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ABSTRACT 

The computer program WHEEL 1s a mathematical model which 

predicts off-road vehicle performance characteristics. The program was 

developed using empirical relationships resulting from mobility tests 

on conventional-sized trucks and tires. The model was subsequently 

validated by comparing the model's predicted values of vehicle 

performance parameters, such as net drawbar pull, slip, slnkage and 

torque, with field test results for conventional-sized vehicles. 

However, validity of the model for predicting the off-road mobility 

of vehicles with large diameter tires was not established. The pur

pose of this study was to provide this validation. 

Values of net drawbar pull and slip for a Case 2390 tractor 

with 70.2" diameter driven wheels predicted by computer program WHEEL 

compare favorably with traction data obtained from tractor performance 

tests conducted by the University of Arizona Department of 

Agricultural Engineering. Therefore, the model may be used 

confidently to analyze performance of vehicles with large diameter 

wheels. 
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INTRODUCTION 

The computer program WHEEL is a mathematical model for the 

analysis of pneumatic tire-soil Interaction (Karaflath, 1974). It 

uses soil mechanics principles together with empirical relationships 

to predict a vehicle's off-road mobility given certain soil, tire 

and vehicle characteristics. The model 1s in the form of a FORTRAN 

computer program that calculates the relationships between n«t draw

bar pull and slip, net drawbar pull and torque, slip and slnkage, 

and rlmpull and torque for the soil-t1re-vehicle combination being 

studied. 

The WHEEL model has been validated by laboratory and field 

tests for conventional-sized trucks and tires (Karaflath and Nowatzkl, 

1978). The tests indicated that for those vehicles, tire inflation 

pressure has a considerable effect on vehicle performance. Matthews 

and Nowatzki (1988) investigated the effects of varying the tire Infla

tion pressure on the mobility performance of a large-scale mining haul 

truck with the WHEEL model. Tire sizes of these vehicles are large 

compared to the tire sizes used 1n the conventional-sized vehicle 

validation tests. The parametric study showed that moderate deviations 

of the tire Inflation pressure from the recommended values scarcely 

affect vehicle mobility over a range of slips for a given tire. 

Reductions of 40-50% in Inflation pressure still do not significantly 

affect the overall performance of the vehicle. However, the range of 



slips over which the vehicle 1s mobile decreases slightly and the 

possibility of decreased mobility due to rutting Increases as the 

sinkage of the tires Increase. The absence of significant change of 

vehicle mobility with change 1n tire Inflation pressure is probably a 

result of the Increased carcass stiffness of larger tires as compared 

to the smaller tire sizes used 1n the original validation tests. 

The results of the study by Matthews and Nowatzkl (1988) led 

to the next logical step of the mobility research being undertaken in 

the Department of C1v1l Engineering and Engineering Mechanics at the 

University of Arizona; that 1s, the validation of the model for vehi

cles with large diameter pneumatic tires. Unfortunately, data regard

ing the performance of large-scale mining and construction equipment 

are highly proprietary and manufacturers are unwilling to release such 

data for general use. Therefore, information from tractor performance 

tests performed by the Department of Agricultural Engineering at the 

University of Arizona are employed 1n this study (Coates, 1988). 

The results of the 1982 University of Arizona tractor tests 

are compared to the predictions of tractor performance computed by 

WHEEL. Before the results of WHEEL are compared with the field test 

results and the validity of the model is determined, a review of the 

pertinent research literature and a description of the WHEEL model is 

presented. This 1s followed by a discussion of the Input and output 

parameters of the WHEEL model and a summary of the University of 

Arizona tractor test data. Then a description of the specific soil, 

tire and vehicle Input data used to test the accuracy of the WHEEL 

program is reviewed. The results of the current research and 



conclusions regarding the validity of the model are then presented. 

Finally, recommendations for further research are offered. 
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LITERATURE REVIEW 

The study of off-road mobility 1n the past may be broadly 

categorized Into several areas of Investigation. 

1. Basic theories explaining running gear-soil Interaction beneath 

rigid wheels Including, for example, stress distributions beneath the 

wheel, geometry of the contact area and computational methods to pro

duce quantitative results. 

2. Basic theories describing running gear-soil Interaction beneath 

pneumatic tires. 

3. Laboratory testing 1n soil bins using various soil types, 

differing sizes of rigid wheels, various sizes, treads and Inflation 

pressures of pneumatic tires, and model testing of differing vehicle 

types and loads. 

4. Field testing of tractors and other farm equipment, military 

vehicles and small haul trucks, most often performed on prepared soil 

surfaces. 

5. Empirical equations and computer simulation models to predict 

vehicle performance given specified Input parameters. 

A chronological review of the basic theories related to running gear-

soil Interaction and their resulting predictive methods follows. 

