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ABSTRACT 

Soil compaction due to wheeled tractors and trailed equipment has been a concern 

since the beginning of agricultural machanization. The interest in this subject has 

increased in recent years, as tractors and trailers have become heavier. 

Gantries pass over the field in fixed unplanted paths, between which lay the crop 

beds. Wheel traction increases due to soil compaction on the pathways, while the 

elimination of soil compaction In the growing area improves soil tilth, and provides the 

best soil condition for crops. 

To obtain optimum performance with a gantry, it must be properly designed to 

ensure that the structural components are strong, yet light. Since forces arising from 

various field operations which would act on the gantry were not directly available from 

the literature, they were estimated from various sources. Finite element analysis was 

then used to analyze the design and determine the most appropriate material sizes. 
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CHAPTER 1 

INTRODUCTION 

Using machines in agriculture instead of manpower or animal power increases the 

efficiency of field operations and the quality of products produced. Tractors and 

combines are two of the most common types of agricultural machines. Tractors pulling 

various implements and combines can do most of the field operations required in 

agriculture. Although these devices reduce labor and make field work easier they damage 

the soil. In recent years, people have started to think about saving the land and 

consequently have tried to find effective ways to solve this problem. 

Liljedahl et al. (1989) noted that mechanization of agriculture has several 

objectives: 

1. To increase the productivity per agricultural worker. 

2. To change the character of farm work, making it less arduous and more 

attractive. 

3. To improve the quality of field operations, providing a better soil environment 

for seed germination and plant growth. 

For many years, researchers have made significant improvements in relation to 

the first and second objectives. Kepner et al. (1972) states that a reduction in labor 

requirements has been the principal motivating force in agricultural mechanization. 

Mechanization encourages better management of farm enterprises, and makes this 

possible by providing more free time for planning and study. 

Unfortunately, the third objective has not been addressed with as much success. 

LePori and Chamen (1989) showed that soil compaction from tractor wheel traffic is a 

major problem with conventional machinery systems. Controlled traffic systems have 

been developed to limit wheel traffic areas and reduce soil compaction problems (LePori 
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and Chamen, 1989). These systems are being more widely practiced using conventional 

equipment, and have been expanded with wide frame vehicles or gantries. 

Monroe and Burt (1987) defined controlled traffic as a crop production system in 

which the crop zones and the traffic lanes are distinctly and permanently separated as a 

means of managing traffic-induced soil compaction. Permanent, compacted traffic lanes 

can provide for efficient equipment use and timeliness of operations, while crop zones 

can be maintained free of traffic, and compaction, that impedes crop growth. 

The vehicle which has been used for most controlled-traffic research is the 

conventional farm tractor (Dumas et al., 1973; Williford, 1980). Adjustment of the 

width of tractor wheel tread, and arrangement/modification of conventional implements, 

have been made to form controlled-traffic cropping systems. The maximum width of the 

traffic-free crop zone with this equipment is only about 10 ft (3 m), however. 

Gantries are another type of vehicle used for controlled-traffic systems. These are 

tractive units which work the soil between the wheels or tracks which are located on 

each end of the unit, and which are spaced a considerable distance apart (LePori and 

Chamen, 1989). The wide bed between the wheel traffic paths never is compacted, and 

this is the major benefit claimed for gantries. Gantries are versatile, being able to 

perform all the field operations which tractors can do, such as tilling, fertilizing, etc. 

Furthermore, gantries can perform some operations which tractors can not do, such as 

vegetable harvesting. 

1.1 GANTRY HISTORY 

Tillett and Holt (1987) stated that in 1860 Henry Grafton, an English inventor, 

proposed a gantry system based on two steam engines running on crawler tracks spaced 

50 ft (15 m) apart. By continuously passing over the same permanent track ways, 

Grafton hoped to consolidate the soil in this area, improving traction and flotation, while 
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maintaining a non-traffic growing bed. Working at approximately the same time a naval 

engineer, P. A. Halkett, devised and built a steam-powered crop-spanning gantry which 

ran on steel rails in the field (Tillett and Holt, 1987). LePori and Chamen (1989) 

noted that Halkett's work actually took place in 1855, 5 years earlier than the date 

stated by Tillett and Holt (1987). Regardless of the exact date, the concept of wide-span 

gantries in agriculture was proposed more than a century ago. 

Recent trends toward the use of larger, more powerful tractors and other heavy 

agricultural equipment, according to Tillett and Holt (1987), has brought back many of 

the problems which Grafton and Halkett found themselves trying to eliminate in the 

middle 19th century. Their concepts have been "reinvented" and embodied into the high 

technology mechanization of today. Tillett and Holt (1987) also indicate that the 

problems of flotation, traction, and compaction are internationally recognized. It is 

difficult to find a developed country that has not done some research on these topics. 

Several different types of tractive methods have been used in gantry design (LePori 

and Chamen, 1989). These include crawler tracks, two powered wheels with two caster 

wheels, and four steerable powered wheels. A track type gantry has been used 

experimentally since 1986 for vegetable harvesting by AFRC Institute of Engineering 

Research (formerly the National Institute of Agriculture Engineering) in England. One 

gantry which uses two powered wheels and two caster wheels is the Monotrail gantry 

developed in 1983, and described by Chamen et al (1986). A gantry with four 

steerable, powered wheels was built by the Agassis family in Switzerland in 1977 

(Tillett and Holt, 1987.) The four hydraulically driven wheels can pivot, permitting 

travel in any direction. Tillett and Holt (1987) also stated that a farmer by the name of 

David Dowler in the UK has for many years been using his own design of a 40 ft (12 m) 

span gantry to spray and distribute fertilizer, and more recently to broadcast seed on his 
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farm. This machine has been a success, and is now being developed to do shallow 

cultivation over its full width. 

Some farmers have noted the incompatibility of conventional combine harvesters 

with the gantry system. Because special combines mounted on a wide span gantry are not 

available at present, a standard combine must be used. The high ground pressure 

inflicted by most combines, and even higher ground pressures associated with grain 

trailers, compact the soil to the point that the benefit of controlled traffic is almost 

completely lost. Dowler overcomes this difficulty by fitting paddy tracks to his combine 

and only discharging grain on the headland. This is less efficient in terms of time during 

harvest, but its benefits, particularly on low-strength soils and in wet years, make this 

technique popular even for conventional crop management systems. 

The AFRC experimental tracked gantry was designed to carry out all stages of crop 

production for leaf vegetables, with the exception of high-draft cultivation. This 

machine has a 30 ft (9m) span, and is mounted on crawler tracks for field travel. Pairs 

of jack-down wheels at both ends of the gantry are used for headland and road travel. At 

one end the wheels are set on a conventional axle, while at the other end they are 

steerable and closely spaced with a drawbar between, much the same as the nose wheels 

of an airplane. A tractor is then used to pull the gantry on the road, and between beds in 

the field. Tillett and Holt (1987) also developed other features for this experimental 

gantry. A three-point-hitch carriage can be positioned along one face of the gantry 

enabling it to use any piece of equipment, such as a transplanter, designed for mounting 

on the rear of a tractor. The only limitations are draft and weight of the implement. On 

the other face, six independently operated parallel link type forklift units are mounted. 

When harvesting, a conveyor is mounted on the same face as the three point carriage to 
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elevate hand-cut produce to the packers working on top of the beam. The forklift units 

carry the produce to the end of the field and set it down on the headland when required. 

In Japan a 40 ft (12 m) span experimental gantry, running on concrete rails, has 

been built (Tillett and Holt, 1987). Another 60 ft (20 m)-long frame was built for 

automatic rice cropping operations in Japan (Kisu, 1985). The first prototype was 

built in 1970, the second in 1975, at the Institute of Agricultural Machinery, Japan. 

This machine was called AFWK (Automatic Field Work Apparatus) and consists of a long 

frame, called a girder, and a carriage to which the implement appropriate for a 

particular operation is attached. A power plant and a control box are installed on either 

end of the frame. The frame was equipped with four solid rubber wheels and travels on 

concrete rails down the rice field. The AFWK performs all field operations such as 

tilling, puddling, transplanting, applying chemicals, and harvesting. When an operation 

is completed it returns to port, where it is supplied plants for transplanting or unloads 

the harvest load, etc., under sequential control. 

In 1981, Taylor and others with the United States Department of Agriculture 

proposed what they called a "wide framed carrier" (Tillett and Holt, 1987). A 

commercial, self-propelled widespan vehicle capable of spanning 40 ft (12 m) wide 

plots was developed by Sudduth et al.(1989) into a mobile instrumentation carrier with 

on-board hydraulic and electrical power sources and a computerized data acquisition 

system. They listed several requirements for this machine. First of all, it had to 

provide flexibility in collecting field data without disturbing the growth environment by 

spanning up to 40 ft (12 m) wide research plots while being self propelled. Secondly, 

sufficient clearance under the machine was required to allow traversing the plots during 

the crop growing season. Thirdly, a transport width of 10 ft (3m), or less, was needed 

to enable movement between plots. Fourthly, on-board power sources were required to 
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operate computers and peripherals, sensors, signal conditioning equipment, and probe 

actutation systems. Fifthly, a data acquisition system was required to allow preliminary 

review of data while still in the plots, and to enable easy data transfer to more powerful 

computers for a complete analysis. 

These functional requirements dictated that the instrumentation carrier be 

configured similarly to gantries which had been developed for field operations (Sudduth 

et al., 1989). In contrast to most other wide frame vehicles, however, the carrier was 

not intended for use in heavy draft field operations, and so could be of lighter and less 

expensive construction. Work began in 1981 on developing an instrumentation carrier 

meeting the above objectives (Hummel, 1984), with the vehicle first used to collect 

data in the field during the 1986 crop year. 

Monroe and Burt (1987) state that gantries in use today range in width of wheel 

(or track) tread from 17 ft (5 m) to 33 ft (10 m). There are some gantries in 

existence wider than 33 ft (10 m), but they are generally not designed to perform 

tractive work. A gantry, 20 ft (6 m) in width, is manufactured in Israel and is 

commercially available. The Agricultural Research Service (ARS) of the United States 

Department of Agriculture has purchased two different, specially designed gantries for 

controlled-traffic research. The first, a 33 ft (10 m) gantry, is in use in Shatter, 

California, under irrigated agricultural conditions. The second, having a 25 ft (7.6 m) 

span, is in use at the National Soil Dynamics Laboratory in Auburn, Alabama. Here, the 

influence of rainfall and soil conditions of the humid southeastern U.S. on the 

performance of the gantry are being studied. It should be noted that Agricultural 

Engineering magazine (1989) states that both gantries should be viewed as 

experimental, or research vehicles, and not as prototype designs being groomed for 

eventual production. 
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Thus although gantries were first proposed more than a century ago, they are now 

receiving increased world-wide interest because they reduce soil compaction. In spite of 

this interest, however, gantries are still experimental and much development work 

remains. 

1.2 BENEFITS OF USING GANTRIES 

Chamen et al. (1986) lists the potential benefits of gantries as follows: 

1. Improved control of operations, for example, precise depth of cultivation or 

firming of the soil. 

2. Reduced cultivation energy requirements- a 50% saving in energy has been 

recorded by virtue of lower draft, while fewer clods are produced during 

cultivation of non-wheeled soil. 

3. Improved uniformity of planting depth and subsequent crop establishment, 

since traction conditions on the wheeled paths are more homogeneous. 

4. Improved precision in the application of agricultural chemicals and fertilizers. 

5. Automated control is more easily achieved than with a tractor. 

6. Reduced investment in implements because, unlike tractor mounted machines, 

the cost and weight per unit width of a 40 ft (12 m) wide cultivator is no more 

than one of, say, 10 ft (3 m) width. 

7. Use throughout the growing season with little damage to the crop. 

Tillett and Holt (1987) provide additional advantages of a gantry system: 

1. A large stable platform exists on the main frame of a gantry, which can be used, 

for workers and products. 

2. Good access to the land at all times, because of compacted pathways. 

3. Precise fixed row positions improving the potential for automatic harvesting. 
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4. Compaction in the beds is eliminated, and the effects of compaction at the edges 

of the beds is relatively small. 

5. Plants may be grown in row widths which suit the plant, rather than at a 

spacing dictated by tractor wheel width. 

6. No primary cultivation is necessary since no compaction takes place in the 

beds. 

7. Chemical application is improved because the wide track reduces boom bounce, 

and higher travel speeds should be possible, with little loss of accuracy. 

1.3 LIMITATIONS FOR USING GANTRIES 

The dearth of gantries compared to tractors in agriculture is evidence that gantries 

have limitations. For example, one obvious limitation for using gantries for cereal 

production is the absence of a gantry-mounted harvester. Additionally, the mobility of a 

gantry is not as good as it is for a tractor. It is difficult to guide a gantry normally given 

its wide span in a straight direction in the field. Transporting a gantry on roads is not as 

easy as transporting a tractor. Finally, one or more three-point-hitches, or a 

sliding/rotating hitch must be provided for attaching conventional implements since the 

width precludes the use of a single stationary hitch. 

Some of these limitations have been studied and solutions provided: 

1. Field guidance- Several methods have been developed (Shmulevich et al., 

1987; Tillett et al., 1989), such as a laser guidance system, to enhance a 

gantry's ability to work in a straight line during field operations. 

2. Field turning- For wheeled and tracked gantries, several studies of different 

turning methods have been completed (Chamen et al., 1986; Tillett and Holt, 

1987; Tillett et al., 1988; LePori and Chamen, 1989; Suddeth et al., 1989). 
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3. Field/public road transport- There are several ways to transport a wheeled 

or a tracked gantry on the headland of a field, or on a road (Chamen et al., 

1986; Monroe and Burt, 1987; Tillett et al., 1988). For example, building 

rotatable wheels for wheeled gantries, and wheels which can be jacked down for 

tracked gantries. 

4. Hitching options- Various devices for mounting and hitching implements on 

gantries for tillage and other operations have been discussed (Dumas et al., 

1973; Monroe and Burt, 1987; Holt and Tillett, 1989). 

1.4 ECONOMICS OF GANTRIES 

According to Implement & Tractor, September 1989 issue, a Dowler gantry was 

shown in the 150th Royal Farm Show in England, and is commercially available. The 

price for this gantry was $120,000 (including $30,000 for implements). 

Tillett and Holt (1987) state that the major difficulty in assessing the commercial 

viability of gantry-based systems for crop management is in obtaining reliable data on 

their benefits and costs. This is because there are few wide-span machines in regular 

use, and data is therefore usually based on an extrapolation of results from tractor based 

experiments. They also state that this is not entirely satisfactory, because factors such 

as improved timeliness due to improved traction and flotation are difficult to quantify, 

and results are specific to those crops, soils, and climatic conditions pertaining to 

particular seasons. In general, however, Tillett and Holt (1987) noted that the results 

of such work have shown much promise for wide-span techniques. 

For leaf vegetable production, Tillett and Audsley (1987) assessed the level of 

benefits that would be required to make a gantry commercially viable. They found, while 

a modelling a horticultural enterprise, that the quality of the produce was the most 

sensit ive factor, and that for every one per cent increase in market value of the 
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harvested crop it was worth spending £68/acre (£167/ha) on capital equipment. They 

were also able to establish that one gantry performing all harvesting, drilling and 

transplanting operations could serve approximately 62 acres (25 ha) of leaf vegetables. 

From these results, a 10 per cent improvement in crop market value achieved through a 

combination of the benefits discussed, would be worth an additional capital expenditure 

of £42,000 ($80,000). 
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CHAPTER 2 

LITERATURE REVIEW AND OBJECTIVES 

2.1 GANTRY DESIGN REVIEW 

Numerous papers found in the literature describe various gantry designs which 

have been used for a variety of field operations (Gebhardt et al., 1982; Hummel, 1984; 

Kisu, 1985; Chamen et al., 1986; Monroe and Burt, 1987; Tillett et al., 1988; Bar et 

al., 1988; Holt and Tillett, 1989; Sudduth et al., 1989). Gantry widths varied from 17 

ft (5m) to 40 ft (12 m). Since an optimal gantry width was desired for this design 

project, other papers which presented more specific details on suitable widths were 

studied. The findings are summarized in the following paragraphs. 

LePori and Chamen (1989) conducted a computer simulation which investigated 

several parameters related to the design and operation of gantries. Specifically the 

parameters studied were: 

1. Gantry Width - 10, 20, 30, 40, & 50 ft (3, 6, 9, 12, & 15 m) 

2. Implement Working Width - 1/2, 1/3, & 1/4 of Gantry Width 

3. Working Speed - 1.5, 3, 4.5, 6, 7.5, 9 mph (2.5, 5, 7.5, 10, 12.5, 15 km/h) 

4. Working Pattern - 1-Way, 2-Way, & Dual Headland 

5. Field Size - 22.5, 45, 67.5, 135, 150 acres (9, 18, 27, 54, & 60 ha) 

They found that field efficiency is a function of speed, width, field size, and field 

working patterns. As speed increases, field efficiency decreases slightly for a particular 

width and working pattern. Decreases in efficiencies were much more evident for small 

field areas than large areas. Field efficiency decreased more rapidly for wide gantries as 

speed increased, than for narrow gantries. Increasing both speed and width caused major 

decreases in the total time required to work one acre (hectare). Gantries, which were 
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assumed to work at a speed of 4.5 mph (7.5 km/h) and which used the 1 -way working 

pattern, shown in Figure 2.1, gave decreased efficiency and increased working time per 

acre (hectare) with decreasing implement width. The same trend was also observed as 

gantry width increased. 

Figure 2.1 Turn used for a one way working pattern. (From Analysis of 

Gantry Field Operations, by LePori et al., 1989) 

The authors also indicated that one of the primary considerations in selection of 

gantry width is the amount of area used for permanent wheelways. These areas are not 

cultivated, and consequently it would be desirable to minimize this nonproductive area. 

They chose a 16 inch (0.4 m) width wheeiway for the simulation and found that the 

percentage of wheeiway area is essentially constant as field size increases for a 

particular gantry width. However, as gantry width increases, percent wheeiway area 

decreases. A width greater than 20 ft (6 m) is required to limit the wheeiway area to 

less than 5 percent of the total field area. Therefore, based on their analyses it appears 

that a gantry width of about 30 ft (9 m) provides optimum results (this can be verified 
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from Figures 5 to 23 in the Analysis of Gantry Field Operations, by LePori et al., 

1989). 

Tillett and Audsley (1987) estimated that the optimum span, based on the increase 

in plant density, lies between 16.7 ft (5 m) and 30 ft (9 m). Based on this study Tillett 

and Holt (1987), who are located at AFRC in the UK, developed a 30 ft (9 m) wide track 

mounted gantry which was intended to work in leaf vegetable fields. 

Since this gantry was considered similar to the one to be developed during this 

design project, specific details of it are summarized below. Information in this 

summary was taken from Tillett et al., 1988, and Holt and Tillett, 1989. 

1. A 30 ft (9 m) clear span. 

2. Two crawler track units, each 20 in. (0.5 m) wide, were used for flotation 

and traction in the field. 

3. The weight of the basic frame was less than 1500 lb (700 kg), and a 

maximum design stress of 29 ksi (200 Mpa) was used for the beam of the 

gantry frame. 

4. With a gross laden weight of 22046 lb (10 tons), and a ground contact length 

of 83.5 in. (2.12 m), the ground pressure was 6.67 psi (46 kn/m2). 

5. A ground clearance of 36 in. (0.9 m) was specified in order to clear a 

relatively tall crop. 

6. A minimum working speed of 0.08 mph (0.13 km/h) was specified, 

principally for harvesting. A maximum speed of 5 mph (8 km/h) was 

accepted. Although this was somewhat slower than what Tillett et al. (1988) 

believed to be ideal commercially, it was considered adequate for experimental 

purposes. 
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7. The overall transport length was approximately 43.3 ft (13 m), from the 

drawbar end to the other end, with the wheels jacked down. 

8. An offset of the drawbar wheels was chosen to keep loading on the rear wheels 

as even as possible for a number of load configurations. In the unladen state, 

this gave ground contact loads of 3946 lb (1.79 tons) and 3527 lb (1.60 

tons) for the left and right rear wheels respectively, with a tire inflation 

pressure of 22 psi (152 kN/m2). The drawbar tires carried 8003 pounds 

(3.63 tons) for which the recommended tire inflation pressure was 35 psi 

(241 kN/m2). Michelin 18 R 19.5 X radial tires were for rear wheels, and 

Avon 12.5/80 - 15 12 ply flotation tires for the front wheels. 

9. The factors considered important in determining the geometry of the jack-

down wheel assembles were that the wheels should, when down, be as close to 

the crawler tracks as possible to minimize the wheel base; the force exerted 

by the rams should be minimized so that the loads on the frame and mounting 

brackets are a minimum; and the structure should be as light as possible. 

10. In order to economize both expense and weight, only one three-point linkage 

was supplied, however this could be moved on rails across the full gantry 

width to accommodate various working pattens and tillage implment widths. 

11. Harvesting equipment was also supported from the rails which carried the 

three-point linkage. This linkage could be removed with the aid of a fork-lift 

or tractor front end loader to facilitate other field work. As an interim 

measure before development of a mechanical cauliflower harvester took place, 

and for those circumstances when mechanical harvesting was not possible, a 

conveyer system that elevates the cut crop onto the frame was developed for 

the gantry. 
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12. The hydrostatic transmission was of the open loop type and utilized one 

variable displacement pump and two low speed high torque motors, each 

driving a crawler track. Selecting forward or reverse and speed control was 

achieved using a load sensing spool valve which controlled pump flow and hence 

motor speed. Steering was achieved by varying the proportion of flow to each 

motor using a manually controlled flow divider. Motion control and locking 

valves were incorporated in each motor circuit for braking and overrun 

protection. 

13. The auxiliary hydraulic system supplied power for the six fork-lifts which 

carried pallets, for raising and lowering of the front and rear wheels, for the 

three-point linkage, and for the sprayer pump drive. There was enough 

reserve flow to power rear wheel steering and/or drive if required. Flow 

from the gear pump passed through a six section manual control valve, with 

each section providing flow to one of the operations described above. 

