1. Use 1x1 steel wbing, wall thickness 0.1 in.
e
Untezs therwise Title: wall tubing in
cificd ]
are in inches Part No: sb-rs-5
General tol. £ 4005
Gen. angle 1ol + 1¢ Qty: 4
! Scale: Material: Steel
R S L Donotscale  |Sheet | of I

Fig. D. 34 Detail dimensions, sb-rs-5

6.00

o 2X (/)g thru all
4.00

i

Utitess ethenwise
cpecified il

Title: rail plate

ace in inches Part No: sb-rs-6
Geoerat tot. 4005

Gen, angle bl = 1 Qty: 4

Scale: Material: Steel

Do not scale Shect | of 1

Fig. D. 35 Detail dimensions, sb-rs-6
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f— 2,00 —=

. @3 thruall
-

6\’

] 10O

0252770
_!__

Note;

1. Use 4x4 sieel angle

s

Unless otherwise
ified

Titte: floor mount

ate in inches
General il £.005
Gen. azgletod. + 1¢

Part No: sb-rs-7

Qty: 4

Scale:
Do not scale

Material: Steel

Sheet 1 of 1

Fig. D. 36 Detail dimensions, sb-rs-7

ltems Part No.

)] sh-mf-]

(] sb-mf-2

(3) sb-mf-3

“ sb-sc-4

[&2) sb-sc-5 N
(6) sb-se-6

U] sb-sc-7

[¢3) sh-s¢-8

Title: motor end frame assembly

Gerieral
Gen sogleted = 1

Part No: sb-mf

Qty: ]

Scale:
Do not seale

Matcrial:

Sheet 1 of 1

Fig. D. 37 Motor end frame assembly components
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Items Part No.

(1) sb-mf-1-1
) sb-mf-1-2
3) sb-mf-1-3
(4) sb-mf-1-4
3 sb-mf-1-5
6) sb-mf-1-6
(@) sb-mf-1-7
8) sb-mf-1-8§
®) sb-mf-1-9

Title: motor end frame

Part No: sb-mf-]

Quy: 1

Scale: Material:

Do not scale Sheel 1 of 2

Fig. D. 38 Motor end frame members

— 1030 =T
4150
37.50
- /
40.00 /
29.75 /
- /
//
-
i I 1 Y
L 49.50 : ‘ el

e Title: motor end frame

Part No: sb-mf*1

Qty:

Scale: i Material:

Donotscale  iSheet 2 of 2

Fig. D. 39 Motor end frame dimensions
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37.50

Note:
1. Use 2x2 steel tubing, wall
thickness § in

Title: floor tubing

are i
General sol 1045
Geu angle el 1

Part No: sb-mf-1-1

Qty: 3

Scale:
Do not scale

Material: stecl

Sheet 1 of 1

Fig. D. 40 Detail dimensions, sb-mf-1-1

8.00

Note:
1. Use 2x2 stecl tubing, wall
thickness { in

Usidess otherwise
apeceficd all dmesiony
are in inches

CGieneral b £ 0,08

Gen, angle tol £ 1°

Title: top tubing

Part No: sb-mf-1-3

Qty: 2

Scale:
Do not scale

Material: steel

Sheet 1 of 1

Fig. D. 41 Detail dimensions, sb-rs-1-3
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12.00

=t 2.00 =

U 2.00
1

Note:
1. Use 2x2 steel angle, wall
thickness % in

Genert o). £.0.05

Y
reg-

Unless otherwise itle: s

specificd all dimansions Title: support

e i inches Pari No: sb-mf-1-4

e, angie tol, £ 1* Qty: 3
Scale: Material: steel
Do not scale Sheet 1 of 1
Fig. D. 42 Detail dimensions, sb-rs-4
26.00
ot 4,00 b=

Note:
1. Use 4x4 steel angle, wall
thickness } in

Unless otherwnie
specifid all di

Title: base

are iy inshie
Generat tol 0.3
Gen angic ol £1

Part No: sb-mf-1-3

Qy: 2

Scale:
Do not scale

Material: steel

Sheet 1 of 1

Fig. D. 43 Detail dimensions, sb-rs-1-5
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W5

Note:
1. Use 2x2 steel tubing, wall

thickness § in

Unless ctherwige
cified AL

Title: mid vertical tubing

are inwnches
Graerd 1ol £ 0.08
Gen. angle tol. 4 1%

Part No: sh-mf-1-6

Quy: 2

Scale:
Do not scale

Material: steel

iSheet 1 of 1

Fig. D. 44 Detail dimensions, sb-rs-1-6

22.00

B 2,00

= =

rs L j200

T . '
s 7

Note:
1. Use 2x2 stee] tubing, wall
thickness § in

Unless cherwase
cificd all d

Title: mid lateral tubing

are ininches
General tol. = 065
Gen angle o, 217

Part No: sb-mi~1-7

Qy: 2

Scale:
Do not scale

Material: stecl

Sheet 1 of 1

Fig. D. 45 Detail dimensions, sb-rs-1-7
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-11.70

LO0-m e
T
3.00
— o NV |

18.00
74 x Slot. R= 0.25
7
[ )
T} H
E Xiﬁ:&dwmsc . iTitle: motor plate
i e nckes Part No: sb-mif-}-8
[ H 1 Gereral tol. 2 0 05
T Cien. angic to). & 1% Quy: }
0.50- Scale: Material: steel
Do not scale Sheet 1 of 1

Fig. D. 46 Detail dimensions, sb-rs-1-8

{
)
f e 2,00 |-
....................... 20 % -

h : 2.00
s L

Note:
1. Use 2x2 sleel wbing, watl thickness 0.125 in.

wed
Uatess otpersze Title: support wbing
e 0 inches Pant No: sb-mf-1-9
Geneszl 1o} 2 0.0
Gen argietol 4 1° Qty: 2
Seale: Material: Stect
Do not scale Sheet 1 of |

Fig. D. 47 Detail dimensions, sb-rs-1-9
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1 49.50

e
Ustess otheswise Title: drive shaft
speafied
ate mnches Part No: sb-mf-3
Genenad 1o}, £ 0.05
Gen. erigic ol 21 Qty: |
Scale: Material: Steel
Do not scale Sheet 1 of 1

Fig. D. 48 Detail dimensions, sb-mf-3

Ttems Part No.
(1) sb-tf-]
(2) sb-tf-2
(3) sb-1f-3
(4) sb-ti-4
(5} sbetf5
e Title: tensioner end frame asm
:::-::T:(N“ o0t Part No: sb-tf
Ger, angle tol. = 19 Qty: 1
Scale: Material:

Da not scale Sheet 1 of 1

Fig. D. 49 Tensioner end frame assembly components
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Items Part No.
S))] sb-tf-1-1
(2) sh-tf-1-2
3) sbe1f-1-3
“ sb-tf-1-4
) sh-tf-1-5
(6} sb-tf-1-6
(M sbtf-1-7
G sb-if-1-8
) shotf-1-9
ae sb-tf-1-10

Geneaat 1ol = 0.05

o
Gen. anple 1ol 4 1°

. [Title: tensioner end frame

Part No: sb-tf-1

Oty: 1

Scale:
Do not scale

Material:

Sheet 1 of 2

12,00

174

38.00

25

00

e—16.25—

50.00

Title: tensioner end frame

. £ 005
Gen angistol = 17

Part No: sb-tf-]

Qty:

Scale:

Do not scale

Material:

Sheet 2 of 2

Fig. D. 51 Tensioner end frame dimensions




= 38.00

=1 2.00 =

T [ e

Note:

1. Use 2x2 steel tubing, wall 31
Unless ot 1 N 1

oo Title: floor wbing

ate in inches Part No: sb-tf-]-1
General tol, 2 005
Gen anple ol 4 1 Qty:3
Scale: Material: steel
Do not scale Sheet T of 1

Fig. D. 52 Detail dimensions, sb-tf-1-1

—ef 2.00 =

40.00

Note:

1. Use 2x2 steel tubing, wall e

lhickncss§ in ::la:;"’:'““‘ Title: vertical tubing
are ia tnckes Part No: sb-t{-1-2
Py :‘,‘xc(’x;"‘u; 'Qly: 4
Scate: Material: steel
Do not scale Ehw i oof 1

Fig. D. 53 Detail dimensions, sb-tf-1-2
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i~ -17.00

¢ - 2.00

=

1
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1
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'
'
i
'
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'
'
v
'
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1
1
'
'
h
'
1
h
'
'
v
'
v
'
'
¢
'
'
'
'
v
'
'
t
|
'
'
1
2
[ |