14. The suspension/tilt system was required to operate independently of the other 

hydraulic features, thus it was provided with its own engine mounted pump 

and spool valve. Each crawler track unit was pivotally supported at rear, and 

by a pair of rams at front, such that changes in ram length would alter the 

gantry tilt angle. By connecting both pairs of track rams into the circuit, a 

form of suspension was provided by allowing one track to pivot relative to the 

other. 

15. A 80 hp (60 kw) diesel engine was used to power the gantry. 
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2.2 OBJECTIVES 

There were few papers found which presented specific gantry design details, how 

loads should be considered to be applied to a gantry, or how gantry structures had been 

analyzed to ensure adequate safety of design. Lacking this information the objectives for 

this research project were set as follows: 

1. Define the field loads which a gantry might encounter, such as a harvesting 

load, implement mass, etc. which would then have to be carried by the main 

space frame and other structural components. 

2. Calculate forces on the structural members when a gantry travels or turns in 

the field, or is transported in the field or on a road, and is subjected to the 

imposed loads. 

3. Design a gantry, then use finite element analysis to analyze the structural 

components while applying the worst case loads in order to ensure structural 

integrity under all possible conditions. 

4. Refine the design by selecting strong, yet light structural components to 

ensure safe and reliable field operation, and provide an economically viable 

structure. 
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CHAPTER 3 

STRUCTURAL COMPONENT DESIGN PROCEDURES 

3.1 DESCRIPTION OF THE STRUCTURAL COMPONENTS 

The structural components of the gantry described in this research project are 

shown undimensioned in Figure 3.1. 

Legend 

© : refers to a component number 

CD: refers to the component position relative to the track or the frame 

1 : main space frame 
2 : front support components • yokes 
3 : rear suppont components 
4 : three-point hitch components 
5 : front transport wheels 
6 : rear transport wheels 
7 : tracks 

Figure 3.1 The structural components of the gantry and their relative locations. 
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The components have been defined as the main space frame, the front and rear support 

components which connect the main space frame and the two tracks, the three-point-

hitch components which are used for carrying implements, and the transport 

components which are located on both ends of the main space frame and are used when the 

gantry is moved along the headland, or transported on the road. 

The main space frame is the most important structural component of the gantry 

because all of the other components are attached to it, it carries most of the loads, and it 

supplies a working platform on the top of the gantry. The front and rear support 

components connect the main space frame and the tracks. They transfer loads between 

the main space frame and the tracks when the gantry travels along the field or turns at 

the field ends. The front supports are comprised of a hydraulic ram, which carries the 

vertical loads developed when travelling over various terrains and from applied loads 

such as a harvest load, and a rigid component made up of a yoke and post arrangement 

that takes the side loads. The rams connect the main space frame and the yokes, and keep 

them from separating, since the posts are designed to freely slide through the frame. 

The three-point-hitch allows standard implements to be attached to the gantry and 

permits tillage, transplanting, spraying, fertilizing or other operations to be 

performed. Either one or two three-point-hitches are required depending upon the 

width of implement used, and other constraints. In addition, the three-point-hitches 

must be designed so that they can be moved along the gantry, thereby permitting various 

implement sizes to be used. By making the hitch detachable, the rear of gantry may be 

used for carrying products when it is harvesting. For example, palletized vegetables 

might be suspended at the rear of the gantry from the main space frame members. 

The other main structural component associated with the gantry are the transport 

components. These are attached to both ends of the main space frame, and are comprised 
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of a set of wheels which can be lowered to the ground for gantry transport on the road or 

along the headland. 

3.2 DESIGN CONSTRAINTS 

As described in Chapter 2, tracked gantries can provide both good flotation and 

traction, thus a track propulsion system was chosen for this project. In addition, four 

other design constraints were established: 

- a span of approximately 30 feet was chosen. This would permit straddling 8 

rows, or a 320-inch working width, assuming 40 inches per row 

- it should be fabricated from easily obtained steel, such as A-36 plate and 

ASTM500B structural steel tubing 

- two working heights, 72 inches from the ground to the top of the main space 

frame and 56 inches from the ground to the top of main space frame, were 

needed to accommodate cotton and vegetables, respectively (Coates, 1989). 

- a harvest load of 40000 pounds was set as the maximum load of palletized 

vegetables considered reasonable (Coates, 1989). 

A Caterpillar loader, model 963, provided several components for the gantry. 

These components were: 

1. A Cat 3304 turbocharged diesel engine (150 hp) 

2. A hydrostatic transmission system comprised of two motors and two pumps 

which drove the tracks 

3. Auxiliary hydraulics 

4. A pair of tracks and associated undercarriage components 

5. Acab. 

These components placed further design restrictions on the gantry, however they were 

used since they were available. 
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3.3 SOURCES OF LOADS ACTING ON THE GANTRY 

The structural components were designed to withstand loads and/or forces which 

could be placed on the gantry during various operations. The loads considered to be the 

most critical were: 

1. Harvesting load. This results when material such as vegetables are harvested 

and then transported along the field during operation of the gantry. This load was 

considered to be uniformly distributed on top of main space frame, and overhung to the 

rear, with 40% on top and 60% to the rear. This resulted in a heavier load on the rear 

support components, with one half of the load applied to each set of tracks. 

2. Tank load. This arises from carrying the liquid chemicals required for 

chemical application. The load was assumed to be distributed symmetrically over 

several center members of the main space frame, since the tank was assumed to be 

centered on the top of the main space frame, and attached to several of the cross 

members. This positioning resulted in an even weight distribution on both tracks, on the 

front and on rear support members, and the transport components. 

3. Draft. The primary source of this load was assumed to come from tillage 

operations, although it could also be derived from other three-point-hitch operations. 

This load acted on the main space frame through the three-point-hitch components, and 

provided both horizontal and vertical forces. 

4. Turning moment. This is developed when the gantry turns, and is influenced by 

the load cases previously described. These forces act on the main space frame and are 

transferred from the tracks through the support components. 

5. Towina forces. These are applied during transport of the gantry, and act on the 

transport and main space frame components. These result in both vertical and 

horizontal forces being placed on various components of the gantry. 
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3.4 MAIN SPACE FRAME DESIGN 

To begin the design process, an approximate gantry size and location of all of the 

components were first estimated. Although this estimated shape and size for the main 

space frame may not meet all of the final design requirements, a size must be 

approximated and then analyzed in order to obtain an approximate mass for use in 

several of the force calculations. 

From the design constraints, such as the eight-row requirement, the width of the 

tracks, and other components associated with the tracks such as the support attachment 

positions, the main space frame was set at 360 inches in length , 84 inches in depth, and 

36 inches in height (from center line to center line of each member). Combining this 

information with the maximum 40000-pound harvest load, (16000 pounds distributed 

on the top of the main space frame, and 24000 pounds cantilevered behind the main 

space frame, and a maximum draft of about 14000 pounds for a plow (ASAE Standards, 

1989), the frame members were first estimated to be 6 inch square structural steel 

tubing with a wall thickness of 1/2 inch. Assuming that the front and rear support 

components were sufficiently strong, and using the ANSYS 4.3 program described in 

Chapter 4 to analyze the main space frame, it was found that the 6 in. square tubing was 

overly strong. Additionally, the height of the main space frame provided an excessively 

high working surface on the gantry. As a consequence of these findings the size of the 

tubing and the height of the main space frame were reduced. To increase the strength, 

diagonal beams were added between the horizontal and vertical members. Further 

analysis led to the use of 3 inch square steel tubing having 3/16 inch thick walls for the 

both vertical and horizontal elements, and 2 inch square steel tubing having 3/16 inch 

thick walls for the diagonal elements. The size of the main space frame was also altered 

and set at 394 inches in length, 84 inches in depth, and 12 inches in height (from 
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center line to center line of each member). This increase in length was required to 

prevent the front support components from hitting the end members of the main space 

frame. The computer generated figures of the various main space frame analyzed using 

the finite element method are shown in Appendix A. Based on this analysis the mass of 

the main space frame was estimated at 4000 pounds. This value was then used in the 

following analysis. 

3.5 FORCE CALCULATIONS 

Before beginning the calculation of forces acting on the gantry and its components, 

it was necessary to determine the maximum torque available from the hydraulic drive 

motors, and subsequently the gross traction on various soils. 

3.5.1 HYDROSTATIC MOTOR TORQUE AND FINAL DRIVE TORQUE 

The Caterpillar loader manual stated that each track drive motor was a fixed 

displacement, link-type piston design. The Caterpillar loader manual states that a 

maximum pump flow (Q) of 145 gal/min was possible. Given the volumetric 

displacement (Dm) of 22 in3/rev and a maximum speed (N) of 1510 rpm for the 

hydrostatic motor, and substituting them into the equation nv=Dm(N)/(231Q) provided 

by Esposito (1988), T|v was found to be 99% for the motor. Esposito states that overall 

efficiency (TI0) is equal to the volumetric efficiency (i\v) multiplied by the mechanical 

efficiency 0im), and that an average overall efficiency of 85% to 95% is common for 

piston motors. Using the value of 99% for the volumetric efficiency, and a value of 90% 

(the median value of 85 to 95%) for the overall efficiency, an approximate mechanical 

efficiency of 91% was established. 

The relationship between the mechanical efficiency and the torque output is given 

by Esposito as: 
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Tim = TL/[(Dm)(AP)/6.28] (3.1) 

where rim = mechanical efficiency (%) 

Tl  = torque output of motor (in-lb) 

AP = pressure drop across motor (psi) 

Dm = motor displacement (in3/rev) 

Now, for the Caterpillar loader 

P m a x  = 5500 Psi • AP = P - 0 = 5500 psi, 

thus T|_ can be calculated by using Eq. (3.1) and the estimated 7im of 0.91, yielding 

TL = 0.91 (22) ( 5500) / 6.28 =17533 in-lb. 

The final drive, as described in the Caterpillar loader manual, has a combination 

single reduction and a planetary gear system which powers the drive sprocket of each 

track. The relationship of the gears to one another and the number of teeth on each are 

shown in Figure 3.2. 

t 

motor 
r 

c bull gear (b) = 48 

pinion gear (p) = 14. 
s 

t 

- -pt 

sun gear (s) =12 

ring gear (r) = 60 
sun gear shafH 

-4*r h r i • i 
each planet gear (pt) = 23 

spsJ 

Figure 3.2 Configuration of the reduction gear set used in the Caterpillar loader drive 

system. 
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According to the Caterpillar loader manual, the drive shaft of the hydraulic motor 

is directly connected to the input shaft of the gear drive system. As the hydraulic motor 

turns, it causes the input shaft to turn and send power through the final drive as follows. 

The input shaft is attached to the pinion gear (p) which turns the bull gear (b). The 

bull gear causes the sun gear shaft to turn. The ring gear (r) is held stationary so the 

movement of the sun gear shaft causes the planetary gears (pt) to move around inside the 

ring gear. The rotation of the planetary gears (pt) causes the planetary carrier (c) and 

sprocket hub (h) to turn together. The sprocket teeth (sp),which are connected to the 

sprocket hub, then drive the track. 

The reduction ratio, in terms of torque, for the bull and pinion gear combination is 

the inverse value of the speed increase. Because the sun gear is the driving component 

and the ring gear is fixed, the planet carrier is the driven component. Thus the speed 

ratio of the system can be obtained by s/(s+r), as described in the Machinery's 

Handbook 23rd edition, (1988). Given these reductions, the output torque on the 

planetary carrier is 

T r = TL(b/p)[(s+r)/s] 

Tr = 17533(48/14)[(12+60)/12] 

or Tr = 360679 in-lb 

The force on the sprocket can be obtained as H = Ft = Tr/r, where r = 16 in. is the 

radius of the final drive sprocket, and H is the gross tractive force. Therefore, H = 

360679/16 or H = 22542 lb. This, then, is the maximum gross tractive force which 

can be provided by each track. 
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H 

Figure 3.3 Force developed by the final drive on the track. 

3.5.2 TRAVELING FORCES 

Gantry field operations include traveling, turning, tilling, chemical application, 

harvesting, etc. Thus, when a gantry is operating many forces may act on it. For 

analysis purposes, these were divided into horizontal and vertical components for each 

load case. Three operating cases, which are considered representative of typical field 

operations were used in the following analysis. These are harvesting, chemical 

application, and three-point-hitch operation. Each of these forces and load cases will be 

discussed in the following sections, however, before proceeding with the analysis it is 

best to define each of the symbols used in the calculations. Table 3.1 lists these symbols. 

Table 3.1 Symbols, their definition and units for each. 

Symbol Definition Units 

A ground contact area of both tracks in2 

B width between track center lines in 

b track width in 

c cohesion of soil lb/in2 

D draft lb 

F| total lateral resistance of a track, when turning with one 

track held stationary lb 
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F|0 lateral resistance of the outside track, when turning with 

one track held stationary lb 

F|j lateral resistance of the inside track, when turning with 

one track held stationary lb 

Fj thrust of the inside track lb 

F0 thrust of the outside track lb 

Fpf horizontal force acting on the front support 

component, perpendicular to the center line of each track lb 

Fpr horizontal force acting on the rear support 

component, perpendicular to the center line of each track lb 

Fgh shear resistance of soil lb 

Fs lateral resistance of each track, when turning about the 

gantry center lb 

FSi front part, relative to travel direction, of the lateral resistance 

of each track, when turning about the gantry center lb 

FS2 rear part, relative to travel direction, of the lateral resistance 

of each track, when turning about the gantry center lb 

Fw loose soil resistance of the inside track, 

when turning with one track held stationary lb 

FW1 front part of the loose soil resistance of the inside track, 

when turning with one track held stationary lb 

FW2 rear part of the loose soil resistance of the inside track, 

when turning with one track held stationary lb 

fr coefficient of motion or rolling resistance 

H gross traction or thrust lb 



4 3  

Hp net traction lb 

kc cohesive modulus of sinkage lb/inn+1 

friction modulus of sinkage lb/inn+2 

L length of gantry in 

I ground contact length of a track in 

I-! front part of track ground contact length in 

l2 rear part of track ground contact length in 

MC soil moisture content % 

M r moment of turning resistance in-lb 

n exponent of sinkage 

Nr,Nq,Nc Terzaghi's bearing capacity factors 

P vertical or horizontal pressure on either support 

component transferred from the loads associated with 

traveling or turning psi 

Rb bulldozing resistance lb 

Rc motion or rolling resistance lb 

Rtot resultant resistance (Rc+Rb) lb 

T towing force lb 

V travel velocity of the gantry mph 

Wcat total mass of cab, fuel tank, radiator, engine, 

hydraulic tank, transmission and undercarriage lb 

Wcati total undercarriage mass lb 

wcat2 wcat minus Wcati lb 

Wg mass of the main space frame of gantry lb 

Wh harvest load lb 
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Wim implement mass lb 

W8f vertical load on the front support component lb 

Wsr vertical load on the rear support component lb 

WT total mass of gantry lb 

wT. total mass of gantry, excluding undercarriage lb 

Wtk mass of liquid in chemical tank lb 

Zo maximum sinkage of a track in 

m coefficient of lateral resistance -

Ys soil bulk density lb/in3 

• angle of internal shear resistance of soil degrees 

3.5.2.1 HORIZONTAL FORCES 

Horizontal forces acting on the gantry are traction, motion resistance, bulldozing 

resistance and draft (for the three-point-hitch case only). Sinkage is one of the factors 

used for calculating horizontal forces, and is of primary importance for determining 

rolling resistance. Janosi et al. (1969) states that two kinds of sinkage calculations, 

linear sinkage and uniform sinkage can occur. For a nonuniform load the first one is 

applicable, while the second method is used when a uniform track load exists. For this 

research project, the loads were assumed to be uniformly distributed on the gantry, so 

only the uniform sinkage method was used. 

To estimate traction (H), according to the analysis of Bekker (1956), the 

Micklethwaite equation can be used. This equation is provided as equation 3.2. 

H = c A + WT tan * (3.2) 

where c = cohesion of soil 

A = total ground contact area of both tracks 
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WT = total mass of gantry 

<t> = angle of internal shear resistance of soil 

The book, Introduction to Terrain Vehicle Systems authored by Bekker (1969), 

provides equations which were used to calculate sinkage (Z0), motion resistance (Rc), 

and bulldozing resistance (R5) for strong soils. The three equations follow 

Wj/bl 1/n 
zo= ObTid <3-3> 

kr+bk* 
Rc=~^2° (3-4) 

Rb= b( cZ0kpc + 0.5Zo
2
Yskpr) (3.5) 

where 

kpc= (Nc - tan<t>)cos2<j>, and kpr= (2Nr/tan<|> + 1)cos2c|>. 

In soft terrain or loose soils, local shear failure in front of a wheel or track may 

be assumed, and bulldozing resistance may be estimated using the following equation: 

Rb'= b(0.67cZokpc' + 0.5ZO
2Yskpr') (3.6) 

where 

kpc'= OV - tan<t>')cos2<|>', 

kpr'= (2Nr'/tan<t>' + 1)cos2<t>', and 
2 

tan<t>'= g tan<t>. 

The values for Nc, Nc', Nr, and Nr' used in this study were determined by interpolating 

figure 2.19 in the book Theory of Ground Vehicles by Wong (1978). The values for kpc, 

kpr, Rb, kpc', kpr' and R&' were obtained for both hard and soft soils as is shown in the 

following section. 
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3.5.2.1.1 SOIL TYPES AND PHYSICAL SOIL PROPERTIES 

Bekker (1969) indicated that it is often useful to assume a set of average and/or 

extreme soil values (expressed in terms of k^ k^, n, c, 4>) in the evaluation of terrain-

vehicle systems. To this end, he collected 40 sets of soil values from different areas 

such as Michigan, Mississippi, Maryland, and Thailand. His work is presented in Table 

3.2. 

Table 3.2 Soil parameters for various soil types and moisture contents. 

Set 
MC k# kc n c <e 

Soil type/Location 
(%)  (lb/inn+z) (lb/lnn+1) (lb/in2) (degree) 

1 13 7.0 5.0 0.80 1.00 29 

2 1 1 6.0 11.0 0.90 0.70 20 Sandy Loam, Michigan 

3 23 20.0 5.0 0.70 1.60 25 (Strong, Buchele) 

4 23 27.0 15.0 0.40 1.40 35 

5 21 38.0 14.0 0.40 2.50 22 

6 32 1.2 0.7 0.50 0.75 1 1 

7 31 1.2 1.5 0.40 0.80 1 5 

8 30 0.1 7.5 0.40 0.90 23 Sandy Loam, Maryland 

9 29 2.7 1.6 0.60 2.10 26 (Hanamoto) 

1 0 3.0 2.2 0.60 2.10 26 

1 1 26 6.8 5.3 0.30 2.00 22 

1 2 0 3.9 0.1 1.10 0.15 28 Dry Sand (Land Locomotion Lab, 

LLL) 

1 3 15 16.8 2.3 0.70 0.25 29 Sandv Loam (LLL) 

14 Super- 1.4 0.8 0.40 0.80 15 Top layer sandy loam 

1 5 sat. 6.8 5.3 0.30 2.00 22 Hardpan (Maryland) 

1 6 

16a 

1 7 

1 8  

1 9 

45 

47 

38 

185 

55 

13.0 

8 .0  

16.0  

3.0 

5.0 

14.0 

24.0 

12.0 

3.0 

7.0 

0.30 0.80 

0.60 1.10 

0.50 0.60 

1.00 0.50 

1.00 0.00 

17 

14 

13 

1 1 

1 1 

Clayey soil (Thailand) 
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20 55 14.0 7.0 0.70 0.30 10 

21 43 4.0 22.0 0.90 0.26 10 

22 25 140 45.0 0.13 10.0 34 

23 30 65.0 25.0 0.12 7.00 22 Heavy Clay (Waterways 

24 35 30.0 14.0 0.13 5.00 14 Experiment Stn., WES) 

25 40 10.0 7.0 0.11 3.00 6 

26 22 120 45.0 0.20 10.0 20 

27 24 80.0 30.0 0.17 7.00 18 

28 26 45.0 20.0 0.17 5.00 15 

29 28 30.0 10.0 0.16 4.00 12 Lean Clay (WES) 

30 30 20.0 8.0 0.16 2.50 11 

31 32 10.0 5.0 0.15 2.00 1 1 

32 22 3.0 7.0 0.20 0.20 38 Sandy Loam (LLL) 

(source: Bekker,1969) 

Bekker's comparison of the relationships between c and <t> and n, and n, and kc 

and n for various soils led him to conclude that strong soils show large moduli of 

deformation (kc and k^), associated with a decrease in the exponent of deformation n, and 

that low n-values are associated with highly cohesive wet clays and saturated sandy 

soils, while high n-values are associated with dry sandy soils. 

Using Bekker's concept, and the data provided in Table 3.2, it was decided that soil 

types for this research project could be divided into two sets: soft soils and hard soils. 

That is, strong soils are hard soils, while the others are soft soils. To be consistent with 

later analyses, the maximum sinkage of the soils under various load cases was also 

considered. As Bekker did not give a range of the values for the moduli of deformation 

(kc and k^) which he considered to be strong, it is difficult to tell which soil is hard or 

which is soft, directly from Table 3.2. One also can not determine the difference 

between the soft and hard soils based only on the maximum sinkage values. For example, 

when the gantry is carrying the maximum harvest load it might have significant sinkage 
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on the "hard" soils, even though these have large values of kc and k^. Therefore, the soil 

types were defined only after checking both the sinkage and the moduli of deformation 

values. 

Another soil property required for the calculations was bulk density. A general 

range of soil bulk densities (ys) is provided by Post (1981). Since there are many 

variables which affect soil bulk density, such as moisture content, average values were 

chosen for this work. These values were 0.053 lb/in3 for sand, 0.055 lb/in3 for sandy 

loam and 0.060 lb/in3 for clay. 

3.5.2.1.2 HARVESTING CASE 

To obtain the total gantry mass (Wj), various load conditions were defined. The 

main space frame mass is given in section 3.4 as 4000 pounds. Additionally, there are 

other loads associated with the gantry. These arise from the various components taken 

from the Caterpillar loader which were used in the design of the gantry. These are 

comprised of: 

1) The total undercarriage mass (Wcat1) which is approximately 13708 pounds. 