~
Note:
1. Usc 2x2 steel tubing, wall
thickness § in :;’:54;:;’“'“'“ Title: top tubing
sve in inches Part No: sb-1f-1-3
General 10t £ 005
Gen, angle ol [* Qty: 2
Scale: Material: steel
Do not scale Sheet 1 of 1 N
Fig. D. 54 Detail dimensions, sb-tf-1-3
21.00
g
JJ d =i 2.00 Il
5 N
rf s 2.00
2 i ‘
s
5 #
Note:
1. Use 2x2 steet angle, wall
thickness i in :z:*{;x::;mm Title: bearing support
arcin Part N
ol 2 005
Gen. angle tol. x 1° Qty:
Scale: Material: steel
Do not seale Sheet 1 of 1

Fig. D. 55 Detail dimensions, sb-tf-1-4
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N
e
=3

R 7\ 3 o

mif

Note:
1. Usc IxI stec! tubing, wall thickness 0.1 in.

Title: niid support tubing

c incls Part No: sb-cg-1-3
Gereaal tal 20,05

Gen. angle 1ol 4 1 Quy: 12

Scale: Material: Steel

Do not scale Sheet 1 of 1

Fig. D. 56 Detail dimensions, sb-cg-1-5

v
sl
A
.
E\)
[e]
. (=)
(]
=

Note:
1. Use 2x2 steet tbing, wall

thickness § in

Title: mid laterat tubing

Part No: sb-mf-1-7
Gereratl. 20,65

G angle Lol 2 1% Qty: 2

Scale: Material: steel

Do not scale Sheet 1 of 1

Fig. D. 57 Detail dimensions, sb-mf-1-7
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=1 2.00 t~—

Note: N

1. Use 2x2 stee) tubing, wall

thickness § in

Unless othersise
specified all 6

Title: mid vertical tubing

are it inchies
Gereral (ol £0.05
Gen.angle tol 1 1%

Part No: sb-mf-1-6

Qty: 2

Seale:
Do not scale

Material: steel

iSheet 1 of 1

Fig. D. 58 Detail dimensions, sb-mf-1-6

39.00

T
\g ‘j == 2.00 |=
A
)

Note:

1. Usc 2x2 steel angle, wall

thickness i in

iTitle: angle base

Part No: sb-cg-1-7

Qty: 4

Scale:
Do not scale

Materiak: steci

Sheet 1 of 1}

Fig. D. 59 Detail dimensions, sb-cg-1-7
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!'”«‘
4.00
: i

—=i 4.00 t=—

Note:
1. Use 4x4 steel angle. wall

thickness § in

T

£ Unlews otherwse
fied

Title: floor mount
Part No: sb-1f-1-8
Qty: 2

le: Material: steel

| Do not scale Sheet 1 ol

Fig. D. 60 Detail dimensions, sb-tf-1-8

w
~1
w

Note:
1. Use 2x2 steel angle, wall

thickness 3 in

1.00

Vnless oxherwins Title: tensioner mount
specified aif dancrsions

2 inunctes Part No: sb-1f-1-9
Crenersl 1], 4 095
Gen angle tol, + 1°

Scale:
Do not scale

Fig. D. 61 Detail dimensions, sb-tf-1-9
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{

Note:

1. Use 2x2 steel tubing, wall thickness 0.125 in.

el

Urless atherwise
spesitiod all

Title: support tubing

arc i inches
Gereraltol 4 0.05

Part No: sb-t-1-10

Gen. angle tel. = [+ Qty: 2
Scale: Material: Steel
Do not scale Sheet 1 of 1

Fig. D. 62 Detail dimensions, sb-tf-1-10

‘ 49.50

Unlras &

ate it cbes
General e+ 008
G angietel = |

specified all cimensions

Title: drive shaft
Part No: sh-1{-2
Qty: 1

Scule:
Do not scale

Material: Stec]
Sheet 1 of ]

Fig. D. 63 Detail dimensions, sb-tf-2
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PanCh}

Items Part #

) sb-cg-1
(2) sb-cg-2
{3} sb-cg-3
()] sh-cg-4

()| sbees
(&) sh-cg-6
(7) sh-cp-7
(8) sh-cg-§
9) sb-cg-9

e

Unless otherwise:
fied al d:

Title: carriage assembly

woipwebes Part No: sh-cg
?:-aa‘t:[;’{:‘\(flo it Qy: 1
Scale: Material:
Do not scale Sheet 1 of 2
Fig. D. 64 Carriage assembly components
(10) ltems Part No.
\\ (10) sb-cg-10
AN (11) sb-cg-11
\\ {12} sb-cg-12
(1 ])\\ _ \l/?%—;::'%—‘ (13) sh-cg-13
\‘][’ (i4) sb-cg-14
N ED_/ (13) sh-cg-15
(12) o i (16 sh-cg-16
(16)

Title: carriage assembly

Part No: sb-cg

w
Gen angleted 1 1 Quy:

Scale: Material:
Donotscale  iSheet 2 of 2

125

Fig. D. 65 Carriage assembly components (side view)




Hems Pant No.

[4)] sb-cg-I-1

2) sb-cg-1-2

) sb-cg-1-3

(4) sb-cg-1-4

(35) i sbecg-1-3

‘ 6 sb-cg-1-6

et .
. . N sbecg-1-7
S
(e s ® sb-cg-1-8
3 ) sh-cg-1-9
(10 sb-cg-1-10
an sh-cg-1-11
(12 sb-cyg-1-12
(13) sb-cg-1-13
14) sb-cg-1-14
freTt-
:;:Lc:ﬁ«;;"*:pyw Title: carriage body frame
ase inmekes Part No: sb-cg-1

General toh. £ 0.5

Gen angletol. 2 17 Qty: 1
Scale: Material:
Do not scale Shect 1 of 3

Fig. D. 66 Carriage body frame members

Ttems Part No.
{15) sb-cg-1-14
(16) sb-cg-1-16
in sb-cg-1-17
(18) sh-cg-1-18
Bi i
|
|
NN
AN
\
\\._
(18)
Ustss othersy Title: carriage body frame
specificd all cmersions -
areis et Part No; sh-cg-1
General tol. + 05
Gen angle tel. £ 17 Qty:
Scaler Material:
Do not seale Sheet 2 of 3

Fig. D. 67 Carriage body frame members
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E
[

4
48,00 27,53 _
ad
3 39.00
B I P i | i ; i
i Sy R S £ T l

43,50
47.50

49,50

&
1
I

Title: carriage body frame

- Part No: sb-cg-1

Gereral Lot 4 8.8
Gen angle ol 3 1

Seale: Material:

Do not scale Sheet 3 of 3

Fig. D. 68 Carriage body frame dimensions

39.00

i

{
frJ; E

Note:
1. Use Ix1 steel tubing, wall thickness 0.1 in,

Linlers othenrise Title: center tubing
specified al dienems -

1€ 16 ncties Part No: sh-cg-1-1
Geperat tol. 2 005

Ger. angle Wb, % 1% Quy: 2

Scale: Material: Steel

Do not scale Sheet 1 of 1

Fig. D. 69 Detail dimensions, sb-cg-1-1
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Note:

w100 =f—

1.00

1. Use 1x1 stect tubing, wall thickness 0.1 in,

e
nless atherme Title:
specified alt dmensions Fitle: cemter support
are w anches Part No: sh-cg-1-2
CGenerad il £ 005
Gen. angle 10l 417 Qty: 8
Scale: Material: Steel
Donotscale  iSheet 1 of |

Fig. D. 70 Detail dimensions, sb-sg-1-2

Note:

L Usc 1x1 steel tubing, wall thickness 0.1 in.

specfind all dimercions
hes

¢ otherne Title: center vertical support

Part No: sb-cg-1-3

Qty: 4

Scale:

Material: Steel

{Donotscale  iSheet | of 1

Fig. D. 71 Detail dimensions, sb-cg-1-3
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Note:
1. Use 1x1 steel tubing, wall thickness 0.1 in.

He
Unless cthecwine Title: side frame tubing
specified all din
ate i inches. Part No: sh-cg-1-1
Gesesal tol. 0.0
Gen, angle to). 4 1% Qty: 4

Material: Steel

Scale:

Do not scate

iSheet 1 of 1

Fig. D. 72 Detail dimensions, sb-cg-1-4

=i 100 =

T

1D ‘ 1.00

Note:
1. Use Ix1 steel v

ubing. wall thickness 0.3 in.