This is made up of the following components: 

pivot shaft 145 lb/side, 

track roller frame 2700 lb/side, 

drive sprocket and assembly—1091 lb/side, 

track motor 196 lb/side, 

track and shoes 2600 lb/side, 

track carrier roller 122 lb/side, 

2) The mass of additional Caterpillar components (Wcat2), which equal 9190 

pounds, include: 

cab 2300 lb 
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fuel tank 227 lb 

radiator 910 lb 

engine 3833 lb 

hydraulic tank 227 lb 

transmission 1700 lb 

The total mass of the Caterpillar components (Wcat) is equal to the sum of Wcat1 

and Wcat2> or 22898 pounds. The harvest load (W^) is limited to a maximum value of 

40000 pounds, as provided in section 3.4. Hence the total mass (WT) for the harvesting 

case is: 

WT= Wg + Wcat + Wh, or 

WT= 66898 pounds. 

In addition to the weights, another variable that is required for the calculations is 

track area. The width of each track (b) is 17.7 inches and the contact length (I) of each 

track is approximately 97 inches. This yields a total contact area (A) of approximately 

3426 in.2 for both tracks. 

Using this load, the data associated with the tracks, and the various soil conditions, 

and substituting them into Equations 3.2, 3.3, and 3.4, and eliminating those cases in 

Table 3.2 for which impractical moisture contents existed, Table 3.3 was constructed. 

Table 3.3 Maximum sinkage, rolling resistance, and traction for the gantry under 

various soil conditions while harvesting. 

MC k(j) kc n c • Zo Rc H 
Soil Types 

( % )  (lb/inn+2) (lb/inn+1) (lb/in2) (degree) (in.) (lb) (lb) 

1 3 7.0 5.0 0.60 1.00 29 3.43 1318 40508 

1 1 6.0 11.0 0.90 0.70 20 3.33 1210 26747 Sandy Loam 

23 20.0 5.0 0.70 1.60 25 0.95 385 36677 (Michigan) 
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23 27.0 15.0 0.40 1.40 35 0.41 203 51639 

21 38.0 14.0 0.40 2.50 22 0.18 89 35594 

32 1.2 0.7 0.50 0.75 11 248 114357 15573 

31 1.2 1.5 0.40 0.80 15 901 444654 20666 Sandy Loam 

30 0.1 7.5 0.40 0.90 23 8488 4.2E+6 31480 (Maryland) 

29 2.7 1.6 0.60 2.00 26 25.6 11061 39480 

26 6.8 5.3 0.30 2.00 22 29.2 15501 33881 

0 3.9 0.1 1.10 0.15 28 4.3 1422 36084 Dry Sand 

(LLL) 

1 5 16.8 2.3 0.70 0.25 29 1.2 499 37939 Sandy Loam 

(LLL) 

45 13.0 14.0 0.30 0.80 17 3.2 1695 23194 

47 8.0 24.0 0.60 1.10 14 3.4 1473 20448 

38 16.0 12.0 0.50 0.60 13 1.4 632 17500 Clayey soil 

55 5.0 7.0 1.00 0.00 1 1 3.6 1251 13004 (Thailand) 

55 14.0 7.0 0.70 0.30 1 0 1.5 629 12824 

43 4.0 22.0 0.90 0.26 1 0 4.3 1568 12687 

25 140 45.0 0.10 10.0 34 0.0 0.0001 79383 

30 65.0 25.0 0.10 7.00 22 0.0 0.0229 51011 Heavy Clay 

35 30.0 14.0 0.10 5.00 14 0.0 16 33810 (WES) 

40 10.0 7.0 0.10 3.00 6 308 191967 17309 

22 120 45.0 0.20 10.0 20 0.0 0.06 58609 

24 80.0 30.0 0.17 7.00 18 0.0 0.13 45718 

26 45.0 20.0 0.17 5.00 1 5 0.0 4 35055 Lean Clay 

28 30.0 10.0 0.16 4.00 12 0.1 36 27924 (WES) 

30 20.0 8.0 0.16 2.50 1 1 0.7 446 21569 

32 10.0 5.0 0.15 2.00 11 71.9 43230 19856 

22 3.0 7.0 0.20 0.20 38 6290 3.6E+6 52952 Sandy Loam 

It should be noted that since the maximum height of the track is 43 inches, the 

cases in which sinkage was over 10 inches were not used in later analyses. This value 

was arbitrarily considered to be the upper limit at which the gantry could be operated. 

The remaining data were then used to calculate the horizontal reacting forces that would 
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be developed while operating in the so called harvesting case. The results, sorted in 

order of decreasing sinkage (Z0) for each soil type, are listed in Table 3.4. 

Table 3.4 Horizontal forces that would be developed while 

harvesting in various soil conditions. 

MC kc n C * f Nc Nr- Kpc* Kpr' 2b Rc H/2 Rtot 

(%)  (lb/ (lb/ (lb / (deg (deg /Nc /Nr /Kpc /Kpr (in) (lb) (lb) (lb) (lb) 

In"*2) lnn+1) In2) ree) ree) 

13 7.0 5.0 0.80 1.00 29 20 17 5 14.60 24.70 3.40 659 20254 737 1396 

11 6.0 11.0 0.90 0.70 20 14 12 2 11.10 16.50 3.30 605 13374 395 1000 

23 20.0 5.0 0.70 1.60 25 17 14 1 12.50 6.80 0.95 193 18338 227 420 

23 27.0 15.0 0.40 1.40 35 25 24 8 19.30 29.00 0.41 102 25819 134 236* 

21 38.0 14.0 0.40 2.50 22 15 20 6 16.90 26.40 0.18 44.0 17797 90 135 

0 3.9 0.1 1.10 0.20 28 19 16 4 13.90 20.90 4.30 711 18042 290 1001 

15 16.8 2.3 0.70 0.30 29 20 17 5 14.60 24.70 1.20 249 18969 71 320 

43 4.0 22.0 0.90 0.30 10 7 6 0 5.80 0.99 4.30 784 6343 77 861 

55 5.0 7.0 1.00 0.00 11 7 7 0 6.80 0.98 3.60 625 6502 0 625 

47 8.0 24.0 0.60 1.10 14 9 9 0 8.60 0.97 3.40 736 10224 382 1119 

45 13.0 14.0 0.30 0.80 17 11 10 0 9.40 0.96 3.20 847 11597 284 1132 

55 14.0 7.0 0.70 0.30 10 7 6 0 5.80 0.99 1.50 314 6412 32.0 346 

38 16.0 12.0 0.50 0.60 13 9 8 0 7.70 0.98 1.40 316 8750 75 391 

35 30.0 14.0 0.13 5.00 14 9 12 0 11.0 0.94 0.03 8.00 16905 17 25 

30 65.0 25.0 0.12 7.00 22 15 20 6 17.0 26.0 0 0.01 25505 0.05 0.06* 

25 140 45.0 0.13 10.0 34 24 58 34 39.0 70.0 0 0 39692 0.05 0.06" 

30 20.0 8.0 0.16 2.50 11 7 7 0 6.80 0.98 0.75 223 10784 150 373 

28 30.0 10.0 0.16 4.00 12 8 10 0 9.40 0.96 0.06 18.0 13962 27 45 

26 45.0 20.0 0.17 5.00 15 10 13 0 12.0 0.93 0.01 2.00 17528 4 6 

24 80.0 30.0 0.17 7.00 18 12 15 2 13.3 12.0 0 0.07 22859 0.24 0.31* 

22 120 45.0 0.20 10.0 20 14 17 4 15.0 20.0 0 0.03 29304 0.18 0.21* 
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Note: The soil types are arranged in order, from top to bottom, as Sandy Loam 

(Michigan), Dry Sand (LLL), Sandy Loam (LLL), Clayey soil (Thailand), Heavy Clay 

(WES), Lean Clay (WES). 

Evaluation of the data in Table 3.4 indicated that some cases were impractical. A 

comparison of the gross traction required, with the maximum traction available of 

22542 lb/side, indicated that In some cases the required gross traction was larger than 

that which was available. These cases are marked with an asterisk and are excluded from 

further analysis. 

3.5.2.1.3 CHEMICAL APPLICATION CASE 

Smith et al. (1976), lists the usual capacity of larger spray tanks at 500, 1000, 

or 3000 gallons. For a wide machine like a gantry, the largest tank was chosen, that is, 

the 3000-gallon tank. Such a tank could have approximate dimensions of 14 feet in 

length and 6 feet in diameter, and would sit centered on the main space frame of the 

gantry. Since one gallon of liquid weighs approximately 8 pounds, the mass Wtk would 

be approximately 24000 pounds excluding the weight of the tank itself. As Wg and Wcat 

are the same as when harvesting, the total gantry load is equal to the sum of Wtk, Wg and 

Wcat. or 50898 pounds. 

Using this load and same soil parameters and track dimensions which were used for 

harvesting, Tables 3.5 and 3.6 were generated. Table 3.6 was also sorted in order of the 

decreasing sinkage for the various soils. Once again, the maximum available thrust was 

considered as a limiting factor, and was compared to the calculated requirements to 

determine those cases which exceeded that value. Those cases have been marked with an 

asterisk in Table 3.6. 
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Table 3.5 Maximum sinkage, rolling resistance, and traction for the gantry 

under various soil conditions while applying chemical. 

MC kc n c «• Zo Rc H 
Soil Types 

(%) (lb/fnn+2) (lb/inn+1) (lb/In2) (degree) (in.) (lb) (lb) 
Soil Types 

13 7.0 5.0 0.80 1.00 29 2.44 712 31639 

11 6.0 11.0 0.90 0.70 20 2.45 679 20924 Sandy Loam 

23 20.0 5.0 0.70 1.60 25 0.64 198 29216 (Michigan) 

23 27.0 15.0 0.40 1.40 35 0.21 78 40436 

21 38.0 14.0 0.40 2.50 22 0.09 34 29129 

32 1.2 0.7 0.50 0.75 11 144 50365 12463 

31 1.2 1.5 0.40 0.80 15 455 170816 16379 Sandy Loam 

30 0.1 7.5 0.40 0.90 23 4286 1.6E+6 24688 (Maryland) 

29 2.7 1.6 0.60 2.00 26 16.20 5336 31677 

26 6.8 5.3 0.30 2.00 22 11.70 4742 27416 

0 3.9 0.1 1.10 0.15 28 3.37 844 27577 Dry Sand 

(LLL) 

1 5 16.8 2.3 0.70 0.25 29 0.83 257 29070 Sandy Loam 

(LLL) 

45 13.0 14.0 0.30 0.80 17 1.28 518 18302 

47 8.0 24.0 0.60 1.10 14 2.16 710 16459 

38 16.0 12.0 0.50 0.60 13 0.79 278 13806 Clayey soil 

55 5.0 7.0 1.00 0.00 11 2.75 724 9894 (Thailand) 

55 14.0 7.0 0.70 0.30 10 1.05 324 10002 

43 4.0 22.0 0.90 0.26 10 3.18 881 9865 

25 140 45.0 0.10 10.0 34 3E-08 1.3E-5 68591 

30 65.0 25.0 0.10 7.00 22 4E-06 0.002 44546 Heavy Clay 

35 30.0 14.0 0.10 5.00 14 0.003 1.37 29820 (WES) 

40 10.0 7.0 0.10 3.00 6 25.70 12172 15628 

22 120 45.0 0.20 10.0 20 3E-05 0.01 52785 

24 80.0 30.0 0.17 7.00 18 4E-05 0.02 40520 

26 45.0 20.0 0.17 5.00 15 0.001 0.57 30768 Lean Clay 
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30.0 10.0 0.16 4.00 12 0.011 5 24523 (WES) 

20.0 8.0 0.16 2.50 11 0.136 62 18459 

10.0 5.0 0.15 2.00 11 11.63 5317 16746 

3.0 7.0 0.20 0.20 38 1603 702742 40451 Sandy Loam 

Table 3.6 Horizontal forces that would be developed while 

applying chemical in various soil conditions. 

kc n C $ •' Nc- Nf' KpC7 Kpr7 2o Rc H/2 Rb ^ lot 

(lb/ (lb/ (lb/ (deg- (deg- /Nc /Nr Kpc Kpr (|n) (|b) (lb) (ib) (lb) 

ree) in"*') in' ree) 

6.0 11.0 0.90 0.70 20 14 

7.0 5.0 0.80 1.00 2 9 20 

20.0 5.0 0.70 1.60 25 17 

27.0 15.0 0.40 1.40 35 25 

38.0 14.0 0.40 2.50 22 15 

12 2 11.1 16.5 2.50 340 10462 275 614 

17 5 14.6 24.7 2.40 356 15820 494 851 

14 1 12.5 6.80 0.64 99 14608 153 252 

60 38 39.8 73.5 0.21 39 20218 139 178 

20 6 16.9 26.4 0.09 17 14565 45 62 

3.9 0.1 1.10 0.20 28 19 16 13.9 20.9 3.40 422 13788 195 617 

16.8 2.3 0.70 0.30 29 20 17 14.6 24.7 0.83 128 14535 44 173 

4.0 22.0 0.90 0.30 10 6.7 6 0 5.80 0.99 3.20 440 4933 57 497 

5.0 7.0 1.00 0.00 11 7.4 7 0 6.80 0.98 2.80 362 4947 0 362 

8.0 24.0 0.60 1.10 14 9.4 9 0 8.60 0.97 2.20 355 8229 242 598 

13.0 14.0 0.30 0.80 17 11 10 0 9.40 0.96 1.30 259 9151 114 374 

14.0 7.0 0.70 0.30 10 6.7 6 0 5.80 0.99 1.10 162 5001 22 184 

16.0 12.0 0.50 0.60 13 8.8 8 0 7.70 0.98 0.79 139 6903 43 182 

30.0 14.0 0.13 5.00 14 9.4 12 0 11.0 0.94 0 0.69 14910 2 2.6 

65.0 25.0 0.12 7.00 22 15 20 6 17.0 26 0 0 22273 0 0 

140 45.0 0.13 10.0 34 24 58 34 39.0 70 0 0 34296 0 0' 

20.0 8.0 0.16 2.50 11 7.4 10 0 9.40 0.96 0.14 31 9229 38 69 

30.0 10.0 0.16 4.00 12 8.1 10 0 9.40 0.96 0.01 2.50 12261 5 7.50 

45.0 20.0 0.17 5.00 15 10 13 0 12.0 0.93 0 0.30 15384 0.90 1.20 

80.0 30.0 0.17 7.00 18 12 15 2 13.3 12 0 0.01 20260 0.05 0.06 

120 45.0 0.20 10.0 20 14 17 4 15.0 20 0 0.06 26393 0.05 0.06* 
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Note: The soil types are arranged in order, from top to bottom, as Sandy Loam 

(Michigan), Dry Sand (LLL), Sandy Loam (LLL), Clayey soil (Thailand), Heavy Clay 

(WES), Lean Clay (WES). 

3.5.2.1.4 THREE-POINT-HITCH CASE 

The working width of the gantry was approximately 320 inches. Given this 

constraint, considering the available net traction of the gantry, and referring to ASAE 

Standards (1989), the draft for various implements operating in different soil types 

was determined. To obtain the available net traction, the gantry mass was estimated at 

30000 pounds (26898 lb for the unladen gantry, and 3100 lb for the implement). 

This mass was used to construct Tables 3.7 and 3.8. Again the same procedure was 

followed to eliminate unusable data from the tables. 

Table 3.7 Maximum sinkage, rolling resistance, and traction for the gantry under 

various soil conditions during three-point-hitch operation. 

MC 

%) (lb/in"*2) (lb/in" ) 

c $ %o Rc H 

(lb/In2) (degree) (in.) (lb) (lb) 

Soil Types 

13 7.0 5.0 0.80 1.00 29 1.26 217 20055 

1 1 6.0 11.0 0.90 0.70 20 1.36 223 13317 Sandy Loam 

23 20.0 5.0 0.70 1.60 25 0.30 55 19471 (Michigan) 

23 27.0 15.0 0.40 1.40 35 0.06 12 25803 

21 38.0 14.0 0.40 2.50 22 0.02 5 20686 

32 1.2 0.7 0.50 0.75 11 50 10313 8401 

31 1.2 1.5 0.40 0.60 15 121 26853 10779 Sandy Loam 

30 0.1 7.5 0.40 0.90 23 1143 253092 15818 (Maryland) 

29 2.7 1.6 0.60 2.00 26 6.73 1303 21484 

26 6.8 5.3 0.30 2.00 22 2.01 480 18973 
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3.9 0.1 1.10 0.15 28 2.08 308 16465 Dry Sand 

C-LL) 

16.8 2.3 0.70 0.25 29 0.39 71 17486 Sandy Loam 

*LLL) 

13.0 14.0 0.30 0.80 17 0.22 52 11913 

8.0 24.0 0.60 1.10 14 0.90 174 11248 

16.0 12.0 0.50 0.60 13 0.28 57 8982 Clayey soil 

5.0 7.0 1.00 0.00 11 1.62 252 5831 (Thailand) 

14.0 7.0 0.70 0.30 10 0.49 90 6718 

4.0 22.0 0.90 0.26 10 1.77 288 6181 

140 45.0 0.10 10.0 34 5E-10 1.3E-7 54495 
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3.0 7.0 0.20 0.20 38 114 29466 24124 Sandy Loam 

Table 3.8 Horizontal forces that would be developed while operating the 

three-point-hitch in various soil conditions. 

k <t> k c  n o  <t> f  No' Mr' KpcV Kpr7 Z q Rc H/2 Rb Hp/2 

( l b /  ( l b /  ( l b /  ( d e g -  ( d e g  / N c  ' N r  * p c  K p r  ( I n )  ( l b )  ( l b )  ( l b )  ( l b )  

in"*2) In"*1) In2) ree) -ree) 

6.0 11.0 0.90 0.70 20 14 12 2 11.1 16.5 1.40 111 6659 141 6407 

7.0 5.0 0.80 1.00 29 20 17 5 14.6 24.7 1.30 108 10028 238 9682 

20.0 5.0 0.70 1.60 25 17 14 1 12.5 6.80 0.30 27 9735 72 9636 

27.0 15.0 0.40 1.40 35 25 60 38 39.8 73.5 0.06 6 12901 37 12858 
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21 38.0 14.0 0.40 2.50 22 1S 20 6 16.9 26.4 0.02 2.7 10343 12 10328 

0 3.9 0.1 1.10 0.20 28 19 16 4 13.9 20.9 2.10 154 8233 94 7985 

15 16.8 2.3 0.70 0.30 29 20 17 5 14.6 24.7 0.39 36 8745 19 8689 

43 4.0 22.0 0.90 0.30 10 6.7 6 0 5.80 0.99 1.80 144 3090 32 2914 

55 5.0 7.0 1.00 0.00 11 7.4 7 0 6.80 0.98 1.60 126 2916 0 2790 

47 8.0 24.0 0.60 1.10 14 9.4 9 0 8.60 0.97 0.90 87 5624 100 5437 

55 14 7.0 0.70 0.30 10 6.7 6 0 5.80 0.99 0.49 45 3159 10 3104 

38 16.0 12.0 0.50 0.60 13 8.8 8 0 7.70 0.98 0.28 28 4491 15 4447 

45 13.0 14.0 0.30 0.80 17 11 10 0 9.40 0.96 0.22 26 5956 20 5910 

35 30.0 14.0 0.13 5.00 14 9.4 12 0 11.0 0.94 0 0.01 12305 0 12305 

30 65.0 25.0 0.12 7.00 22 15 20 6 17.0 26 0 0 18051 0 18051 

25 140 45.0 0.13 10.0 34 24 58 34 39.0 70 0 0 27248 0* 27248 

30 20.0 8.0 0.16 2.50 11 7.4 10 0 9.40 0.96 0.01 0.67 7198 1.4 7196 

28 30.0 10.0 0.16 4.00 12 8.1 10 0 9.40 0.96 0 0.05 10040 0.18 10040 

26 45.0 20.0 0.17 5.00 15 10 13 0 12.0 0.93 0 0.01 12584 0.04 12584 

24 80.0 30.0 0.17 7.00 18 12 15 2 13.3 12 0 0 16865 0 16865 

22 120 45.0 0.20 10.0 20 14 17 4 15.0 20 0 0 22590 o- 22590 

Note: The soil types are arranged in order, from top to bottom, as Sandy Loam 

(Michigan), Dry Sand (LLL), Sandy Loam (LLL), Clayey soil (Thailand), Heavy Clay 

(WES), Lean Clay (WES). 

The results of the draft calculations and other relative information are given in 

Table 3.9. From this table, implement widths were chosen as either full or half widths 

since part widths, such as 53.5 in., were considered not to be efficient, as overlap would 

significantly reduce gantry performance. Using the calculated draft requirements, and 

considering the various implements listed in Implement & Tractor (1990), a draft of 

approximately 12800 pounds, when using two of Bush Hog's 80 inch rotary tillers, was 

determined to be the maximum possible. 
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Table 3.9 Draft for the various implements considered, along with 

additional operating information. 

Operation Typical Dralt(D) Depth 
field units (d) or 

speed blte(b) 
(mph) (In.) 

Equations used to Max. Avail-
calculate draft draft, able 

(and/or soil type) per unit draft, 
width, (lb) 
(lb/In) 

Working Imple-
wldlh for ment 
a gantry, mass 

(in.) (M|). 

Total 
draft, 
(lb) 

1. Tillage 

Moldboard 4.5 lb/in2 d-8 
plows 

Disk plows 4.5 lb/in2 d=8 

Listers 

Disk harrows 4.0 

Chisel plows 4.5 
& field cultr. 

Rotary tillers 3.0 

One way disk 
plow with 
seeder 
attachment 

Subsoiler 

Minor tillage 
tools 

lb/bottom d=6 

lb 

lb /tool d=3.25 

lb/in 2 d=4, 
b=5 

lb/ft 

lb/shank d=18 

10.24+0.185S2 

(Silly clay) 

7.6+0.15s2 

(Decatur clay) 

31.2d2 

(Silty clay loam) 

1.5M| 

(Clay) 

117+17s 

(Loam) 

41.8b"0,46 

(Dry silt loam) 

140+18s 

(Clay) 

100 - 160d 
(Medium or clay 

loam) 

112 11820 106 3000 11947 

84.8 11820 53.3 

1123 33650 

18.4 11B20 

320 

320 

9045 

10109 

1460* 11820 320 3892 5838 

16.2 33650 320 3500 5184 

80 19364 160 1632 12800 

5893 

72 33650 320 4200 23040 

Land plane 

Spike tooth 
harrows 

lb/ft 

lb/It 

300 - 800 

30 • 50 

66.7 

4 2. 