T
s,

Unless othersas:
spesaficd all tmensicns
ate ir ines

Gereral tol. £ 093
G amgle ol = 12

Title: mid support wbing

Part No: sb-cg-1-5

Quy: 12

iScale:
: Do not scale

Material: Steel

iSheet 1 of |

Fig. D. 73 Detail dimensions, sb-cg-1-5
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1.00 et

Note:

1. Use 1x1 steel tubing, wall thickness 0.1 in,

Unless atherwnse

specificd all demsions
ase w inche:
Ganerat 3. 005
Gen. angle 161, 2 1

Title: vertical mid suppart thg

Part No: sb-vg-1-6

Qty: 16

Scale:
Do not scale

Material: Steel

Sheet 1 of 1

Fig. D. 74 Detail dimensions, sb-cg-1-6

Note:
1. Use 2x2 steel angle, wall

thickness 3 in

Vinless othersase
speaified alt &

Title: angle base

arc im inches
General 1ol +-0 9%
Ges. sngle el # 1°

Part No: sb-cg-1-7

Qiy: 4

Scale:
Do not scale

Material: steel

Sheet 1 of 1

Fig. D. 75 Detail dimensions, sb-cg-1-7
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e O8] e

4}4..‘;3.

Unless otherwie
Sed all

Title: top plate

s inches Part No: sh-cg-1-8
General tol £ 0.05

Gen. angle saf. = 1 Qty: 2

Scale: Material: Steel

Do not scale

Sheet 1 of 1

Fig. D. 76 Detail dimensions, sb-cg-1-8

43

~=1 1.00 =

O

Note:

1. Use 1x1 steel tubing, wall thickness 0.1 in.

Untess othierw:
specified all dumensicas

Title: center top tubing

Part No: sb-cg-1-11

Qty: 2

Scale:
Do nat scale

Material: Steel

Sheet 1 of |

Fig. D. 77 Detail dimensions, sb-cg-1-9
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o

3.000
6.000 P ( \)
R
f 2,750 —
0.250' { il { I T ]
i

e

Unless otherwise
specificd all dumensions
are i inctes

General . + 5,05

Gen_ angle tel. 2 1*

Title: side rod tubing

Part No: sh-cg-1-10

Quy: 2

Scale:
Do not scale

Material; Steel

Sheet 1 of 1

Fig. D. 78 Detail dimensions, sb-cg-1-10

aw

Note:

1. Wall thickness: 0.10 in

Unless uhienise

Title: spacer

specified all
are in inctes

Geseal tol, 3 0.08
Ges, angle wl. = 1*

Part No: sb-cg-1-11

Qty: 4

Scale:
Do not scale

Material: Steel

Sheet | of |

Fig. D. 79 Detail dimensions, sb-cg-1-11
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e 2,00 —

1.00 3 l l

Note:
1. Wall thickeness: 0.10 in

Gre
Unlecs e Title: chain connector
are i inctes Part No: sb-cg-1-12

Genenatiol. 2 0.8

Gen. angle tol.= 1* Qty: 3

Scale: Material: Steel

Do not scale Sheet 1 of 1

Fig. D. 80 Detail dimensions, sb-cg-1-12

2.00

Hintens ethenviie Title: small spacer

age w inches Part No: sb-cg-1-13

Gerert 107, 4 0.05

Gen angle ol £ 12 Qty: 3

Material: Steel

Scale:

Do not scale Sheet 1 of 1

Fig. D. 81 Detail dimensions, sb-cg-1-13
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] 050 e '

0.50

Y @  Thru all

3.00

Lred-

Haless chrranse
ficd al

Title: chain mount

a5¢ mtiches
Generd ol 2605
Gen, anglotol 2 1"

Part No: sb-cg-1-14

Qiy: 3

Scale:
Da not scale

Material: Steel

Sheet 1 of 1

Fig. D. 82 Detail dimensions, sb-cg-1-14

¥ T
¢ 1
! '
P
o
i i
!
ro
! i
A
i J ,'Jl
2450 o T
7
rJ\f
Pl

Note:

1. Use Ix1 steel tubing, wall thickness 0.1 in,

Unlext uthrwine
dalté

Tisle: side cage wbing

-
Generatto} £0.05
Gen. ngie ot « 1

Part No: sb-cg-1-15

Qty: 8

Scale:
Do not scale

Material: Steel

Sheet 1 of 1

Fig. D. 83 Detail dimensions, sb-cg-1-15

134



Note:
1. Use Ix1 steet tubing, wall thickness 0.1 in.