320 

320 

21336 

1350 

Spring tooth 
harrows 

5.0 lb/It 100 • 150 10.5 320 4000 
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Rod weeder - Ib/ll - 60- 125 10.4 t 320 3334 

Roller or 
packer 

6.0 Ib/ll 30 - 60 5 t 320 - 1600 

2. Seeding 

Row planters 

Seeding only 3.0 lb/row 100 - 180 180' t 320 - 1280 

Seed, 
fertilizer 
herbicides 

4.5 lb/row 250 - 450 450* t 320 - 3600 

Grain drills 

Regular 4.0 lb/opener 30 - 100 100* t 320 5700 5400 

Deep turrow 4.0 lb/opener 75 - 150 150* 
„.T 

320 5700 8100 

3. Cultivation 

Row 
cultivators 

3.5 lb/It d=3 20 - 40d 10 t 320 2574 3400 

Lister 
cultivators 

- Ib/ll d=3 50 - 150d 37.5 + 320 - 12000 

Rotary hoe 7.0 lb/It 30+2.4S 3.6 «̂ t 320 . 1248 

4. Fertilizer 
& chemical 
application 

Anhydrous 
ammonia 
applicator 

- Ib/knile 400 400* - 320 350 864 

Fertilizer, - - - Rolling ..... 
pesticide resistance only 
distributors 

Note: 

1. * Units for these drafts are given in third column of the table. 

2. t The available draft was determined from the net traction (Hp/2) given in Table 

3.8. 

3. These soils can not develop enough net traction, and hence could not be chosen as a 

suitable soil for the corresponding implement in this table. 
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3.5.2.2 VERTICAL FORCES 

The vertical forces for the three operating cases are derived from the loads that are 

applied to the main space frame, and act through the support components which connect 

it to the tracks. The position of the support component connecting points in relation to 

the main space frame and a track are shown in Figure 3.4. 

forward 

87-

30" 30" 

center of the front support 
component connecting point 

center of the rear support 
component 

41" 

1 8.5 

32" 22.5" 26"  

Figure 3.4 Location of the support component connecting points which join 

the track and main space frame. 

The locations at which the support components could be attached to the tracks and 

main space frame of the gantry were set by predicting the approximate dimensions and 

shapes for each of the support components, and by studying the track's design and 

possible attachment points. The center of the front support connecting point was chosen 

as the position at which the equalizer bar of the Caterpillar loader had been located, 
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while the center of rear support component was set to coincide with the track pivot 

points when they were attached to the loader. Assuming the main space frame was 

centered in the middle of the track, the front support components would then lie in the 

same location as one cross member of the main space frame. Also, the rear support 

components would need additional members ("A" in Figure 3.5) to attach them to the 

bottom of the main space frame. To remove the interference, the main space frame was 

moved 6 inches to the rear of the center line of the track. This is shown in Figure 3.5. 

frame center line 

A 

rear 
support 

center of the rear 
support component 
(used for calculation) 

center line 

track pivot point 

Top view for old frame 
position associated with 

track and old frame position additional beam, A, and 
rear box. 

/K/ 6/, 

rear box 

track 

main space frame' 

center of front support 
component connecting point 

Figure 3.5 Diagram showing the main space frame location centered (—) 

and moved 6" rearward ( ), and the location of the centers of attachment for 

both support components on a track. 

Moving the main space frame rearward 6 in. also ensured that the rear support in 

Figure 3.5 did not extend beyond the main space frame, and that the attachment points 

would be close to the main cross members of the space frame. The center of the rear 
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support component was, therefore, set in the middle of the rear cell of the main space 

frame. In doing this, the center of the rear support component was moved only 5.5 

inches behind the track pivot. 

3.5.2.2.1 HARVESTING CASE 

As was shown in section 3.5.2.1.2, the harvest load on the main space frame is 

40000 pounds, and is assumed to be centered on the main space frame. The harvest load, 

the main space frame mass, plus the load associated with the Caterpillar components 

other than the undercarriage (Wcat2) are assumed to be distributed on the front and 

rear support components on the basis of the load distribution. Sixteen thousand pounds 

of the harvest load was assumed to sit on the top of the main space frame along a length of 

336 inches, which is measured symmetrically from the center of the main space frame, 

and across its entire depth. Twenty four thousand pounds of harvest load was assumed to 

sit along the same length as the 16000-pound load, but is centered 2 feet behind the 

main space frame. The center of gravity associated with the harvest load(Wh) would be 

found at (42 + 12)24000/40000 or 32.4 inches to the rear of the center line of the 

main space frame, as shown in Figure 3.6. 

aA. (front) 

. 32.4^| 42" 
• 

a 
V 16000 lb | 

240001b N k 1 

I 40000 lb 

Figure 3.6 Location of the harvest loads relative to the main space frame, 

(center line of the loads and each member shown) 
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The location of Wcat2 was assumed centered between the front and the rear of the 

main space frame. When the harvest load is combined with the mass of the main space 

frame (Wg) of 4000 pounds, and the mass of Wcat2 of 9190 pounds, the position of WT" 

(the total mass excluding the mass of the undercarriage) is centered at 

32.4(40000)/53190 or about 24.4 inches to the rear of the center line of the main 

space frame, as shown in Figure 3.7. The relationship between WT' and the two support 

components is shown in Figure 3.8. 

84" 

32.4' 

1*3*2* 
42" 

^ i i *  r  
Wg|+ WCat2 

(front) 

y 

L 

84" 

1.6", ,24.4"| 42" 

•̂ 1—1U 

K 1 OC" " 

DZE 
26" 28.5" 

(front) 

W 'sf 

Figure 3.7 Location of the total harvest Figure 3.8 Location of the total mass of 
load and gantry mass relative to the main the gantry and harvest load relative to the 

space frame. support components. 

Now, the vertical forces which arise from the total mass ( V J j ) ,  on each of the 

support components can be found as follows: 

X Fy = 0, 2(Wsf + Wsr)= WT'= 53190 (3.7) 

Z MWf = 0, -(1.6)Wsr + 52.9WsP 0 (3.8) 

From Eq.(3.7), 

Wsr= 53190/2 - Wsf or 

Wsr= 26595 - Wsf (3.9) 

Substituting Eq.(3.9) into Eq.(3.8), WSf can be obtained, 

-26595 x 1.6 + 1.6Wsf + 52.9Wsf = 0 or 

Wsf = 781 lb. 

Yielding Wsr = 25814 lb. 
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In summary, the vertical loads on the gantry for harvesting are: 40000 pounds on 

main space frame (16000 pounds on its top, and 24000 pounds cantilevered behind the 

frame), 4000 pounds for the mass of the main space frame, and 9190 pounds for Wcat2, 

resulting in 781 pounds on each front support component, and 25814 pounds on each 

rear support component. 

3.5.2.2.2 CHEMICAL APPLICATION CASE 

Assume the 3000 gallon tank, weighing 24000 pounds, sits in the middle of the 

main space frame with its length parallel to the length of the gantry. The total mass 

(Wj') for this case was found in a manner similar to the harvesting case, however 

determination of the location of the center of gravity is easier since the tank sits in the 

middle of the main space frame. The location of the tank center of gravity and the 

support components is shown in Figure 3.9. 

I 42" 
• ̂  r 

i I 
26" '28.5-

(front) 

W. sf 

Figure 3.9 Location of the total mass of the gantry and chemical load 

relative to the support components. 

The calculations for determining the forces on the support components follow. 

IFy = 0, therefore 

Wsf + Wsr = 1/2(Wt') = 1/2(9190 + 4000 + 24000) 

or Wsf + Wsr = 18595, (3.10) 

£MWT = 

38.5WS, - 26Wsr = 0, (3.11) 
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and from Eq.(3.10) and Eq.(3.11), 

Wsf= 18595(26)/54.5 or Wsf = 8871 lb, 

Wsr = 18595(28.5)/54.5 or Wsr = 9724 lb. 

Summarizing, the vertical forces in this case are: 37190 pounds on the main space 

frame, 4000 pounds for the mass of the main space frame, and 9190 pounds for Wcat2. 

This results in 8871 pounds resting on each front support component, and 9724 pounds 

on each rear support component. 

3.5.2.2.3 THREE-POINT-HITCH CASE 

In this case, the maximum vertical load acts on both the main space frame and the 

support components only when the implement is in the raised position. When operating 

there may be a positive or negative force applied to the frame by the implement, with 

this load acting as a cantilevered load at the rear of the gantry. The mass of the 

implement and the length of the three-point-hitch upper and lower links are the factors 

which pertain to the calculations for this case. 

From section 3.5.2.1.4, the maximum implement mass is 5700 pounds. The 

estimated distance between the center of gravity of the implement and the rear of the 

main space frame is 40 inches (the length of the lower link was assumed to be 34 in., 

and the distance from the end of the lower link to the center of gravity of the grain drill 

was approximately 14 in. when the lower lift arms were raised at an angle of 30 

degrees). The total mass (Wj"). which is the sum of Wjm, Wg and Wcat2, was found to 

be: 

WT' = 5700 + (4000 + 9190) or WT'= 18890 lb. 

This is located (42 + 40)5700/18890 or 24.7 inches to the rear of the center line of 

the main space frame. The relationship between the position of WT' and the support 

components is shown in Figure 3.10. 
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u Ml 

40"^ |g4.7*| 42* 
(front) 

Figure 3.10 Location of the implement load relative to 

the main space frame and the support components. 

The calculations to determine the forces on the support components were made as 

follows: 

IFy = 0, Wsf + Wsr = Wt72 = 18790/2, or 

Substituting Eq.(3.12) into Eq.(3.13), Wsf and Wsr were found to be 224 and 

9171 pounds, respectively. 

3.5.3 TURNING FORCES 

Turning forces are also very important, and must be considered when designing a 

gantry. As described in Chapter 1, there are three ways for a gantry to move from one 

bed to the next. It can pivot about its center, turn with one track held stationary, or be 

towed along the headland from one position to another using a tractor or similar device. 

This section is devoted to determining the forces arising from pivoting about one end and 

about the middle of the gantry when operating in various soil conditions. Since the 

vertical loads in each case are the same as was found in section 3.5.2.2, the following 

discussions have been limited only to horizontal forces. 

Wsf = 9395 - Wsr 

XMWT = 0, 53.2Wsf - 1.3Wsr = 0. 

(3.12) 

(3.13) 
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3.5.3.1 TURNING ABOUT THE GANTRY CENTER 

Referring to both Bekker's(1955) and Wong's(1978) turning analyses, the drawing 

shown in Figure 3.11, and assuming a steady-state condition, the following equations can 

be established: 

i r 
z 

Figure 3.11 Forces encountered when turning about the gantry center. 

Fo + Fi-Rtot=0, (3.14) 

B/2(F0 - F|) - Mr = 0. (3.15) 

From Eq.(3.14), 

= Rtot " 

substituting into Eq.(3.15), 

B/2[F0 -(Rtot - F0)] - Mr= 0, rearranging 

B/2(2F0) - B/2Rtot - Mr = 0, and thus 

F0 = Rtot/2 + Mr/B = fr(WT)/2 + Mr/B, and (3.16) 

Fj = Rtot/2 - Mr/B = fr(WT)/2 - Mr/B, (3.17) 

where Rtot = fr(Wy)/2. 

Using these relationships, the following operating conditions were analyzed. 
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3.5.3.1.1 HARVESTING CASE 

Figure 3.4 and Figure 3.7 can be combined as shown in Figure 3.12, with WT' = 

53190 lb, Wcat1 = 13708 lb, and WT = WT' + Wcat1 = 66898 lb. 

center line of the frame center line of the track 

jiV 
24.4"! I 6 forward 

^ 

I  l " l  I  

16.5: 

54.5" 

Figure 3.12 Load relationships shown in an end view of the gantry. 

(harvesting case) 

Using the total harvest load, which is the most severe condition for this case, 

gantry turns in the field would not only experience rolling resistance, but also lateral 

resistance on each track. The unit lateral resistance (Fsu) can be determined from 
|i, (WT) 

Fsu =—jfj— ' as described by Wong(1978). Thus the total lateral resistance (Fs) 

for a track is 

Fs = 
Ht (WT)  

2 (3.18) 

Referring to the position of the track pivot point, or the location of WT in Figure 

3.12, the contact lengths for the lateral resistances for each track were found as follows: 

l2 = 32 - 24.2 + 16.5 = 24.3 in., and 

l1= 97 - l2 = 97 - 24.3 = 72.7 in. 
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These are shown in Figure 3.13. 

1 ^2  

HQ 

I 
y 

X 

z I 2 = 'l = 72.7 
24.3" 

Figure 3.13 Lateral resistance acting on one track when turning about 

the gantry center during harvesting. 

The coefficient of lateral resistance (nt) depends on the type of soil on which the 

track turns. Bekker (1955) gives values for m for soft and hard soils of 0.7 and 0.6, 

respectively. He also lists the value of the coefficient of rolling resistance (fr) at 0.1 

and 0.05 for soft and hard soils, respectively. 

The calculations which were used to determine the turning forces have been divided 

into four cases, soft-soft, hard-hard, soft-hard and hard-soft. The meaning of each of 

these is defined by the soil type on which the outside and inside track sits. For example, 

"soft-hard" means that the outside track moves on soft soil, and the inside track moves 

on hard soil, with the outside and inside tracks defined by the turning direction. That is, 

when the gantry turns right, the right hand track would be the inside track, and the left 

hand track is the outside track. In the following discussions the gantry turns to the 

right. 

CASE 1. SOFT-SOFT 

For this case the total lateral resistance can be calculated from Eq.(3.18) as: 

Fs= 0.7(66898)/2 = 23414.3 lb. 

By ratioing, Fs-| and FS2 were found to be: 
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FS1 = Fs('l/I) = 17549 lb' and 

Fs2 = 5866 lb. 

Knowing Fsi and Fs2, the turning resistant moment for one track was calculated as: 

Fsi(li/2) + Fs2(I2/2), 

thus Mr for the gantry was determined to be 

M r = 1418356 in-lb. 

Substituting the values of Mr, fr and B into Eq.(3.16) and Eq.(3.17), yields 

F0 = 0.1(66898)/2 + (1418356)/380 or F0 = 7077 lb, 

Fj = 0.1 (66898)/2 - (1418356)/380 or Fj = -388 lb, 

and consequently Rtot = 6690 lb, or Rtot/2 = 3345 lb. 

The resistant moment would transfer to both of the support components which 

connect the main space frame to each of the tracks, and then to the main space frame 

when the gantry turns. Referring to Figure 3.13 and Figure 3.14, 

Figure 3.14 Turning forces acting on the support components and 

the main space frame when turning about the center of the gantry. 

ZFz = 0, 2(Fpf - Fpr) = 2(Fs1 - Fs2) 

or Fpf - Fpr = 17549 - 5866 = 11683 lb, 

IMy = 0, 2(46.7Fpf + 7.8Fpr) = Mr 

(3.19) 

(3.20) 
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or 46.7Fpf + 7.8Fpr = 709178 in-lb. 

Solving yields 

Fpf = 14685 lb, and Fpr = 3002 lb. 

CASE 2. HARD-HARD 

In this case, the soil under both tracks is considered to be a hard soil. All data are 

the same as those in cased except fr and p.t, which are 0.05 and 0.6, respectively. 

Using Eq(3.18) one can determine that 

FS1 = [0.6(66898)/2](72.9/97) or FS1 = 15042 lb, and 

Fs2= [0.6(66898)/2](24.3/97) or FS2 = 5028 lb. 

Also, referring to case 1, Mr can be determined from 

Mr = [Fs1 (l-|/2) + Fs2(l2/2)]2, or Mr = 1215734 in-lb. 

F0, Fj and Rtol are found in the same way as for case 1, 

F0 = 0.05(66898)/2 + (1215734)/380 or F0 = 4872 lb, 

Fj = 0.05(66898)/2 - (1215734)/380 or Fj = -1527 lb, and 

Rtot = 3345 lb or Rtot/2 = 1672 lb. 

For calculating Fpf and Fpr, Eq.(3.19) and Eq.(3.20) were again used yielding, 

Fpf  -  Fpr = 10014 lb, 

46.7Fpf + 7.8Fpr = 607867 in-lb. 

Solving yields 

Fpf = 12587 lb, and 

Fpr = 2573 lb. 

CASE 3. SOFT-HARD 

Here, the outside track moves in soft soil, so the lateral resistances are the same as 

for case 1, that is Fs-| = 17549 pounds and Fs2 = 5866 pounds. For the inside track, 
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case 2 yielded Fs1 = 15042 pounds and Fs2 = 5028 pounds. These values are the same 

for the present case. Then, Mr can be determined as follows: 

Mr = forc6(jnsid0 track) x distance + forc6(OUtside track) * distance, 

where distance = l-j /2 or l2/2, thus 

Mr = (FS 1  (inside track) + ^s1 (outside track) )('l'2) + (FS 2 (inside track) + 

':s2(outside track) )('2^). or 

M r = (17549 + 15042)(72.7/2) + (5866 + 5028)(24.3/2), and 

Mr= 1317045 in-lb. 

The rolling resistance for the outside track, Rout, and for the inside track, Rjn, can be 

obtained directly from each of the previous two cases. 

Rout = R,ot/2. as was found for the soft soil in case 1 is 3345 lb, and similarly 

Rjn = Rtot/2 for the hard soil in case 2 is 1672 lb-

Therefore, 

Fo= Rout + 1317045/380 or F0 = 6811 lb 

Fj = Rin - 1317045/380 or Fj = -1794. 

The forces on the support components and on the main space frame were obtained from 

Eq.(3.19) and Eq.(3.20), as follows: 

EFZ = 0, 

2(':pf ' '"pr) = (FS1 * '"s2)(outside track) + (^sl " ^s2)(inside track)' (3-21) 

SMy= 0, 

2(46.7Fpf + 7.8Fpr) = Mr, (3.22) 

and substituting the known numbers into these equations yield 

Fpf - Fpr = [(17549 - 5866) + (15042 - 5028)]/2 = 10849 lb, 

46.7Fpf + 7.8Fpr = 1317045/2 = 658523 in-lb. 

Thus, 
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Fpj = 13636 lb 

Fpr = 2787 lb 

CASE 4. HARD-SOFT 

Compared with case 3, the lateral resistances for both tracks are of the same 

magnitude, but appear on opposite ends of the gantry. That is, FS1 = 15042 pounds and 

Fs2 = 5028 pounds for the outside track, and FS1 = 17549 pounds and FS2 = 5866 

pounds for the inside track. Therefore, Mr would be the same as for case 3, 1317045 

in-lb. The rolling resistances have also changed ends, with the magnitudes remaining the 

same. Thus, 

Rout= 1672 pounds, and Rjn= 3345 pounds. 

Then, F0 = 1672 + 1317045/380= 5138 lb, and 

FJ= 3345 - 1317045/380 = -121 lb. 

Forces on the support components, and thus on the main space frame are 

Fpf - Fpr = 10849 lb, 

46.7Fpf + 7.8Fpr = 658523 in-lb, 

Yielding, 

Fpf = 13636 lb, 

Fpr = 2787 lb. 

3.5.3.1.2 CHEMICAL APPLICATION CASE 

With a change in the total weight, WT, the relative positions of the loads with 

respect to the frame and the track change as shown in Figure 3.15. 
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1.6" 

"TTH I 

4.4" 
forward 

••X 
• -I 

••X 
*27.6"* 26.9"I 

12=44.1- l1= 52.9" 

Figure 3.15 Load relationships for an end view of the gantry 

(chemical application case). 

The procedures used in section 3.5.3.1.1, however, can be followed to arrive at the 

forces on the tracks arising from turning. In this case, 

WT' = 37190 lb, 

Wcatl = 13708 lb, 

WT = 50898 lb. 

The distance from the position of Wj to the center of track is 6(37190/50898) 

or 4.4 inches. To obtain li and I2 the same procedure shown in section 3.5.3.1.1 was 

used. Figure 3.16 shows the location of the lateral resistances for one track. 

1^2 I 

l2 =44.1" 11 = 52.9" 

Figure 3.16 Lateral resistances acting on one track when 

turning about the gantry center with only a tank load. 
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CASE1. SOFT-SOFT 

Referring to Figure 3.16, and using Eq.(3.18), one can obtain Fs1 and FS2 as 

follows: 

_ .0.7x50898 52.9. 
FS1 = V 2 " T7* = ' 

.0.7x50898. .44.1. 
Fs2=  (  2  ) (  ~97~ )  =  8 0 9 9  l b -

The moment Mr can be calculated from: 

Mr= [Fs^h/2) + Fs2(I2/2)]2 or 

Mr = 871089 in-lb. 

From Eq.(3.16) and Eq.(3.17), F0 and Fj can be found, 

F0 = 0.1(50898)/2 + (871089)/380, or F0 = 4837 lb, and 

F| = 0.1 (50898)/2 - (871089)/380, or Fj = 253 lb, 

and consequently Rtot = 5090 lb, or Rtot/2 = 2545 lb. 

Then, the forces on the main space frame or the support components can be 

obtained by referring to Eqs.(3.19) and (3.20) and Figure 3.15, 

F p f -  F p r =  1 6 1 6  l b ,  

26.9Fpf + 27.6Fpr= 435545 in-lb. 

Solving yields 

Fpf= 8810 lb, and 

Fpr = 7194 lb. 

CASE 2. HARD-HARD 

By changing nt to 0.6 from 0.7 which was used for case 1, yields values for Fs-| of 

8327 lb, and FS2 of 6942 lb. Therefore, 
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Mr = y(871089) = 746648 in-lb. 

Also, fr is changed to 0.05 instead of 0.1 as was used for case 1, and 

F0 - 0.05(50898)/2 + (746648)/380 or F0 = 3237 lb, and 

Fj = 0.05(50898)/2 - (746648)/380 or Fj = -692 lb, giving 

Rtot = 2545 lb, or Rt0,/2 = 1272 lb. 

Referring to case 1, one can obtain 

Fpf- Fpr= 1385 lb, and 

26.9Fpf + 27.6Fpr = 373324 in-lb. 

Solving yields 

Fpf = 7551 lb, and 

Fpr = 6616 lb. 

CASE 3. SOFT-HARD 

For the outside track, Fs1 = 9715 pounds and Fs2 = 8099 pounds, and for the 

inside track, Fs1 = 8327 pounds and Fs2 = 6942 pounds. Then, 

Mr= (9715 + 8327)(52.9/2) + (8099 +6942)(44.1/2) or 

Mr= 808865 in-lb, and 

Rout = Rtot/2, as was found for the soft soil in case 1 equals 2545 lb, and 

similarly 

Rin = Rtot / 2  for the hard soil in 0386 2 equals 1272 lb. 

Hence, 

F0 = Rout + 808865/380 or F0 = 4674 lb, and 

Fj = Rin - 808865/380 or Fj = -857 lb. 

Finally, the forces on the support components, and hence on the main space frame, are 

Fpf - Fpr = [(9715 - 8099) + (8327 - 6942)]/2 = 1501 lb, or 
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26.9Fpf + 27.6Fpr - 404432 in-lb, 

which yields 

Fpf = 8181 lb, and 

Fpr = 6680 lb. 

CASE 4. HARD-SOFT 

For the outside track, Fs1 = 8327 pounds and FS2 = 6942 pounds, and for the 

inside track, Fsi = 9715 pounds and FS2= 8099 pounds. Using a procedure similar to 

case 3 yields Mr= 808865 in-lb, Rout = 1272 '&• ancl Rin = 2545 lb- Therefore, 

F0 = 1272 + 808865/380 or F0 = 3401 lb and 

Fj = 2545 - 808865/380 or Fj = 416 lb. 

Using these values one finds that Fpf and Fpr have the same magnitudes as for case 

3, which are 8181 pounds and 6680 pounds, respectively. 

3.5.3.1.3 THREE-POINT-HITCH CASE 

From section 3.5.2.2.3, Wj" was determined to be 18890 pounds. Knowing that 

Wcati = 13708 pounds, this gives WT a value of 32598 pounds which can be obtained 

by summing Wf and Wcati. The position of Wj relative to the gantry frame is shown in 

Figure 3.17, and is 30.3(18890/32598) or 17.6 inches to the rear of the center line 

of the track. Using this information, the four cases which have been discussed in last 

two sections, were again analyzed using similar procedures. 
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^ 6 "  f o r w a r d  

Ell 

40.1" 

l2= 30.9 l1 =  66.1" 

Figure 3.17 Load relationships for an end view of the gantry 

(three-point-hitch case). 

CASE 1. SOFT-SOFT 

Following the same equations and steps as used previously yields: 

Fsi = (0.7(32598)/2](66.1/97) or FS1 = 7775 lb, and 

Fs2 = [0.7(32598)/2](30.9/97) or FS2 = 3635 lb, and 

M r = [(7775(66.1/2)+3635(30.9/2)]2 or Mr = 626249 in-lb. 

The thrust and rolling resistance are obtained as follows: 

F0 = 0.1 (32598)/2 + (626249)/380 or F0 = 3278 lb, 

Fj = 0.1 (32598)/2 - (626249)/380 or Fj = -18 lb, and 

Rtot = 3259.8 lb, or Rtot/2 = 1630 lb. 

Forces on the support components, and hence on the main space frame are: 

Fpf - Fpr = 4140 lb, 

40.1 Fpf +14.4Fpr = 313125 in-lb, 

yielding 

Fpf = 6839 lb, and 

Fpr = 2699 lb. 
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CASE 2. HARP-HARD 

In this case, m = 0.6 and fr = 0.05, and the forces are obtained as follows: 

Fs1 = [0.6(32598)/2](66.1/97) or Fs1 = 6664 lb, 

FS2 = [0.6(32598)/2](30.9/97) or Fs2 = 3115 lb, and 

Mr= 626249(6/7) or Mr= 526785 in-lb. 

The thrust and rolling resistance are obtained from: 

F0 = 0.05(32598)/2 + (626249)/380 or F0 = 2463 lb, 

Fj = 0.05(32598)/2 - (626249)/380 or Fj = -833 lb, and 

Rtot = 1630 lb or Rtot/2 = 815 lb. 

Forces on the support components, and hence on the main space frame, are: 

Fpf - Fpr = 3549 lb, 

40.1 Fpf + 14.4Fpr = 263393 in-lb, 

yielding 

Fp, = 5771 lb, and 

Fpr = 2222 lb. 

CASE 3. SOFT-HARD 

For the outside track, Fs-| = 7775 pounds and Fs2 = 3635 pounds, and for the 

inside track, Fsi = 6664 pounds and Fs2= 3115 pounds. Then, 

Mr= (7775 + 6664)(66.1/2) + (3635 + 3115)(30.9/2), or 

Mr= 581496 in-lb, and 

Rout = R,ot/2. as was found for the soft soil in case 1 equals 1630 lb, and 

similarly 

Rin = Rtot/2 for the hard soil in case 2 equals 815 lb. 

Hence, 
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F0 = Rout + 581496/380 or F0 = 3160 lb, and 

Fj= Rjn - 581496/380 or Fj = -715 lb. 

Finally, the forces on the support components, and hence on the main space frame, are: 

Fpf - Fpr = [(7775 - 3635) + (6664 - 3115)1/2 = 3845 lb, 

40.1 Fpf + 14.4Fpr = 290748 in-lb. 

Solving yields 

Fpf = 6351 lb, and 

Fpr = 2506 lb. 

CASE 4. HARD-SOFT 

For the outside track, Fs-| = 6664 pounds and Fs2=3115 pounds, and for the 

inside track, Fs1 = 7775 pounds and FS2 = 3635 pounds. Using a procedure similar to 

case 3 yields Mr= 581496 in-lb, Rout = 815 lb, and Rjn = 1630 lb. Therefore, 

F0 = 815 + 581496/380 or F0 = 2345 lb and 

F| = 1630 - 581496/380 or Fj = 100 lb. 

Using these values one finds that Fpf and Fpr have the same magnitudes as for case 

3. These are 6351 pounds and 2506 pounds, respectively. 

In conclusion, then, when the gantry turns about its center, the worst case in 

terms of the horizontal forces acting on the support components occurrs when the gantry 

turns while carrying the maximum harvest load, and while both tracks are on soft soil. 

3.5.3.2 TURNING WITH ONE TRACK STATIONARY 

In this situation, the inside track is stationary, while the outside track pivots 

around it as is shown in Figure 3.18. 
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Figure 3.18 Diagram showing turning about one end of a gantry. 

The total lateral resistance of the inside track (F|j) would include not only Fs> which is 

due to the lateral resistance occurring from the gantry's travel, but also the shear 

resistance (FSh) brought about by shearing soil as the track moves sideways, and the 

resistance associated with moving the loose soil which had been previously sheared. This 

latter force has been defined as the bulk-moving force (Fw). In each case analyzed, the 

assumption was made that track sinkage was constant during the turn, and that the 

lateral resistance of the outside track was the same as was found when the gantry turned 

about its center. 

The shear resistance was calculated using the Micklethwaite equation which is: 

H = cA + W(tan <|>). The area (A) was considered to be the vertical plane of soil on which 

the horizontal force acted during turning. This area was found by multiplying the 

maximum sinkage (Z0) by the track contact length (I). Thus the Micklethwaite equation 

becomes 

FSh = c Z0 I + W-j72(tan<t>). 

The bulk-moving force (Fw) was assumed to increase from zero, to the maximum 

value, as the inside track rotated through 180 degrees. Fw was calculated from 
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Fw = lYs (area)(sinkage)](it = frs (°-5) f"'2 zolHt- For calculating Fw1 and Fw2, h 

and I2 replaced I in the equation. Figure 3.19 serves as a reference to identify these 

lengths. 

/&•:#.• 

fAVV-AV 

ll 

pivot center 

Figure 3.19 Pivoting of the stationary track 

showing loose soil collection during a complete turn. 

Since the gantry moves very slowly, the calculations were made under the 

assumption of a steady-state analysis. Thus the increasing amount of soil carried by the 

track was assumed to be a solid block for each completed movement. The maximum 

amount of soil moved was estimated to occur at the moment when the gantry had turned 

through 180 degrees. Thus the loose soil at this time was taken to be the maximum value 

used in the calculation of Fw, or Fw-| and Fw2. 

As with turning about the center of the gantry, four soil cases and three load cases 

were considered. The soft and the hard soil conditions were defined using the data 

contained in Tables 3.10, 3.11, and 3.12. These tables also provide the sinkage (Z0) and 

the moduli of deformation (kc, k^), as was discussed in section 3.5.2.1.1. 

For this turning scenario, the depth of sinkage of the stationary track in the soil 

was the main factor used to determine which soil was soft, or which was hard. If two 

sinkage values were close to each other, the soil that had a greater shear resistance and a 
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higher bulk-moving force was selected as the soft soil. For example, the harvesting case 

in sandy loam (Mc=13, k^,=7, kc=5, n=0.8, c=1, <|>=290) had a Z0 of 3.4 inches. 

Although this value was less than the sinkage value of dry sand, which was 4.3 inches, it 

was treated as the worst case soft soil, since it provided the maximum resistance (Fsh1 

+ Fw-|)for the part of the track in front of the pivot point of 14420 pounds, as 

compared to only 4609 pounds for the sand, and the maximum resistance for the rear 

part of the track (Fsh2 + Fw2) of 4767 pounds as compared to 4609 pounds for the 

sand. The lean clay (Mc=24, 1^=80, kc=30, n=0.17, c=7, 4>=18°) had a Z0 of zero, and 

resistances of 10156 pounds and 3392 pounds for the front and the rear resistances, 

respectively. Thus this was chosen as the worst case for a hard soil condition. 

The selections were again made without including those soils for which a higher 

gross traction (H/2) was required than was available (22542 lb/side). The excluded 

soils are marked with an asterisk in Tables 3.4, 3.6, and 3.8, and consequently are not 

included in Tables 3.10, 3.11, and 3.12. Although the total mass used for Table 3.8 was 

estimated at 30000 pounds, the value used in Table 3.12 was set at 32598 pounds, since 

a maximum implement mass of 5700 lb was assumed to be carried by the gantry while 

turning. 

In summary, the forces acting on the gantry when turning about one track are 

determined as follows: 

F|0 = Fs, and (3.23) 

Fli = Fs + Fsh + Fw. <3-24) 

To ensure that all possible extremes of the external forces were considered, each of 

the four soil conditions used when analyzing turning about the middle of the gantry, were 

also considered when turning about one end of the gantry. 
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3.5.3.2.1 HARVESTING CASE 

As given earlier, the total mass when harvesting was approximately 66898 

pounds. This mass, along with the various soil parameters, was used to generate Table 

3.10. These values were then used to compute the forces acting on the front and rear 

track support components for the four possible soil combinations on which the gantry 

might operate. 

Table 3.10 Shear and bulk-moving forces for the stationary track as determined for 

the various soils while harvesting. 

MC kc n c 4> ^sh1 '"sic Fwl ^w2 ^sh1+'"w1 '~sh2+'~w2 

<%) (lb/ 

in"42) 

(lb/ 

in"*1) 
(lb/In2) 

(deg

ree) 
(in) (lb) (lb) (lb) (lb) (lb) (lb) 

1 3 7.0 5.0 0.80 1.00 29 3.4 14146 4728 274 38 14420 4767 (s) 

1 1 6.0 11.0 0.90 0.70 20 3.3 9366 3131 266 37 9632 3168 

23 20.0 5.0 0.70 1.60 25 0.9 11759 3930 76 1 1 11835 3941 

21 38.0 14.0 0.40 2.50 22 0.2 10142 3390 14 2 10156 3392 (h) 

0 3.9 0.1 1.10 0.15 28 4.3 13644 4560 345 48 13989 4609 

1 5 16.8 2.3 0.70 0.25 29 1.2 13985 4675 98 14 14083 4688 

43 4.0 22.0 0.90 0.26 10 4.3 4734 1582 344 48 5078 1631 

55 5.0 7.0 1.00 0 11 3.6 5136 1717 289 41 5425 1757 

47 8.0 24.0 0.60 1.1 14 3.4 6498 2172 272 38 6771 2210 

45 13.0 14.0 0.30 .8 17 3.2 7896 2639 255 36 8151 2675 

55 14.0 7.0 0.70 .3 10 1.5 4533 1515 124 17 4656 1532 

38 16.0 12.0 0.50 .6 13 1.4 5887 1968 110 15 5997 1983 

35 30.0 14.0 0.13 5 14 0 6252 2090 2 0.3 6254 2090 
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30 20.0 8.0 0.16 2.5 11 0.8 4927 1647 51 7 4979 1654 

28 30.0 10.0 0.16 4 12 0.1 5333 1783 4 0.6 5337 1783 

26 45.0 20.0 0.17 5 15 0 6718 2245 0.4 0.1 6718 2245 

Note: 

1. The soil types are arranged in order, from top to bottom, as Sandy Loam 

(Michigan), Dry Sand (LLL), Sandy Loam (LLL), Clayey soil (Thailand), Heavy Clay 

(WES), Lean Clay (WES). 

2. (s) - chosen soft soil 

(h) - chosen hard soil 

CASE 1. SOFT-SOFT 

Using Eq.(3.23), Eq(3.24), case 1 of section 3.5.3.1.1, and values from Table 

3.10, the forces on the support components were found as follows: 

F|oi = Fs1 = 17549 lb, 

F|q2 = Fs2 
= 5866 lb, and 

F,H = FS1 + (FSHI + FW1) = 17549 + 14420 = 31969 lb 

F|i2 = FS2 + (FSH2 + Fw2) = 5866 + 4767 = 10633 lb. 

Rtot  would be the same as for the soft soil condition in case 1 when turning about the 

gantry center, that is 3345 lb. In a static analysis, F0 would thus equal Rtot-

Referring to Figure 3.13 and Figure 3.20, the turning moment Mr was found as 

follows: 

Mr= (Fioi + Fm)li/2 + (F|o2 + F|i2)l2/2, (3.25) 

M r = (17549 + 31969)72.2/2 + (5866 + 10633)24.3/2, or 

M r = 2000442 in-lb. 
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Figure 3.20 Diagram showing turning about a stationary track. 

(harvesting case) 

For calculating Fpf and Fpr, Eq.(3.21) and Eq.(3.22) were written, respectively, 

as 

Fpf  " Fpr =  [ (F|n+F|oi )  - (F,i2 + F)o2)]/2, and (3.26) 

46.7Fpf + 7.8Fpr = Mr/2 (3.27) 

Therefore, Fpf - Fpr= 16510, and 

46.7Fpf + 7.8Fpr = 1000221. 

Yielding, 

Fpf= 20716 lb, and 

Fpr =4206 lb. 

CASE 2. HARD-HARD 

Using the procedures shown for case 1, the forces for the second possible field 

situation were obtained as follows: 



F)o1 = 15042 lb, 

F|O2 = 5028 lb, 

FM1 = 15042 + 10156 or FM1 = 25198 lb, 

F|j2 = 5028 + 3392 or F||2 = 8420 lb, and 

F0 = Rtot = 0.05(66898)/2 or F0 = Rtot = 1673 lb. 

The moment Mr was found using Eq.(3.25) to be: 

M r = 1616057 in-lb. 

Fpf and Fpr were found from Eq.(3.26) and Eq.(3.27) as: 

Fpf " Fpr = 13396, 

46.7Fpf + 7.8Fpr = 808029. 

Yielding, 

Fpf s= 16743 lb, and 

Fpr = 3347 lb. 

CASE 3. SOFT-HARD 

Similarly for this case, 

F,oi = Fsi (soft) = 17549 lb 

F|o2 = FS2 (soft) = 5866 lb 

Fjn = F(j1 (hard) = 25198 lb 

Fli2 = F|j2 (hard) = 8420 lb 

F0 = Rtot = 3345 lb 

M r = (17549 + 25198)72.7/2 + (5866 + 8420)24.3/2 or 

M r = 1727428 in-lb 

And, 

Fpf - Fpr = (17549 + 25198 - 5866 - 8420)/2 = 14231 

46.7Fpf + 7.8Fpr = 863714 
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Yielding, 

Fpf= 17885 lb, and ! 

Fpr = 3654 lb. 

CASE 4. HARD-SQFT 

Similarly for this case, 

F|0i = 15042 lb 

F|o2 = 5028 lb 

FN1 = 31969 lb 

F,J2 = 10633 lb 

Fo= Rtot= 1673 lb 

M r = (15042 + 31969)72.7/2 + (5028 + 10633)24.3/2 or 

M r = 1899010 in-lb 

And, 

Fpf - Fpr = (15042 + 31969 - 5028 - 10633)/2 = 15675 

46.7Fpf + 7.8Fpr = 949505. 

Yielding, 

Fpf = 19666 lb, and 

Fpr = 3991 lb. 

3.5.3.2.2 CHEMICAL APPLICATION CASE 

Changing the total mass of the gantry, which had a value of 66898 pounds for 

harvesting, to 50898 pounds, and using the same procedures as were developed for 

harvesting, Table 3.11 was developed for the various soils. These data were then used to 

determine the forces developed when turning on the four possible soil conditions. 
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Table 3.11 Shear and bulk-moving forces for the stationary track as determined for 

the various soils while applying chemical. 

MC kc n c • Zo '"sM ^sh2 Fw, FW2 Fsh1+Fw1 Fsh2+'"w2 

(%) (lb/ 

in"*2) 

(lb/ 

lnn+1) 
(lb/In2) 

(deg

ree) 
(In) (lb) (lb) (lb) (lb) (lb) (lb) 

13 7.0 5.0 0.80 1.00 29 2.5 5142 4287 104 91 5246 4377 

1 1 6.0 11.0 0.90 0.70 20 2.4 7783 6489 103 90 7887 6579 (s) 

23 20.0 5.0 0.70 1.60 25 0.6 6496 5415 27 24 6523 5439 

23 27.0 15.0 0.40 1.40 35 0.2 9726 8108 9 8 9735 8116 (h) 

21 38.0 14.0 0.40 2.50 22 0.1 5611 4677 4 3 5615 4681 

0 3.9 0.1 1.10 0.15 28 3.4 7504 6256 143 124 7647 6380 

1 5 16.8 2.3 0.70 0.25 29 0.8 7724 6439 35 31 7759 6470 

43 4.0 22.0 0.90 0.26 10 3.2 2565 2138 135 117 2700 2256 

55 5.0 7.0 1.00 0 11 2.8 2800 2334 117 102 2916 2436 

47 8.0 24.0 0.60 1.10 14 2.2 3540 2951 91 80 3632 3031 

45 13.0 14.0 0.30 0.80 17 1.3 4291 3577 54 47 4345 3624 

55 14.0 7.0 0.70 0.30 10 1.1 2486 2072 44 39 2530 2111 

38 16.0 12.0 0.50 0.60 13 0.8 3234 2696 34 29 3267 2725 

35 30.0 14.0 0.13 5.00 14 0 3461 2885 0.1 0.1 3461 2885 

30 65.0 25.0 0.12 7.00 22 0 5607 4675 0 0 5607 4675 

30 20.0 8.0 0.16 2.50 11 0.1 2703 2253 5 4 2708 2257 

28 30.0 10.0 0.16 4.00 12 0 2950 2460 0.4 0.4 2951 2460 

26 45.0 20.0 0.17 5.00 15 0 3719 3100 0.1 0 3719 3100 

24 80.0 30.0 0.17 7.00 18 0 4510 3759 0 0 4510 3759 
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Note: 

1. The soil types are arranged in order, from top to bottom, as Sandy Loam 

(Michigan), Dry Sand (LLL), Sandy Loam (LLL), Clayey soil (Thailand), Heavy Clay 

(WES), Lean Clay (WES). 

2. (s) - chosen soft soil 

(h) - chosen hard soil 

CASE 1. SOFT-SOFT 

From Eq.(3.23), Eq(3.24), case 1 of section 3.5.3.1.2, and values from Table 

3.11, the forces on the support components were found to be: 

F|oi = Fsi = 9715 lb, 

F|o2 = FS2 = 8099 lb, and 

F|ji = Fsi + (Fsh 1 + Fw1) = 9715+ 7887 = 17602 lb 

Fli2 = FS2 + (FSH2 + Fw2) = 8099 + 6579 = 14678 lb. 

Rtot is the same as for the soft soil condition in case 1 of section 3.5.3.1.2, that is 

2545 lb. In a static analysis, F0 would equal Rtot- Then, the turning moment Mr is: 

Mr= (F)o1 + F im)II/2 + (Flo2 + F,|2)l2/2. 

M r = (9715 + 17602)52.9/2 + (8099 + 14678)44.1/2, or 

M r = 1224768 in-lb. 

Using Eq.(3.26) and changing the lengths used in Eq.(3.27), to the correct values for 

this case yields 

Fpf * Fpr= [(F(i1 + F(o1) - (F,i2 + F|o2)J/2, 

26.9Fpf + 27.6Fpr = Mr/2. 

Therefore, Fpf - Fpr = 2270, and 

26.9Fpf + 27.6Fpr = 612384. 

Yielding, 
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Fpf = 12386 lb, and 

Fpr = 10116 lb. 

CASE 2. HARD-HARD 

Using the procedures shown for case 1, the forces for the second possible field 

situation were obtained as follows: 

F|0i = 8327 lb, 

F|o2 = 6942 lb, 

FM1 = 8327 + 9735 or FM1 = 18062 lb, 

F|j2 = 6942 + 8116 or F|j2 = 15058 lb, and 

F0= Rtot = 0.05(50898)/2 or F0 = Rtot = 1272 lb. 

The moment Mr was found using Eq.(3.25), 

M r = 1183089 in-lb. 

Fpf and Fpr were found from Eq.(3.26) and Eq.(3.27) as: 

Fpf - Fpr = 2195, 

26.9Fpf + 27.6Fpr = 591545. 

Yielding, 

Fpf= 11966 lb, and 

Fpr = 9771 lb. 