Unless etheroice ‘Fitle: rear support tubing
siecificd all dmemiony

are i inches Part No: sh-cg-1-16
Ceneral tof ¢ 008

Cen aapic el = 1° Qty: 4

Scale: Material; Steel

Do not scale Sheet | of 1

Fig. D. 84 Detail dimensions, sb-cg-1-16

-1 1,00 =

D 1 1.00

Note:
1. Usc 1x1 steet tubing, wall thickness 0.1 in.

nless otbenwise Title: front s i
e s Title: fiont support tubing
arein inches Part No: sb-cg-1-17

Geeral tol. 2. 0.05

Gein angle tol = 17 Quy: 4

Scale: Material: Steel

Do not scale Sheet 1 of |

Fig. D. 85 Detail dimensions, sb-cg-1-17
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= 2.00 —~

-

\
\\
\_\ \\
o

10.50

T O Thneall

e N

Note:
1. Wall thickness: 0.1 in

g
::’”ff-,’,f,"‘f."."’x Title: left front chain connecter
are in inetics Part No: sb-cg-1-18

Genrral Lot 2 G.45
Gen, angle o] = 1

Quy: 1

Scale: Material: Steel
Do not scale Sheet 1 of |
Fig. D. 86 Detail dimensions, sb-cg-1-18
Mtemss {Part No,
(1) lsb-cg-2-1
(2)  lsb-cp-2-2

R

Unlest cthernse
specified all dmensions
ininches
ral ol 9.0 65

1o

Title: horizontal adj frame asm

Part No: sh-cg-2

Quy: 1
Scale: Material:
Do not scale Sheet 1 of 2

Fig. D. 87 Lateral adjustment frame assembly components
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w_;ﬂ I E‘L

e}

Unless atherwise
specificd all dimensions
age 1 tches

Genersl ol £ 008

Gen, anplewl 2 1

Title: lateral adj frame asm

Part No: sb-cg-2

Qtv:

Scale:
Do not scale

Material:

Sheet 2 of 2

Fig. D. 88 Lateral adjustment frame dimensions

Hems Part No.

(1) sb-eg-2-1-1
) sb-cg-2-1-2
3 sb-cg-2-1-3
) sh-cg-2-1-4
3) sh-eg-2-1-5

are i inches
Gereral tol 1 043
Ger anglect = 1

Title: tateral adj frame

Part No: sh-cg-2-1

Quy: }

Scale:
Do not scale

Material:

Sheet 1 of 2

Fig. D. 89 Lateral adjustment frame members
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A e
- -
]
[¢] @)

Ttems | PartNo.

© | SB-SC-1-16

Ty
ez

Cnless otharwise
specified wl dimensions
are in mches

Garesal 1l 4 005

Ger. angie tol. 2 1°

Title: lateral adj frame

Part No: sb-cg-2-1

Qty:

Scale:
Do not scale

Material:

Sheet 2 of 2

Fig. D. 90 Lateral adjustment frame members (back view)

20.00

Note:

1. Use 2x2 steel angle, wall

thickness  in

Cnless ctberwie

are it inches

specitied Al dimensions

Generat tol 4 005
Cen angierel = 1

Title: main cage

Part No: sh-cg-2-1-1

Qty: 4

Scale:

Do not scale

Material: steel

Sheet 1 of 1

Fig. D. 91 Detail dimensions 2-1-1

138




S
. {
1 {
ﬁ 3
—
b
g A
A J
_4x0 § thru alt
// { (
150/ e 1.50
A e B o2 =
3 N4 :
81— v

12.00

Note:
1. Use 2x2 steel angle, wall
thickness {} in

e

Unless etherwyae
specified all dnemion

Title: top cage

Part No: sh-cg-2-1-2

Quy: 4

Scale:
Do not scale

Material: steel

iSheet 1 of |

Fig. D. 92 Detail dimensions 2-1-2

6.25

"3 1.00 Thru all

e
spesified all Emensions
ate i inches

Gereral 1ol + 005

Gen angletel. = 1°

Title: rop plate

Part No: sh-cg-2-1-3

Qty: 1

Scale:
Do not scale

Material: Steet

iSheet 1 of 1

Fig. D. 93 Detail dimensions, sb-cg-2-1-3
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Note:
1. Use 2x2 steel angle, wall
thickness s in

Unleas otheawise
specified all €meavans,
are i uches

Title: mid cage

Part No: sh-cg-2-1-4

Qty: 4

Scale:
Do not scale

Material: steel

iSheet 1 of |

Fig. D. 94 Detail dimensions 3-1-4

20.00

/,/_Zx(aglhruall (

T

o]

A
0.50

E 3
3 ¥
r 3
g rr

Note:
1. Usc 2x2 stecl angle, wall
thickness f; in

Catess ¢
seeified 2l dinsions
arc in nchies

Genaral ol 4 0.6%
Gen.sagie el = 1

Title: mount

Part No: sb-cp-2-1-5

Qty: 2

Scale:
Do not scale

Material: steel

Sheet 1 of 1

Fig. D.