CASE 3. SOFT-HARD 

Similarly for this case, 

F|oi = Fs1 (soft) = 9715 lb 

F|o2 = Fs2 (soft) = 8099 lb 

F|JI = FM1 (hard) = 18062 lb 

Fii2 - F|j2 (hard) = 15058 lb 
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F0 = R,ot = 2545 lb 

Mr = (9715 + 18062)52.9/2 + (8099 + 15058)44.1/2 or 

Mr = 1245314 in-lb 

And, 

Fpf - Fpr = (9715 + 18062 - 8099 - 15058)/2 = 2310 

26.9Fpf + 27.6Fpr = 622657 

Yielding, 

Fpf = 12595 lb, and 

Fpr = 10285 lb. 

CASE 4. HARD-SOFT 

Similarly for this case, 

F|0i = 8327 lb 

F|q2 = 6942 lb 

F(i1 = 17602 lb 

F|i2 = 14678 lb 

F0 = Rtot = 1272 lb 

Mr = (8327 + 17602)52.9/2 + (6942 + 14678)44.1/2 or 

M r = 1162543 in-lb 

And, 

Fpf - Fpr = (8327 + 17602 - 6942 - 14678)/2 = 2155 

26.9Fpf + 27.6Fpr = 581272 

Yielding, 

Fpf = 11757 lb, and 

Fpr = 9602 lb. 
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3.5.3.2.3 THREE-POINT-HITCH CASE 

Changing the total mass of the gantry to 32598 pounds, and following the same 

procedures as used for the previous two cases, the following analysis was completed. The 

soil data used for this case are presented in Table 3.12. 

Table 3.12 Shear and bulk-moving forces for the stationary track as determined for 

the various soils for three-point-hitch operation. 

MC 

-o kc n c $ Zo Fsh1 FSh2 FW1 FW2 Fsh1+'~w1 Fsh2+Fw2 

( % )  (lb/ 

in"*2) 

(lb/ 

inn+1) 
(lb/In2) 

(deg

ree) 
(In) (lb) (lb) (lb) (lb) (lb) (lb) 

1 1 6.0 11.0 0.90 0.70 20 1.5 4112 1922 99 27 4211 1949 

1 3 7.0 5.0 0.80 1.00 29 1.4 6221 2908 92 25 6314 2934 (s) 

23 20.0 5.0 0.70 1.60 25 0.3 5195 2428 22 6 5217 2435 

23 27.0 15.0 0.40 1.40 35 0.1 7780 3637 5 1 7785 3638 (h) 

21 38.0 14.0 0.40 2.50 22 0 4489 2098 2 0.54 4491 2099 

0 3.9 0.10 1.10 0.15 28 2.2 6010 2809 148 41 6158 2850 

1 5 16.8 2.3 0.70 0.25 29 0.4 6177 2888 29 8 6206 2896 

43 4.0 22.0 0.90 0.26 10 1.9 2048 958 128 35 2176 993 

55 5.0 7.0 1.00 0 11 1.8 2241 1047 117 32 2357 1079 

47 8.0 24.0 0.60 1.10 14 1.0 2817 1317 68 1 9 2885 1335 

55 14.0 7.0 0.70 0.30 10 0.6 1984 928 37 1 0 2021 938 

38 16.0 12.0 0.50 0.60 13 0.3 2579 1206 22 6 2601 1212 

45 13.0 14.0 0.30 0.80 17 0.3 3409 1594 1 9 5 3428 1599 

35 30.0 14.0 0.13 5.00 14 0 2769 1295 0 0 2769 1295 

30 65.0 25.0 0.12 7.00 22 0 4487 2098 0 0 4487 2098 
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30 20.0 8.0 0.16 2.50 11 0 2159 1009 0.5 .13 2160 1010 

28 30.0 10.0 0.16 4.00 12 0 2361 1104 0 .04 2361 1104 

26 45.0 20.0 0.17 5.00 15 0 2976 1391 0 0 2976 1391 

24 80.0 30.0 0.17 7.00 18 0 3609 1687 0 0 3609 1687 

Note: 

1. The soil types are arranged in order, from top to bottom, as Sandy Loam 

(Michigan), Dry Sand (LLL), Sandy Loam (LLL), Clayey soil (Thailand), Heavy Clay 

(WES), Lean Clay (WES). 

2. (s) - chosen soft soil 

(h) - chosen hard soil 

CASE 1. SOFT-SOFT 

From Eq.(3.23), Eq(3.24), case 1 of section 3.5.3.1.3, and values from Table 

3.12, the forces on the support components were found to be: 

F|o1 = Fs1 = 7775 lb, 

F|02 = FS2 = 3635 lb and 

F|M = FS1 + (Fsh1 + Fw1) = 7775+ 6314 = 14089 lb 

F|i2 = Fs2 + (Fsh2 + FW2) = 3635 + 2934 = 6569 lb. 

Rtot is the same as that of soft soil condition in case 1 of section 3.5.3.1.3, that is 

1630 lb. In a static analysis, F0 would equal Rtot- Then, the turning moment Mr is: 

M r = (F| o i + F|ji )li/2 + (FJO2 + F|j2)l2/2, 

Mr = (7775 + 14089)66.1/2 + (3635 + 6569)30.9/2, or 

M r = 880257 in-lb. 

Using Eq.(3.26) and changing the lengths used in Eq.(3.27) to the correct values for 

this case yields: 

Fpf - Fpr = [(Fni + F|o1) - (F|j2 + F|o2)]/2, 
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40.1 Fpf + 14.4Fpr = Mr/2. 

Therefore, FPF - FPR = 5830 

40.1 Fp, + 14.4Fpr = 440129. 

Yielding, 

Fpf = 9616 lb, and 

Fpr = 3786 lb. 

CASE 2. HARP-HARP 

Using the procedures shown for case 1, the forces for the second possible field 

situation were obtained as follows: 

F|O1 = 6664 lb, 

F|02= 3115 lb, 

FM1 = 6664 + 7785 or Fni = 14449 lb, 

F|j2 = 3115 + 3638 or P\\2 = 6753 lb, and 

F0 = Rtot = 0.05(32598)/2 or F0 = Rtot = 815 lb. 

The moment Mr was found using Eq.(3.25), 

Mr = 850245 in-lb. 

Fpf and Fpr were found using Eq.(3.26) and Eq.(3.27) to be: 

FPF - FPR = 5623, 

40.1 Fpf + 14.4Fpr = 425123. 

Yielding, 

Fpf = 9286 lb, and 

Fpr = 3663 lb. 

CASE 3. SOFT-HARD 

Similarly for this case, 
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F,0l = FS1 (soft) = 7775 lb 

F|o2 = FS2 (soft) = 3635 lb 

F|ji = F|j-( (hard) = 14449 lb 

FIi2 = F|j2 (hard) = 16753 lb 

F0= Rtot= 1630 lb 

Mr = (7775 + 14449)66.1/2 + (3635 + 6753)30.9/2 or 

Mr = 894998 in-lb 

And, 

Fpf " Fpr = (7775 + 14449 - 3635 - 6753)/2 = 5918 

40.1 Fp{ + 14.4Fpr = 447499 

Yielding, 

Fpf = 9775 lb, and 

Fpr = 3857 lb. 

CASE 4. HARD-SOFT 

Similarly for this case, 

F|0i = 6664 lb 

F)o2= 3115 lb 

FM1 = 14089 lb 

F|I2 = 6569 lb 

F0=R,ot= 815 lb 

Mr = (6664 + 14089)66.1/2 + (3115 + 6569)30.9/2 or 

M r = 835504 in-lb 

And, 

Fpf - Fpr = (6664 + 14089 - 3115 - 6569)/2 = 5535 

40.1 Fpf + 14.4Fpr = 417752 
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Yielding, 

Fpf= 9128 lb, and 

Fpr = 3593 lb. 

3.5.4 TOWING FORCES 

When the gantry is on the headland, or on a road, one means of locomotion 

considered was towing by a tractor or a similar device. The worst case for transport 

would occur in the field rather than on a flat hard surface such as a road, since soil could 

allow the wheels to sink, thereby increasing pulling resistance. For gantry transport in 

the field, the chemical load was considered to be the maximum load that the transport 

components would encounter, since it was thought unlikely that a fully loaded gantry 

would be transported along the headland during harvesting. 

The total mass for the gantry with a full tank was computed to be 50898 pounds. 

This mass was considered to be uniformly distributed over four free rolling transport 

wheels, that is, approximately 12724 pounds for each wheel or tire. To obtain good 

flotation when the gantry is transported on various soils, wide tires were considered to 

be a necessity. Using the information available on the AFRC gantry (Tillett et al., 

1988), and by checking locally available tires, Good Year 445/65R22.5 tires were 

selected. These tires are 45.7 in. in diameter, and 17.1 in. in width. The gross contact 

area was estimated as 96 in.2. The mass supported by each tire was computed to be 

12957 pounds, 12724 pounds (for one quarter of the gantry mass, with a full chemical 

tank) plus 233 pounds (for the mass of one tire). 

The rolling and bulldozing resistances produced when this size of tire, carrying 

this weight, rolls on various soils were calculated by referring to Wong (1978), Yong 

et al.(1984) and Wong (1989). The bulldozing resistance (R^) was obtained by 

following the discussion presented in section 3.5.2.1 and using equation 3.5 given for the 
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tracks. According to Wong (1978) and Yong et al.(1984), Bekker's analysis can be used 

for determining sinkage and rolling resistance. For this load situation, the ground 

pressure (Pg) for each tire was 12957/96 or 135 psi. 

In order to determine whether the tire is operating in the rigid or elastic mode, and 

hence to perform the appropriate analysis, the critical pressure (Pcr) is needed. This 

then must be compared with Pg. Pcr can be determined from: 

p W(n+1) 
rcr - bI3W/(3-n)b(kc/b+k,»)V D]1/<2n+1) 

1 (3.28) 
"\/D-[3W/(3-n)b(kc/b+K^)V D]2/<2n+1>' 

where 

b = tire width (in.), 

W = total load on the ground (lb), 

D = overall diameter for a tire (in.), 

n, kc, k$ = soil moduli as defined in Table 3.1. 

In addition to these values, the sinkage (Z0) and the rolling resistance (Rc) for the tire 

had to be determined using the appropriate equations. Two cases for the analysis were 

considered, and these are shown in the following: 

1) If Pg was greater than Pcr, then the tire was assumed to be operating in a rigid 

mode. This sinkage (Z0) and the rolling resistance (Rc) were determined using 

Z0 = [ m —j2/(2n+1) (3.29) 
lb(3-n)(kc/b+k(|))VD1 

7 n+1 k 
Rc = b (7^T-><b"+V- ( 3 -3 0 )  

2) If Pg was less than Pcr, then the tire was assumed to be operating in the elastic 

mode. The equation for the sinkage in this case was 
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Zo = fe :)1/n. 
*kc/b+k$' 

while Rc could be calculated using either equation 3.30 or 

Re = ' 
b(PQ)(n+1)/n 

(3.31) 

(3.32) c  ̂  (n + IMkc/b+k^l /n* 

Table 3.13 was generated using the appropriate equation in each case. The total 

resistance (Rtot)- which is the sum of bulldozing resistance (R^) and rolling resistance 

(Rc) for the transport tires, is also presented in this table. 

Table 3.13 Soil resistances and pertinent soil information for 

one transport tire. 

MC k<D kc 

( % )  ( l b /  ( l b /  

c No' Nr' Kpc' Kpc' Per Zo Rb Rc Rtot 

(ib/ (deg- (dog- /Nc /Nr /KpC /Kpr (psi) (in) (lb) (lb) (lb) 

in"*2) in"*1) in2) ree) ree) 

13 7.0 5.0 0.80 1.00 29 

11 6.0 11.0 0.90 0.70 20 

23 27.0 15.0 0.40 1.40 35 

23 20.0 5.0 0.70 1.60 25 

21 38.0 14.0 0.40 2.50 22 

20 

14 

25 

17 14 

15 20 

17 5 

12 2 

24 8 

1 

6 

14.6 24.7 71 10 2993 4679 7673 

11.1 16.5 77 9.7 1597 4490 6087 

19.3 29 71 5.5 2117 3705 5823 

12.5 6.8 89 5.2 1272 3348 4620 

16.9 26.4 84 3.8 1348 3083 4431 

3.9 0.1 1.10 0.15 28 19 16 13.9 20.9 82 11 1374 4745 6120* 

15 16.8 2.3 0.70 0.25 29 20 17 14.6 24.7 83 674 3610 4285 

45 

47 

43 

55 

38 

55 

13.0 

8.0 

4.0 

5.0 

16.0 

14.0 

14.0 0.30 0.80 

24.0 0.60 1.10 

22.0 0.90 0.26 

7.0 1.00 0 

12.0 0.50 0.60 

7.0 0.70 0.30 

17 11 10 0 9.4 0.96 45 16 1346 6473 7820* 

14 9.4 9 0 8.6 0.97 61 12 1263 5112 6375* 

10 6.7 6 0 5.8 0.99 73 11 198 4872 5070* 

11 7.4 7 0 6.8 0.98 81 9.9 0 4520 4520 

13 8.8 8 0 7.7 0.98 65 8.1 424 4351 4776 

10 6.7 6 0 5.8 0.99 79 6.9 138 3862 3999 

35 30.0 14.0 0.13 5.00 14 

30 65.0 25.0 0.12 7.00 22 

25 140 45.0 0.13 10.0 34 

9.4 9 0 8.6 0.97 48 8.4 4160 5167 |9327_ 

15 13 1 11.9 7.90 82 2.5 2362 2808 5170 

24 22 9 17.9 34.0 149 0.6 1271 1255 2525 
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30 20.0 8.0 0.16 2.50 11 7.4 7 0 6.8 0.98 41 14 2765 6597 9363' 

28 30.0 10.0 0.16 4.00 12 8.1 8 0 7.7 0.98 51 7.8 2745 4867 7611 

26 45.0 20.0 0.17 5.00 15 10 9 0 8.5 0.97 68 4.1 2008 3516 5524 

24 80.0 30.0 0.17 7.00 18 12 10 0 0.3 0.96 101 1.7 1309 2295 3605 

22 120 45.0 0.20 10.0 20 14 12 2 11 17 138 1.6 1982 2975 4956 

Note: The soil types are arranged in order, from top to bottom, as Sandy Loam 

(Michigan), Dry Sand (LLL), Sandy Loam (LLL), Clayey soil (Thailand), Heavy Clay 

(WES), Lean Clay (WES). 

In the table, each case marked by an asterisk was considered to have excessively 

high sinkage (Z0) values, that is the values exceeded 10 in. This might affect mobility of 

the transport wheels and prevent easy movement on the headland. Thus these cases were 

excluded from further consideration. From the remaining data the maximum rolling 

resistance was found to be 9327 pounds. This value has a box drawn around it in the 

table. 

3.6 DETERMINATION OF LOADS USED IN THE STRUCTURAL ANALYSIS 

From the previous analyses, the various forces or loads acting on the structural 

components were obtained. The worst case, or maximum loading was used for the 

structural analysis calculations. To facilitate viewing of these forces, and allow easy 

comparison among them, tables 3.14, 3.15, 3.16, and 3.17 were constructed. 

Table 3.14 Available maximum torque and traction for the gantry. 

Torque (Tr), in-lb Gross traction (H), lb 

One side 360679 22542 

Both sides 721358 45084 
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Table 3.15 Traveling forces generated for the various load cases analyzed for 

the gantry. 

Horizontal forces 

(lb) 

Maximum value per side Maximum value for both sides Horizontal forces 

(lb) H/2 Rtot/2 Hd/2 H Rtot .  Hd 

Harvesting case 20254 1396 18858 40508 2792 37716 

Chemical application 

case* 

22273 851 22273 44546 1702 44546 

3-DOint-hitch case* 23044 395 23044 46088 790 46088 

Vertical forces 

( lb)  

Maximum value oer side Maximum value for both sides Vertical forces 

( lb)  W s , /2 

CM CO 
5
 Total WS f  WS r  Total 

Harvestina case 781 25814 26595 1562 51628 53190 

Chemical application 

case 

8871 9724 18595 17742 19448 37190 

3-Doint-hitch case 276 9119 9395 552 18238 18790 

A/ofe: 1) The maximum values were not always obtained from the same soil condition, 

rather they were independently chosen. That is, the maximum value for H was chosen by 

comparing the H values only, then, Rtot and Hp were chosen using a similar procedure. 

Thus the net traction, (Hp), was not necessarily equal to the difference between the 

gross traction, (H), and the total resistance, (Rtot)- Those cases are marked by an 

asterisk. 

2) Another horizontal force needs to be considered for the three-point-hitch 

case. This is the maximum draft of 12800 pounds. This draft is not listed in the table, 

but was included in the structural analysis. 
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Table 3.16 Horizontal forces for the gantry turning about its center. 

Load and 

soil 

cases 

Lateral resistance 

(lb) 

Turning 
resistant 
moment 

Thrust 
(lb) 

Rolling resistance 
(lb) 

Side forces on each 
support component 

(lb) 

Load and 

soil 

cases 
F„i Ftf! 

(In-lb) 
Mr Fo F. "out •> Fpr 

Harvesting case 
soft-
soft 17549 5866 1418356 7077 -388 3345 3345 14685 3002 

hard-
hard 15042 5028 1215734 4872 -1527 1672 1672 12587 2573 

soft-
hard 

0*17549 

1*15042 

0*5866 

i'5028 

1317045 6811 -1794 3345 1672 13636 2787 

hard-
soft 

o*15042 

i*1 7549 

o*5028 

1*5866 

1317045 5138 -121 1672 3345 13636 2787 

Chemica application case 
soft-
soft 9715 8099 871089 4837 253 2545 2545 8810 7194 

hard-
hard 8327 6942 746648 3237 -692 1272 1272 7551 6166 

soft-
hard 

0*9715 

1*8327 

o*8099 

1*6942 

808865 4674 -857 2545 1272 8181 6680 

hard-
soft 

0*8327 

1*9715 

0*6942 

1*8099 

808865 3401 416 1272 2545 8181 6680 

Three-pc int-hitch case 
soft-
soft 7775 3635 626249 3278 -18 1630 1630 6839 2699 

hard-
hard 6664 3115 526785 2463 -833 815 815 5771 2222 

soft-
hard 

0*7775 

i*6664 

0*3635 

i*3115 

581496 3160 -715 1630 815 6351 2506 

hard-
soft 

0*6664 

i*7775 

0*3115 

i*3635 

581496 2345 100 815 1630 6351 2506 

* 0- FS1 or FS2 for outside track i- Fsi or FS2 for inside track 
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Table 3.17 Horizontal forces for the gantry turning about one stationary track. 

Lateral resistance for each track (lb) 
Turning 

Thrust 
for 

Rolling 
resist Side forces on each 

Loads and resistant outside ance support component 

soil moment (lb), (lb). (lb) 

cases 
Fk»1 F|o2 Fill FR2 

(in-lb), 
Mr F» R.o. Frt Fpr 

Harvestinq case 

soft-soft 17549 5866 31969 10633 2000442 3345 3345 20716 4206 

hard-hard 15042 5028 25198 8420 1616057 1673 1673 16743 3374 

soft-hard 17549 5886 25198 8420 1727428 3345 3345 17885 3654 

hard-soft 15042 5028 31969 10633 1899010 1673 1673 19666 3991 

Chemical application case 

soft-soft 9715 8099 17602 14678 1224768 2545 2545 12386 10116 

hard-hard 8327 6927 18062 15058 1183089 1272 1272 11966 9771 

soft-hard 9715 8099 18062 15058 1245314 2545 2545 12595 10285 

hard-soft 8327 6942 17602 14678 1162543 1272 1272 11757 9602 

Three-point-hitch case 

soft-soft 7775 3635 14089 6569 880257 1630 1630 9616 3786 

hard-hard 6664 3115 14449 6753 850245 815 815 9286 3663 

soft-hard 7775 3635 14449 3753 894998 1630 1630 9775 3857 

hard-soft 6664 3115 14089 6569 835504 815 815 9128 3593 

Using Tables 3.13 through 3.17, the maximum forces which each structural 

component would have to withstand were determined. These are summarized in Table 

3.18. 
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Table 3.18 The maximum forces which act on the various structural components. 

Vertical forces (lb) Horizontal forces (lb) 

Wr W?f W "w wim D Fpf Fpr R,o. 

Main space frame 53190 
fH) 

-

19200 
(T) 

20716 
fH) 

10285 
(F) -

Front support 
components 

17742 
(F) - -

20716 
(H) - -

Rear support 
components 

- - 51628 
(H) 

- - 10285 
(F) 

-

Three-point-hitch 
components - -

5066 
(T) —

 r
o 

H
 00

 
—

' 
o

 
o

 

- -

Transport 
components 

50898 
(F) - - - - - -

5823 
(F) 

Note: H- harvesting case F- Chemical application case T- three-point-hitch case 

Table 3.18 lists the vertical and horizontal forces as independent values for each 

load case. Once the maximum forces are identified, the corresponding forces developed 

during the same load case must be used to set the proper boundary conditions for 

analysis. For example, to analyze the main space frame, the maximum vertical force 

was obtained from the harvesting case, but the maximum horizontal forces were found 

for a different load case. That is, the maximum horizontal force on the front support 

component was chosen as 20716 lb, while the force on the rear support component was 

chosen from the same load case as 4206 lb (Table 3.17) rather than using the 10285 lb 

shown in Table 3.18. Similar considerations were made for all of the analyses which are 

described in Chapter 4. 
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CHAPTER 4 

ANALYSIS OF THE STRUCTURAL COMPONENTS 

4.1 MATERIALS CHOSEN 

Chapter 3 provides the forces acting on the gantry for each load case considered in 

the design. The material used for the structural components of the gantry had to be 

strong enough to support each of the forces placed on the gantry. In addition, the cost of 

the materials was also an important factor, since reducing cost would help make the 

design commercially acceptable. 

Rectangular or square structural steel tubing and steel plate were considered to be 

suitable materials for most of the components, such as main space frame and the rear 

support attachments. Given their relatively high design stresses, 46 ksi for 500B steel 

tubing and 36 ksi for A36 steel plate, (Salmon, 1980), these were considered to be 

adequate for the structural components. 

4.2 SIZING AND MODELING 

4.2.1 MAIN SPACE FRAME COMPONENTS 

The main space frame was the first component designed, since the other components 

are attached to it. The size of the main space frame was set in Chapter 3 at 394 inches in 

length, 84 inches in depth, and 12 inches in height (all measurements are from center 

line to center line of each member). Figure 4.1 presents a dimensioned drawing of the 

frame. To provide a strong yet light structure, finite element analysis methods were 

used to analyze this structure. 
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394" 

8 4 % / *  

Figure 4.1 Main space frame model. 

Both end sections of the main space frame were set at 29 inches in length. This was 

considered to provide enough space for attaching the tracks, cab etc. The remainder of 

the sections were each set at 48 inches in length. Both tracks were assumed to be located 

under the end sections of the main space frame, as is shown in Figure 4.2. 

Figure 4.2 Track positions relative to the original design of the main space frame. 

To accommodate the tracks, which were taken from the Caterpillar loader, the 

dimensions of the main space frame had to be changed. This was necessary since the 

space between the tracks was set by the 8-row width established as a design constraint. 

To accommodate the front yoke and allow clearance for it to move up into the frame, both 

end sections of the main space frame were increased in length from 29 in. to 38 in. Thus 

the length of the main space frame increased to 412 in. (from center line to center line 

of the end members of the main space frame) from the original 394 in. A comparison of 

the two designs is shown in Figure 4.3. The depth and the height of the main space frame 

remained at 84 in. and 12 in., respectively. 

main space frame 

track 
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b 
394" 

29j ,48*,  j  

(before changes) 

412 
38 48 38 

380" 

(after changes) 

Figure 4.3 Comparison of the original and lengthened main space frame. 

4.2.2 FRONT SUPPORT COMPONENTS 

Front and rear support components were designed to attach the main space frame to 

each of the tracks. Referring to the discussion in section 3.5.2.2, the location at which 

the Caterpillar loader equalizer bars were attached to each track was considered to be the 

most suitable place to attach the front support components. 

A yoke and post assembly, shown in Figure 4.4, was designed for the front 

supports. Since the gantry would have to travel over uneven terrain, a ram was attached 

to each of the front mounts to allow movement between the frame and the yoke assembly. 
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post 

V 

Horizontal plate 

Yoke > o 
(the track sits between the 
yoke side plates) 

Vertical plate 

Figure 4.4 Post and yoke assembly used as part of the front gantry support. 

The post was designed to take the side load when the gantry turned. Each post was 

made of 6 inch square steel tubing, having 3/8 inch thick walls, and had a height of 

approximately 30 inches. Since there were two field working heights for the gantry, the 

post was designed to work at both heights. The difference between the two heights was 

computed to be 16 in., that is the maximum working height minus the minimum. Since 

the height of the main space frame was set at 15 in., from top to bottom, a total post 

length of 31 in. would appear to be sufficient. But, the maximum track height plus a 

clearance of 2.75 in. when added to the thickness of the horizontal plate yielded a total 

height to the top of the horizontal plate of 42 in. The minimum working height for the 

gantry was set to 41 in., thus the yoke had to penetrate the main space frame a distance 

of 1 in. Therefore the height of the post was reduced to 30 in. 

In sizing the yoke, the width of each track was considered. Given the thickness of 

the yoke plating, 1.25 in. (A36 plate), the width of each track of 17.7 in., and the 

clearance between the track and the vertical plates, which was set at 1.75 in., the 

overall width of the yoke was set at 23.7 in. The depth for the yoke was set at 14 in. 

This gave enough room to mount the post (6 in. square tubing centered in the middle) and 

a ram. The height for the yoke was determined from the position of the equalizer bar 
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center, and the clearance required between the top plate of the yoke and the track. This 

clearance was assumed to be 2.75 In. Since the track face is not horizontal under the 

yoke, the minimum clearance was chosen. The final dimensions of the yoke and post 

assembly, and associated track clearances are shown in Figure 4.5. 

26.5" 

23.7 
1.75" 

Figure 4.5 Dimensions for the front support and the associated track clearances. 

A 3 in. round shaft was chosen to attach the yoke to the track. The height from the 

center of this shaft to the bottom edge of the vertical yoke plate was set at 3 in. Then, 

considering the height from the center of the shaft to the ground, which was measured to 

be 18.5 in., the height of the yoke vertical plate was computed to be 26.5 in. from edge 

to edge. 

The difference between the two working heights for the gantry is 16 in. This value 

was used for the minimum stroke of each ram which was attached between the front yoke 
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and the frame which extended above the gantry and acted as the second attachment point. 

The height of this extended frame was arbitrarily set to be 17 in. from center line to 

center line of each member. 

Two plates were added to the support frame to take the side loads which would occur 

when turning. The loads are transferred from the post to one or the other plates 

depending on the direction of travel and type of turn made. The position for the plates 

was set by referring to the location of the post on the front support components. This is 

diagramed in Figure 4.6. 

412* 

e o 
i1 

10" 
r* 

48* L 38" ^ 

e o 
i1 

10" 
r* « 

e o 
i1 

I 
• 

i 
• 
i 

4 

84" e o 
i1 

i 

!"h 

1 
• 
I 

30' 84" e o 
i1 

I ! JL-
• 24" 

84" 

/ track cenler line 380" track center line \ 

11.25" 

h—H 
9.75" 

® : plate 1/4 in. thick and 13.5 in. high. 

Figure 4.6 Main space frame showing the extended frame to which the ram and side 

thrust plates were attached. 
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The height of the plates was determined to be 13.5 in. As the top of the yoke had to 

travel up into the end cell of the main space frame one inch when the gantry was set at 

the minimum height, and provide in order to a clearance of 0.5 in., the bottom cross 

member of the ram support frame was raised 1.5 in. above the bottom of the main space 

frame. Consequently, the plates had a height of 13.5 in., the difference between the total 

height of the main space frame and the clearance of 1.5 in. 

4.2.3 REAR SUPPORT COMPONENTS 

The rear support components were composed of the additional cross member added 

to either end of the main space frame and located 10 in. from the second cross member 

from the end of the gantry (see Figure 4.6), the rear sloping plate which was attached to 

the inside rear of either track assembly, and the box which was used to increase the 

working height of the gantry platform from the minimum to the maximum positions. 

The location for each rear support component was determined by studying the 

position of the track relative to the main space frame. The pivot shaft on the rear part of 

each track, which was used on the Caterpillar loader as an attachment point, was not 

suitable for the gantry since most of the loads were applied through the rear support 

components, and as such the strength of this component was not considered adequate. The 

rectangular box frame on the Caterpillar loader, which held the idler wheel, planetary 

gear box and pivot shaft, appeared to be an appropriate attachment location. This box, 

which had previously formed much of the loader frame, was used as a starting point for 

the design since this could be done without interfering with the pivot shaft and idler 

wheel attachment points. The hydraulic motor, which drove each track, was also 

positioned on the inside face of this box in the Caterpillar design. These motors were left 

in position for the gantry, but had to be taken into account when designing the rear 
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mounting box. The relationship of these components and the track is shown in Figure 

4.7. 

hydraulic 
motor idler wheel 

forward 

track 

rear box frame 
pivot shaft 

Figure 4.7 The relationship of the box frame and other components 

on the Caterpillar loader. 

Since the gantry required two working heights, the rear support components were 

designed to meet this criteria. For the minimum working height, 56 in. from the ground 

to the top of the main space frame, only 3/4 in. clearance existed between the main space 

frame and the top of each rear support box. The 2 in. wide by 3/4 thick plates used to 

attach the boxes to the main space frame, as shown in Figure 4.8, adequately filled in 

this gap. To provide support for these plates, two additional cross members were added 

to the main space frame (see Figures 4.6 and 4.8). The opening shown in the sloping box 

provides a space through which the hydraulic motor extends. 
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main space 

sloping box 

P plates (2 in. wide, 3/4 in. 
thick): plates for filling the 
clearance between the main 
space frame and rear boxes. 

2-TKT^ 
additional cross beam 

1 ^ 
rear box frame 

motor 
30" 

main space 
frame 

i5.5". 
opening P plates 

^center line of 
idler wheel 

_ center line of 
x motor 

22.25" 

sloping box rear box frame 
24" 

center of pivot shaft (ground) 
'////////////////////////////////////////////////////////////////. 

Figure 4.8 Three-view drawing of rear support components (at minimum working 

height) relative to the main space frame and the ground. 

The material used on the rear box frame, which was previously part of the loader, 

was 1/2 in. thick plate. The material used for the sloping box was also 1/2 in.thick 

plate, and was chosen to be consistent with the Caterpillar box frame. When the 

maximum working height is required, an extension box frame is added to provide the 

height difference of 16 inches. The material of this extension box frame was initially 

chosen to be 3/8 in. 
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4.2.4 THREE-POINT-HITCH COMPONENTS 

The three-point-hitch components were required to move along the back of the 

gantry to serve various implement positions, and had to be detachable to allow the gantry 

to be used for other field operations which did not require a three-point-hitch. Based on 

the above requirements and ASAE Standard: ASAE S217.10 (1990), the three-point-

hitch components were defined as the assembly consisting of a moveable frame to which 

was attached an upper and two lower linkages. 

Since the minimum bottom height for the main space frame of the gantry was 41 

in., it was obvious that the three linkages could not be directly attached to the main space 

frame. As a consequence, a frame was designed to provide attachment points for them. 

The ASAE Standard for three-point-hitches provides some of the dimensions required to 

design this component. However, the Standard does not provide all of the dimensions. 

For example, the height at which the lower linkage attaches to the tractor, (the bottom of 

the frame in the case) was set at 18 in. from the ground. This value was established by 

measuring various tractors. The upper and lower linkages used in the design were 

commercially available components found in category II hitches. These were chosen to 

simplify the design process, and ensure compatibility with conventional equipment. The 

three-point-hitch components and their positions relative to the main space frame are 

shown in Figure 4.9. 
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20" 
rectangual frame 

main space 
frame main space frame 

24* 

12". 

ipper linkage 46.5" 6.5' 

cylinder 

lower linkage' 
41" 

32" 
34" 

(ground) 

Figure 4.9 Three-point-hitch components relative to the main space frame 

and the ground. 

4.2.5 TRANSPORT COMPONENTS 

Transport of the gantry was to be accomplished by towing with a tractor or similar 

device. An undimensioned drawing showing the relationship of the transport components 

to the gantry is given in Figure 4.10. 

transporting direction 

tractor 

gantry 

Figure 4.10 Transporting the gantry. 
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The design for the transport components was developed considering two situations: 

with the tires raised, and with tires lowered. The following factors were considered in 

determining the locations and dimensions of the transport components. 

1. The clearance between each lowered tire and the track. 

2. The clearance between each raised tire and the main space frame. 

3. The raised height of the gantry. 

4. The raised height of each transport tire. 

When lowered each tire had to be set as close as possible to the gantry tracks in 

order to minimize the wheel base, (Holt and Tillett, 1989). Since the frame overhang 

the tracks by approximately 9 in., a clearance between the face of each tire and the 

raised tracks was set at 5 in. For mobility during transport, the raised clearance of the 

tracks was set at 12 in. Given these constraints, the length of each wheel attachment 

member, called the transport pivot beam (TP beam), was determined to be 36 in. This 

was measured from the center of the wheel to the center of the attachment on the main 

space frame. The assembly is shown in Figure 4.11. 
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cylinder 

(main space frame) TP beam (36') 
(wheel center, 
when the wheel is 
hitting on the 
ground at the 
lowering 
situation ) 

vertical 
line t 

8.8 

(track) 

(transport wheel) 45.7-D 

17.7 

'//////////////////////////////////////////////A 

Figure 4.11 Dimensions of the transport components and their location relative to the 

gantry showing the two positions for the cylinder and TP beam: 

wheels just touching the ground (—) and the gantry in raised position ( . ) 

When in the field, the transport wheels are raised to provide sufficient clearance 

above the crop. The minimum height for each wheel was set at the minimum gantry 

working height, that was 41 in. In other words, the bottom face of the raised wheels 

should be on the same level as the bottom of main space frame. A drawing of the wheels 

in the raised position is shown in Figure 4.12. 
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(transport wheel) 

\ 
45.7"D 

TP beam (36") (main space frame) 

•G 

8 .8  

(track) 

17.7" 

///////////////////////////////////////////////// 

Figure 4.12 Gantry transport components shown in the raised position. 

The size of the cylinder used to raise each transport wheel had to be determined 

along with the attachment positions for each. The attchment locations on both the main 

space frame and TP beam were computed using geometric analysis. As two ripper 

cylinders were available from the Caterpillar loader these were used in the design of the 

transport components. The dimensions of each cylinder were: 

Bore 4.5 in. 

Rod diameter 2.25 in. 

Stroke 18 in. 

Retracted length 27 in. 

Incorporating the size of each cylinder into the design, a lift mechanism was 

developed as shown in Figure 4.11. As each cylinder was considered to lift 1/4 of the 
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mass of the gantry (12724 lb), plus one half of the mass of mud on the tracks which was 

assumed to be 250 lb for each track, each cylinder was required to lift 12849 lb. From 

Figure 4.11, the angle between the cylinder and vertical was computed to be 46 degrees, 

thus, each cylinder had to lift 12849 / cos46° lb or about 18498 lb. Since the bore of 

the cylinder was calculated to be 16 in.2 a pressure of 1163 psi, which is less than the 

2000 psi maximum available, would be required to raise the gantry. 

The size of the TP beam was chosen as 3 in. square tubing, having 5/16 in. thick 

walls. The structures modelled at each end of the gantry were similar, with the main 

difference being that the towing end was designed with a pivot beam between the two 

wheels. At the middle of this beam, a tow bar and king pin was attached to allow turning. 

A top view showing the location of the transport components in relation to the gantry is 

given in Figure 4.13. 

towing 
direction 

draw bar 

flnpm 

minimi 

1 0 '  

Z 

i «  4 8 " > i  

track center line 

412"  

(rear) 

(front) 

380"  

38"  

30"  

30"  

24"  

track center line 

: transport wheel 

Figure 4.13 Transport components and the main space frame. 
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4.3 INTRODUCTION TO THE FINITE ELEMENT ANALYSIS METHOD AND THE 

PROGRAM ANSYS4.3 

According to Logan (1986), the development of the finite element method began in 

the 1940s in the field of structural engineering with the work by Hrennikoff in 1941 

and McHenry in 1943, who used a lattice of line (one-dimensional) elements (bars and 

beams) for the solution of stresses in continuous solids. From the early 1950s to the 

present, enormous advances have been made in the application of the finite element 

method to solve complicated engineering problems. 

There are two general approaches associated with the finite element method (Logan, 

1986). One approach, called the force, or flexibility, method, uses internal forces as 

the unknowns of the problem. The second approach, called the displacement, or 

stiffness, method, assumes the displacements of the nodes as the unknowns of the 

problem. These two approaches result in different matrices associated with their 

formulations (flexibilities or stiffnesses). It has been shown that, for computational 

purposes, the displacement (or stiffness) method is more desirable because its 

formulation is simpler for most structural analysis problems (Kardestuncer, 1974). 

The finite element method models a structure using small interconnected pieces 

called finite elements. A displacement function is associated with each finite element. 

Every interconnected element is linked, directly or indirectly, to every other element 

through common (or shared) interfaces, including nodes and/or boundary lines and/or 

surfaces. On making use of known stress/strain properties for the material which makes 

up the structure, one can determine the behavior of a given node in terms of the 

properties of every other element in the structure. The total set of equations describing 

the behavior of each node results in a series of algebraic equations best expressed in 

matrix notation. 
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Solving a large series of algebraic equations expressed in matrix notation by hand 

calculation is not easy. Use of a computer program to do this analysis work is both 

necessary and efficient. One can then input the information which defines the finite 

element model into the computer, and let it carry out the tedious part of solving the 

problem. Information input into the computer may include the positions of the element 

nodal coordinates, the manner in which elements are connected together, the material 

properties of the elements, the applied loads, boundary conditions, or constraints, and 

the kind of analysis to be performed. The computer then uses this information to 

generate and solve the equations necessary to carry out the analysis. 

The ANSYS program, introduced by Swanson Analysis Systems, Inc. (SASI) in 

1970, gives researchers and engineers the capability to perform static, dynamic, and 

heat transfer calculations in a single program (ANSYS4.3 User's Manual, 1988). The 

method used by this program to approach finite element solutions is the displacement or 

stiffness method, with a frontal solver technique being employed to reduce the size of the 

assembled matrix used by the computer at any one time. This procedure uses a value 

called the element order number to establish an array of counters in the assembly 

procedure. The counter array contains the element order number for the first and last 

use of every degree of freedom in the total stiffness matrix. 

Since the solution procedure associated with this assembly technique does not store 

the total matrix at one time, only an arbitrary sized array of storages is zeroed before 

the assembly begins. The size of this array determines the size of problem that can be 

solved and is known as the maximum wavefront allowed. The individual element 

matrices are computed, transformed and added to the portion of the total matrix that is 

actively stored. Superposition is automatic since the assembly procedure keeps track of 

which degrees of freedom are active. If a new degree of freedom is introduced, a new row 



1 2 2  

and column is created. If a degree of freedom already exists, the term is added to the 

existing total matrix which is stored. To reduce the maximum wavefront size, the 

elements must be ordered for the solution phase so that the element for which each node 

is mentioned first is as close as possible in sequence to the element for which it is 

mentioned last. In geometric terms, the elements should be ordered so that the 

wavefront sweeps through the model continuously from one end to the other in the 

direction which has the largest number of nodes. 

In 1985, SASI put finite element technology within the reach of most engineering 

firms and departments when it developed derivatives of the ANSYS program for personal 

computers. Now static, dynamic, and thermal analyses, along with solid modeling and 

optimization capabilities, are all available. Thus there are 6 editions of the ANSYS-PC 

program which are ANSYS-PC/ED 4.3, ANSYS-PC/ED/TH 4.3, ANSYS-PC/OPT 4.3, 

ANSYS-PC/LINEAR 4.3, ANSYS-PC/THERMAL 4.3, and ANSYS-PC/SOLID 4.3. This 

research project was done using the ANSYS-PC/LINEAR 4.3 program operating in static 

analysis mode. 

Static analysis is used to determine displacements, stresses, and reaction forces of 

a linear elastic structure under applied loads. Most loading conditions are truly dynamic 

in nature, that is, they vary with time. In many cases, however, this variation is slow 

compared to the natural period of the structure, and consequently the load is considered 

to be static, and a static analysis is performed. As field speeds for the gantry were 

relatively low this form of analysis was considered acceptable. 

A typical set of static procedures used for analysis are: 

1. Lay the foundation. 

Analysis type and options 

Element types 
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System constraints 

Material properties 

2. Build the model. 

Nodes 

Elements 

3. Specify load data. 

Load options 

Boundary conditions 

4. Prepare for solution. 

Wavefront reordering 

Analysis file 

5. Arrive at the solution. 

4.4 MODEL ANALYSES 

For analyzing the model, the most severe load was considered for each load case for 

each structural component. From Chapter 3 it was determined that the worst load case 

occurred when the gantry turned with one track held stationary, in the soft-soft soil 

condition. One exception was when the gantry carried the chemical tank and turned with 

one track held stationary. Here the maximum FPf and Fpr forces were obtained from the 

soft-hard soil condition instead of the soft-soft soil condition. Applying the worst load 

case to each structural component did not necessarily consist of only choosing one load 

condition. For example, the maximum vertical force obtained from one load case on one 

component, might not be the same load case which provided the maximum horizontal 

force on the same component. Thus, each of the following analyses were done using the 

maximum loads on each of the components, with the analysis divided into subsections as 

follows: main space frame, front support, rear support, three-point-hitch, and 
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transport assembly. The draft load on the main space frame components was analyzed 

using the three-point-hitch components since these two components are interconnected 

and consequently affect each other. 

Three material properties were assigned to each component. These were an elastic 

modulus of 30E+6 psi, a poison ratio of 0.3, and a density of 0.283 lb/in3. For reader 

convenience, the input/output data associated with each of the analyses, are presented in 

the following tables along with figures provided by the computer. Since there were two 

different materials used in this design project, ASTM 500 steel tubing and A36 steel 

plate, different maximum values were considered for each of the two materials. 

The computer outputs for each of the analyses are divided into two parts: 

displacement and stress. In the displacement outputs, there are six values represented: 

UX, UY, UZ, ROTX, ROTY, and ROTZ. The UX, UY, and UZ values represent the node 

displacements, with the units of inches, in the x, y, and z directions respectively. The 

ROTX, ROTY, and ROTZ values represent the angular displacements, and are unitless, and 

are associated with the x, y, and z directions respectively. In the stress outputs, both 

SIG1 and SIGE represent the maximum element stresses. SIG1 represents the maximum 

element stress for a tubing element, and is shown with an element number. SIGE 

represents the maximum element stress for a plate element. Since one can mesh a plate 

element into several rectangular or triangular small elements during analysis, SIGE is 

presented with a node number which is the cross point of four small interconnected plate 

elements. 
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4.4.1 MAIN SPACE FRAME COMPONENTS 

Input data for the main space frame components are listed in Tables 4.1 to 4.3. 

Table 4.1 Overall dimensions of the main space frame. 

Lenath (in.) Deoth (in.) Heiaht (in.) 
4 1 2  84 2 9 *  

* This represents the height of main space frame plus the height of the frame 

which was designed for attaching the ram to the front support components. Since the 

extended frames are essentially a part of the main space frame, they were analyzed with 

the main space frame rather than with the front support components. 

Table 4.2 Materials used in the main space frame. 

Item Width (in.) DeDth (in.) Wall thickness (in.) 
Main space frame 

Horizontal & 
vertical members 3 3 3 / 1  6  

Diaaonal members 2 2 3 / 1 6  
Extended frames 

Tubing members 3 3 3 / 1 6  

Plate members 1 0 13 (height) 1 / 4  

Table 4.3 Load cases used for the main space frame component analysis. 