140

95 Detail dimensions, sb-cg-3-1-5



Items Part No.
[¢3] sb-cg-3-1
2) sb-cg-3-2
3} sb-cg-3-3
) shcg-3-4
) sb-cg-3-5

. {Title; vertical adj frame
Part No: sb-cg-3
Qty: §
Scale: Material:
Donotscale  |Sheet 1 of 3
Fig. D. 96 Vertical frame members
Irems Part No.
{6y sb-cg-3-6
()] sb-cg-3-7
(8) sh-cg-3-8
o sb-cg-3-9
10y sb-cg-3-10

Title: vertical adjustment frame

Part No: sh-cg-3

Qty:

Scale:
Do not scale

Material:

Sheet 2 of 3

Fig. D. 97 Vertical frame members (inner frame)
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13 ..A._~"'/( 4 f
|

Ttems Puant No.

an sb-cg-3-11

(12) sb-cg-3-12

(13) sb-cg-3-13
(14) sb-cg-3-14

¥

Unlews otherwise

Title: vertical adjustment frame

are w wzhes
Generat 1o} 4 005
Ger. angletal. 21

Part No: sb-sc-3

Qty:

Scale:
Do not scale

Material:

Sheet 3 of 3

Fig. D. 98 Vertical adjustment members (alternate view)

48.00

~ 2,00 =~

i
2.00
_1

Note:
1. Use 2x2 steel angle, walt
thickness 7 in

G

Urdess otherwize
rpecified ¥ dimenstcns
are miches

General o} + 048
Gen. aagle tol. 2 1°

Title: outer frame

Part No: sb-cg-3-1

Q4

Scale:
Do not scule

Material: steel

iSheet 1 of 1

Fig. D. 99 Detail dimensions, sd-cg-3-1
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Note:
1. Use 2x2 steel angle, wall
thickness i} in

s
Gen. sngle 1. 2 1<

Title: side frame

Part No: sb-cg-3-2

Qty: 4

Scale:
Do not scale

Material: sicel

Sheet 1 of 1

Fig. D. 100 Detail dimensions, sb-cg-3-2

2.00
— |

Note:

I. Use 2x2 steel angle, wall

T 2.00

JU— -

Unless otherwise

Title: lateral side frame

specified afl
asc in inchs

Part No: sb-cg-3-3

1 Senesal ol 2 0.05
thickness g i |Quia
Scale: Material: steel
Do not scale Sheet 1 of 1

Fig. D. 101 Detail dimensions, sb-cg-3-3
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Title: end tubing

Part No: sb-cg-3-4

Quy:2

Scale:
Do not scale

Material: Steel

Sheet 1_of 1

Fig. D. 102 Detail dimensions, sb-cg-3-4

20.00
1.00 T 2x @ thruall ; 100
el e e N
RN L N P ' ﬁr :
0.50 z |
> ‘r—{;,>’ r 3

=

Note:
1. Use 2x2 steel angle, wall

thickness i3 in

Title: mount

a s
Gensrall. £ 605
Gen. angle tot 2 17

Part No: sb-cg-3-5

Qty:2

Scale:
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Fig. D. 103 Detail dimensions, sb-cg-3-5
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Fig. D. 104 Detail dimensions, sb-cg-3-6
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Fig. D. 106 Detail dimensions, sb-cg-3-8
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Fig. D. 107 Detail dimensions, sb-cg-3-9
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Fig. D. 108 Detail dimensions, sb-cg-3-10
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Fig. D. 109 Detail dimensions, sb-cg-3-11
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Fig. D. 110 Detail dimensions, sb-cg-3-12
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Fig. D.

111 Lower wheel assembly components and dimensions, sb-cg-7
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Fig. D. 112 Detail dimensions, sb-cg-7-2
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Fig. D. 114 Detail dimensions, sb-cg-13
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Fig. D. 115 Top rigid wheel assembly components and dimensions, sb-cg-15
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