Item 

Wcai2 on 

both support 
component 

attachments 
(lb) 

Load on 

centered 
symmetric 
members 

(lb) 

Cantilevered 

load on the 
rear 

members 
(lb) 

Side force per end Transport component 
load 

Item 

Wcai2 on 

both support 
component 

attachments 
(lb) 

Load on 

centered 
symmetric 
members 

(lb) 

Cantilevered 

load on the 
rear 

members 
(lb) 

FPI 

(lb) (lb) 

Towed end 

(lb) 

The other 
end 
(lb) 

Harvesting 
case 9190 16000 24000 20716 4206 900 800 

Chemical 
application 

case 

9190 24000 - 12595 10285 900 800 

Boundary conditions for the main space frame components are shown in Figures 

4.14 and 4.15 for the harvesting and chemical application cases, respectively. Since 
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these loads could not be applied directly in the analysis model, some of them had to be 

converted to another load type, such as a moment. 

For harvesting, the load was divided into two parts. These were 16000 lb 

symmetrically distributed on the main space frame, and 24000 lb cantilevered behind 

the gantry. The 16000 lb was distributed on 38 elements on top of the main space 

frame. These had a total contact area of 4392 in.2 (element length x 3 in. x number of 

elements), therefore, each element supported a pressure of 3.6 psi along its face. The 

24000 lb load was transferred as moments on 6 nodes, thus it became a value of 9600 

in-lb (24000 lb x 24 in. / 6) acting on each node. Similarly, the transport component 

loads were converted to moments at each attaching node. These were represented as Mz = 

6750 in-lb for each towing end node, and Mz = -6000 in-lb for the nodes on the other 

end of the gantry. 

In the Figures, the subscripts x, y, z represent the directions of the forces or 

moments relative to the global coordinates. Negative signs indicate that the forces or 

moments are in the opposite direction of the positive coordinate. 



MAIN SPACE FRAME (HARVESTING CASE) 

ANSVS 4.3A2 
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DIST=190 
XF =206 
¥F =14.5 
ZF =42 

Figure 4.14 Boundary conditions for the main space frame model, (harvesting case) 



MAIN SPACE FRAME (FERTILIZING CASE) 

ANSYS 4.3A2 
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XF =206 
VF =14.5 
ZF =42 

Figure 4.15 Boundary conditions for the main space frame model, (chemical 

application case) 
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The maximum stresses and displacements obtained during the analysis of the main 

space frame are listed in Table 4.4. The computer generated diagrams for the 

displacements and stresses are shown in Figures 4.16 and 4.17 for the harvesting case, 

and in Figures 4.18 and 4.19 for the chemical application case. 

Table 4.4 Maximum stresses and displacements predicted for the main space frame. 

Displacement Stress 
Factor of 

safety IK 
(In.) 

W 
(in.) 

UZ 
(in.) 

ROTX 
(rad.) 

ROTY 
(rad.) 

HOTZ 
(rad.) 

SIG1 
(lb/in2) 

SIGE 
(lb/in2) 

Factor of 

safety 

Harvesting 
case 

Node or 

element* 91 76 75 75 134 101 16* 94 

Value 
0.0116 0.0457 -0.1046 -0.0014 •0.0009 -0.0006 16877 1114 2.73 

Chemical 
application 

case 
Node or 

element* 91 76 35 15 131 101 16* 112 

Value 
0.0070 0.0243 -0.1831 -0.0006 -0.0015 -0.0004 9028 1722 5.10 

NOTE: 

1. SIG1 is associated with an element rather than a node. SIGE represents the stress on 

a plate element, yet it is represented by a node number. 

2. Factor of safety was obtained by dividing the yield stresses of 46000 psi for steel 

tubing and 36000 psi for steel plate, by the maximum calculated stress. 

3. The factor of safety listed is the minimum value for each particular load case, and 

was calculated for the tubing elements, that is 46000/SIG1, since the plate members 

had a relatively smaller value (SIGE < SIG1). 



MAIN SPACE FRAME (DISPLACEMENT, HftRUESTING CASE) 
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Figure 4.16 Predicted displacements showing the unloaded main space frame (—) 

and deflected frame ( ). (harvesting case) 



MAIN SPACE FRAME (STRESSES, HARUESTINC CASE) 

ANSVS 4.3A2 
AUG 10 1989 
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Figure 4.17 Predicted stresses for the main space frame. The location of the 

maximum stress while turning with a full load is noted, (harvesting case) 
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'•'zmax ™ -0.1831 in. 
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AUG 10 1989 
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HAIN SPACE FRAME (FERTILIZING CASE) 

Figure 4.18 Predicted displacements showing the main space frame (—) and 

deflected frame ( ). (chemical application case) 



MAIN SPACE FRAME (FERTILIZING CASE) 

ANSVS 4.3A2 
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Figure 4.19 Predicted stresses for the main space frame. The location of the 

maximum stress while turning with a full load is noted, (chemical application case) 
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4.4.2 FRONT SUPPORT COMPONENT MODEL 

The results of the analysis of the post and yoke assembly under maximum loads is 

given in this section. Input data are shown in Tables 4.5, 4.6, and 4.7. 

Table 4.5 Overall dimensions of in the front support component. 

Width (in.) DeDth (in.) Heiaht (in.) 

23 1 4 5 6 *  

* This height represents the total height of the yoke and post, which were 26 in. 

and 30 in., respectively (see Figure 4.5). 

Table 4.6 Materials used in the front support components. 

Item Width (in.) Depth (in.) Thickness (in.) 

Post (tubinq) 6 6 3/8 (wall) 

Yoke (plate) _ ij 

Table 4.7 Load cases for the front support components. 

Item Wsf on each support component (lb) FDf on each support component (lb) 

Harvesting case 781 20716 

Chemical 

application case 

8871 12595 

The boundary conditions used when modelling the front support components in the 

harvesting and chemical application cases are shown in Figures 4.20 and 4.21, 

respectively. 
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Figure 4.20 Boundary conditions for the front support. (harvesting case) 
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Figure 4.21 Boundary conditions for the front support. (chemical application case) ....... 
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The ANSYS program provided two sets of results. The maximum stresses and 

displacements are listed in Table 4.8. Figures 22 and 23 show the displacement and the 

stress diagrams, respectively, for the harvesting case, while Figures 24 and 25 are for 

the chemical application case. 

Table 4.8 Maximum stresses and displacements predicted for the front support. 

Displacement Stress 
Factor of 

safety IK 
(In.) (in.) 

12 
(in.) 

RCJTX 
(rad.) 

ROTY 
(rad.) 

ROTZ 
(rad.) 

SIGE 
(lb/in2) 

Factor of 

safety 

Harvesting 
case 

Node 
167 148 165 161 150 166 158 

Value 
-0.0097 0.0280 -0.3992 -0.0145 •0.0066 0.0014 23253 1.55 

Chemical 
application 

case 

Node 
167 148 165 161 150 166 158 

Value 
-0.0434 0.0318 -0.2422 -0.0088 -0.0039 -0.0020 14381 2.50 

NOTE: 

1. The factors of safety for both cases were computed by (36000 / SIGE). 
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FRONT SUPPORT COMPONENT FOR THE GftNTRV 
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Figure 4.22 Predicted displacements for the front support showing the unloaded 

model (—) and deflected model ( ). (harvesting case) 
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Figure 4.23 Predicted stresses for the front support Location of the maximum 

stress is noted. (harvesting case) 
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Figure 4.24 Predicted displacements for the front support showing the unloaded 

model (—) and deflected model ( ). (chemical application case) 
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4.4.3 REAR SUPPORT COMPONENTS 

Since there were two working heights for the gantry, the rear support components 

were designed with an extension box to facilitate this adjustment. Without the extension 

box, the rear support components were stronger since the bending moments were less. 

Therefore, only the model which included the extension box was analyzed. Input data for 

this model are shown in Tables 4.9, 4.10, and 4.11. 

Table 4.9 Overall dimensions of the rear support component. 

Width (in.) Depth (in.) Heiaht (in.) 

65 1 3 38 j* 4 

* This height represents the total height and is the sum of the heights of the lower 

box and extension box, which were 22 j in. and 16 in., respectively. 

Table 4.10 Materials used in the rear support components. 

Item Rear box frame Sloping box and 

extension box 

Bolting plate 

Thickness (in.) 1 / 2  1/2 or 3/8 3 / 4  

Table 4.11 Load cases for the rear support components. 

Item WSr on each support component (lb) FDr on each support component (lb) 

Harvesting case 25814 4206 

Chemical 

application case 

9724 10285 
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To convert the forces to the boundary conditions required by the program, two load 

types were used. WSr. the vertical load, was converted to a pressure on the plate which 

joined the sections. Since the total area of the plates was 

(17 in. x 2 in. + 23 in. x 2 in.) x 2 = 160 in.2, 

the pressures for harvesting and chemical application cases were input as 

Ph = 25814 / 160 = 161 psi, and 

Pf = 9724 / 160 = 61 psi, respectively. 

Fpr, the side force applied when the gantry turns with one track held stationary, was 

assumed to be distributed over 20 bolt positions on the four plates. Consequently, each 

position or bolt was assumed to carry 213 pounds (4206 / 20) in harvesting case and 

514 pounds (10285 / 20) in the chemical application case. The boundary conditions 

used for the rear support components in the harvesting and chemical application cases 

are shown in Figures 4.26 and 4.27. 
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Figure 4.26 Boundary conditions for the rear support components. (harvesting case) .......... 
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Using 3/8 in. thick plate for the extension box and 1/2 in. thick plate for the 

sloping box, the maximum stresses and displacements were predicted by ANSYS. These 

are shown in Table 4.12. Figures 28 and 29 show the displacement and the stress 

diagrams, respectively, for the harvesting case, while Figures 30 and 31 are for 

chemical application case. 

Table 4.12 Maximum stresses and displacements for the rear support. 

Displacement Stress 
Factor of 

safety IK 
(in.) 

LV 
(In.) 

IZ 
(in.) 

ROTX 
(rad.) 

ROTY 
(rad.) 

ROTZ 
(rad.) 

SIGE 
(lb/in2) 

Factor of 

safety 

Harvesting 
case 

Node 
151 149 141 29 23 158 170 

Value 
-0.0047 0.3259 -0.8223 •0.0296 0.0058 -0.0018 11831 3.04 

Chemical 
application 

case 

Node 
150 152 141 29 23 92 170 

Value 
-0.0080 0.5769 -1.489 -0.0540 0.0103 -0.0032 21095 1.71 

The maximum displacement in the Z direction, UZ, for the chemical application 

case was found to be approximate 1.5 in. As this value seemed excessive the thickness of 

the material in the extension box was increased to 1/2 in. The ANSYS program this time 

indicated that the maximum displacement in the Z direction was 1.476 in., an 

insignificant improvement. Since the maximum stress using 3/8 in. thick plate for the 

extension box, did not exceed the yield strength, this thickness was determined to be 

adequate. However, to make a more rigid structure and eliminate potential problems, 

gussets were place around the 2 in. bolting plates. In addition, gussets were also set 

inside of the extension box's lower corners at the location where the maximum stresses 

were predicted. 
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Figure 4.28 Predicted displacements for the rear support showing the unloaded model 

(—) and deflected model ( ). (harvesting case) 
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Figure 4.30 Predicted displacements for the rear support showing the unloaded model 

(—) and deflected model ( ). (chemical application case) 
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4.4.4 THREE-POINT-HITCH COMPONENTS 

As discussed in Chapter 3, a rotary tiller provides the maximum draft, 12800 lb, 

for an implement having a working width of 160 in. Since the maximum available 

implement width is 80 in., two three-point-hitch components were required, with each 

hitch carrying a draft of 6400 lb. In order to apply this draft to each of the three-

point-hitches, the forces transferred to the three linkage beams had to be calculated. 

The procedures described by Alcock (1986) were used to calculate the forces on 

the three-point-hitches. Figure 4.32 presents the loading diagrams for one three-

point-hitch and implement. 

(three-point-hitch side) 

34 

(implement side) 

a = 20' 

= 816 lb 34 b = 16' e = 32' 

D =6400 lb 

Figure 4.32 Free body diagrams of the three-point-hitch and implement which were 

used to convert the draft on the upper and lower linkages into 

forces on the main gantry frame. 

Since the diameter of the rotary tiller was approximately 40 in., the distance (e) 

from the center of gravity of the implement to the end of lower link attachment point on 

the implement was estimated to be 32 in. The clearance between lower link attachment 

point and the ground, shown as b, was estimated as 16 in. The distance (a) from the 
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lower linkage attachment point to the upper linkage point was set at 20 in. The draft 

(D) was assumed to act 2 in. below the surface of the ground, that is, half of the cutting 

depth. Defining the draft transferred on the upper and lower linkages as T and L, 

respectively, the following calculations were completed: 

ZML = 0, T(a) - D(b + 2) - W|(e) = 0, 

SMT = 0 L(a) - D(a + b +2) - W|(e) = 0. 

Yielding, T = [6400(18) + 816(32)]/20 or T = 7066 lb, 

L = [6400(38) + 816(32)]/20 or L = 13466 lb. 

L, however, must be divided by 2 to obtain the force on each lower linkage, that is, 6733 

lb. This was applied to each lower linkage with the direction of the force being toward 

the frame. Table 4.13 shows the material dimensions for the three-point-hitch 

components, and Figure 4.33 presents the boundary conditions for three-point-hitch 

components. 

Table 4.13 Materials used for the three-point-hitch components. 

Item Width (in.) Depth (in.) Wall thickness (in.) 

Rectangular frame 3 3 5 /16  

The initial run with the model showed the main space frame to be structurally 

unsafe when the draft load was applied. To prevent the main space frame from failing, 

diagonal beams were added to the rear cells between the lower frame members. These 

beams used the same material as was specified for the diagonal elements in the vertical 

members of the main space frame, that is, 2 in. square steel tubing having 3/16 in. 

thick walls. 
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Figure 4.33 Boundary conditions for the three-point-hitch components. 
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The maximum predicted values of stresses and displacements for the three-point-

hitch components are shown in Table 4.14. 

Table 4.14 Maximum stress and displacements for the three-point-hitch components. 

Displacement Stress Factor of 

safety IK 
(in.) 

IX 
(In.) 

UZ 
(in.) 

ROTX 
(red.) 

RCJTY 
(rad.) 

ROTZ 
(rad.) 

SIG1 
(psi) 

Factor of 

safety 

Node/ 

element* 

175 161 161 154 75 138 157" 

Value 
-0.0324 -0.9317 -0.5944 0.0260 0.0216 0.0021 43987 1.05 

Studying the displacements or stresses given above, one could not have much 

confidence in the safety of this design. Thus, another material was used, the dimensions 

of which are shown in Table 4.15. The maximum predicted values of stress and 

displacement when using the second material are shown in Table 4.16. Obviously a 

significant improvement has taken place. Figures 4.34 and 4.35 represent the 

displacement and stress diagrams, respectively, for this second choice of tubing. 

Table 4.15 Material dimensions for the three-point-hitch frame. 

Item Width (in.) Depth (in.) Wall thickness (in.) 
Rectanqular frame 3 4 1 /4  

Table 4.16 Maximum stress and displacements for the three-point-hitch components. 

Displacement Stress Factor of 

IK Uf IE ROTX RCfTY HOIZ SIG1 safety 
(in.) (In.) (in.) (rad.) (rad.) (rad.) (PSi) 

Node/ 157 161 161 158 183 186 157* 
element* 

Value 
-0.1323 -0.8175 -0.5169 0.0174 0.0049 0.0022 34943 1.32 
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3-P-H LOAD CASE 
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Figure 4.34 Predicted displacements for the three-point-hitch showing the unloaded 

model (—) and inflicted model ( ). 
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Element 157 ——— 

SIG-lmax = 34943 lb/in' 
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ANSYS 4.4 
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JUN 10 1991 
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Figure 4.35 Predicted stresses diagram for the three-point-hitch components. The 

location of the maximum stress is noted. 
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4.4.5 TRANSPORT COMPONENTS 

For the transport components, the worst case was considered to occur when the 

transport wheels were lowered to raise the gantry from the soil. The model used in the 

analysis included the main space frame, since the safety of main space frame members 

also required checking under this load condition. The materials which were used in the 

transport components are listed in Table 4.17. The load cases are shown in Table 4.18. 

Boundary conditions for the transport components are shown in Figure 4.36. 

Table 4.17 Material dimensions for the transport components. 

Item Width (in.) Depth (in.) Thickness (in.) 

Transport beam and 

extension beams 
3 3 3 /16  

Towed beam 4 4 1 /2  

Table 4.18 Load cases for the transport components. 

Item 
WCat1 on each support component attachments 

on the main space frame 
(lb) 

Rolling resistance for each tire 

(lb) 

Towed end 
5743 9327 

The other end 
5743 9327 



W - 5743 lb 

W = 5743 lb 

W = 5743 lb 

W = 5743 lb 

R = 9327 lb (x4) 

TRANSPORT COPMPONENTS ON A GANTRY 

ANSVS 4.3A2 
AUG 11 1989 
22:49:51 
PLOT NO. 1 
ELEMENTS 

XV =1 
¥U =1 
ZU =1 
DIST=210 
XF =225 
VF =18 
ZF =42 

Figure 4.36 Boundary conditions for the transport components. 
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The maximum predicted stresses and displacements are listed in Table 4.19, while 

the displacement and stress diagrams are shown in Figures 4.37 and 4.38, respectively. 

Table 4.19 Maximum stressesjand displacements predicted for 

the transport components. 

Displacement Stress 
Factor of 

IK l£ RCJIX RCflY RUIZ S(G1 SEE safety 
(in.) (In.) (in.) (rad.) (rad.) (rad.) (psi) (psi) 

Node/ 

element" 116 15 35 141 160 10 160* 90 

Value 
-0.0475 -0.1970 -0.3489 -0.0023 -0.0019 0.0018 22885 291 2.01 

NOTE: 

1. SIG1 is associated with an element number rather than a node number. 

2. Factor of safety = 46000/22885 = 2.01. 



node 35 

^Zmax = - 0.3489 in. 

TRANSPORT COMPONENTS ON A GANTRY 

ANSVS 4.3A2 
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Figure 4.37 Predicted displacements for the transport components showing the 

unloaded model (—) and deflected model ( ). 
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Figure 4.38 Predicted stresses diagram for the transport components. The location of 

the maximum stress is noted. 
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4.5 DISCUSSION 

Checking the factor of safety for each model under the extreme load case helps one 

determine the optimum materials. Theoretically, the factor of safety has to be greater 

than 1 to ensure safety of a structure. Conventional steel structural design always sets 

the factor of safety between 1.5 and 2.0 (Salmon, 1980). Factors of safety computed 

during the analysis of the various gantry components are summarized in Table 4.20. 

Table 4.20. Factor of safety for each gantry component which was modelled. 

Model 
& 

Main space frame 
Front support 
components 

Rear support 
components 

3-
Transport 

Load 

case 
Harvesting 

Chemical 

application 

Harvesting 
Chemical 

application 

Harvesting 
Chemical 

application 

point-

hitch 
components 

F. S. 2.73 5.10 1.55 2.50 3.04 1.71 1.32 2.01 

From Table 4.19, one finds that the factor of safety for the three-point-hitch 

components is less than 1.5. The draft used in the analysis was considerably larger than 

the gantry would most likely encounter during normal field operations. Therefore, the 

frame which was designed to provide attachment for the three-point-hitch was left as 3 

inch wide, 4 inch deep rectangular steel tubing having 1/4 inch thick wall. 

A summary of the materials and their dimensions used for each structural 

component in the gantry are shown in Table 4.21. These were considered to be the 

optimum based on the analyses conducted, and are provided in tabulated form for 

reference purposes. 
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Table 4.21. Recommended materials and structural members to be used in the 

fabrication of the field gantry. 

Component Width 

( in . )  

Depth 

( in . )  

Thickness 

( in . }  

Steel type Remark 

main 3 3 3 /1  6  ASTM500B 
horizontal & 

vertical elements 
space frame 

2 2 3 /1  6  Steel tubing diagonal elements 

3 3 3 /1  6  ASTM500B extension frame 

f ron t  6 6 3 /8  Steel tubing post 

support 
- - 1 /4  A36 

side-load taking 

plate 

'i 
plate yoke 

1 / 2 sloping box 

rear support 3 / 8  A36 plate extension box 

_ 3 /4  

A36 plate 

2 in. bolting plate 

3 -po in t -

hitch 3 4 114 
ASTM500B 

Steel tubina 
rectangular frame 

3 3 3 /1  6  ASTM500B transport beam 

transport 
4 4 1 12 

Steel tubing towing pivot beam 
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CHAPTER 5 

SUMMARY AND CONCLUSIONS 

The following points summarize the activities and findings of this research 

project, the objective of which was to design and analyze the structural components of a 

field gantry. 

1. Four load cases, each of which was applied to two different turning situations, 

were used to determine the horizontal and vertical forces acting on the gantry 

frame. These forces were examined, and the extreme values were used to 

generate the boundary conditions for the finite element analyses of the 

various structural components. 

2. The horizontal forces applied to the main space frame, front support, and 

rear support components were determined to be maximum when the gantry 

turned about a stationary track in the soft-soft soil condition. For the three-

point-hitch components and transport components, draft and rolling 

resistance were found to provide the extreme horizontal forces, respectively. 

3. The vertical force applied to each structural component was developed from a 

combination of the structural mass, plus the applied load for each particular 

case. 

4. The commercially available finite element analysis program, ANSVS, was 

used to analyze each structural component. The optimum material 

dimensions, determined through the analysis process, are summarized in 

Table 4.21. 

5. The predicted factors of safety ranged from 1.32 to 5.10. The minimum 

value, 1.32, was found for the three-point-hitch components. Since the 

draft value used in the analysis was considerably larger than the gantry 
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would most likely encounter during normal field operations,, the factor of 

safety was considered to be acceptable. The remaining factors of safety were 

greater than 1.5. Thus, the design was considered to be relatively safe. 
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APPENDIX A 

Computer drawings showing changes made in the main space frame during the course of 

the analysis. 
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height. Cab, tank, etc. were to be set inside the side members. 
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Figure A.2. Frame height reduced to 36 in. Cross members have been added to the top of 

the frame, (shown as a symmetric drawing) 
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