In 1956, Bekker presented a generalized form of Letoshnev's 

(1936) pressure-sinkage equation, which was Itself a modified form of 

Bernstein's (1913) equation, 1n order to correlate the rolling 
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resistance of towed wheels with parameters obtained by forcing plates 

or footings into the soil. He developed the following equation for 

rigid wheels and tracks. 

where 

p = K Vn (1) 

p = unit pressure 

K = constant for a given penetrating element in a 

given soil; K is a power function of area (A) 

V = volume displaced 

V = A * Z 

Z = depth of penetration 

A = area of footing 

n = constant for a given penetrating element in a 

given soil 

Bekker assumed the soil reaction at any point to be radially directed 

and equal to the normal stress beneath a horizontal footing at the same 

depth. Slnkage could then be calculated since the depth of penetration 

(Z) equals-the volume displaced (V) divided by the area of the footing 

(A). 

Janosi and Hanamoto (1961) developed an empirical relationship 

between shear stress and slip for tracked vehicles by analogy with the 

direct shear test. The equation can be modified for rigid wheels and 

pneumatic tires by including the constant jo, which is the threshold 

perimeter shear at which movement begins. The Janosi-Hanamoto 

equation is 
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Taob = T«*x ( 1 - e-<J+Jo>/k ) (2) 

where 

T*ob = mobilized Interface shear stress 

t*«x = maximum Interface shear stress 

j = slip 

jo = threshold perimeter shear 

k = empirical constant 

j = 1 - _v_ 
vt (3) 

where 

v = actual travel velocity 

vt = theoretical travel velocity 

Van den Berg and Gill (1962) measured the soil Interface 

stresses Induced on loaded tractor tires and produced pressure contours 

under a smooth pneumatic tire on firm sand for several Inflation pres

sures. They made the following observations: 

1. The contact area decreases with Increasing Inflation pressure. 

2. The maximum edge stress 1s independent of Inflation pressure 

although its extent along the contact area length Increases with 

increasing Inflation pressure. 

3. The mean stress over the central contact area may be assumed 

constant. 

4. The maximum stress shifts forward with decreasing Inflation 

pressure. 



Sela (1964) modified the Mohr-Coulomb equation to describe 

shear strength as a function of soil strain. This was done to explain 

the varying shapes of the stress-strain curve of a cohes1ve-fr1ct1onal 

soil with normal pressure on the shear plane. Poletayev (1964) inves

tigated tha horizontal and vertical soil deformation around a rigid 

wheel and measured the concomitant pressure distribution on the r1m 

of the wheel. McRae (1964), in developing his load-flow hypothesis, 

assumed that the load-sinkage curve for a towed wheel 1n soil 1s 

defined by an exponential function. He applied the load-flow concept 

to pneumatic tires using a moving chord method, by which the volume 

of soil displaced by a moving tire 1s estimated. Garbari (1964) eval

uated the rolling resistance of rigid wheels and deformable tires, 

individually and in groups, by assuming a linear pressure-sinkage 

relationship for the underlying terrain. He demonstrated that the 

rolling resistance depends on the wheel arrangement and vehicle load 

distribution. Concurrently, Schuring (1964) developed equations for 

rolling resistance and tractive force to describe the performance of a 

rigid wheel on deformable ground. He found that the rolling resistance 

Involved 1n vehicle operation on dry sand varies by the third power of 

a linear scale factor and by the second power of a linear scale factor 

when operations are on a plastic loam. 

Frietag and Smith (1966) examined centerllne deflections of 

tires having various Inflation pressures, wheel loads and slip values 

on a variety of soils with differing strengths. They found that as the 

tire stiffness relative to the soil stiffness Increases, the tire shape 



approaches the shape of a rigid wheel and slip Increases for a given 

wheel load. 

Wong and Reece (1967) determined driven and towed rigid wheel 

performance by considering the distribution of radial and tangential 

stresses on the soil-wheel Interface, taking Into account the soil 

characteristics, wheel dimensions and slip. They developed a computer 

program to predict vehicle performance. McRae (1967) derived an 

empirical equation to predict the net drawbar pull for a single driven 

wheel. He defined this net drawbar pull as the gross thrust minus the 

towed force. The gross thrust can be approximated by the product of 

the approximate area of the wheel to ground contact and an "effective 

shear strength" parameter. 

Wiendleck (1968b) questioned the widespread usage of Janosl and 

Hanamoto's (1961) shear stress-displacement equation and Bekker's 

(1960) pressure-slnkage relation. He showed that the Janosl and 

Hanamoto shear stress-displacement equation (Equation 2) Implies that 

the soil next to the wheel 1s 1n an Intermediate stress state between 

elastic and plastic behavior. However, slnkage of the wheel dictates 

that the soil next to the wheel must be in a state of plastic failure. 

Wiendleck (1986b) also preferred that the empirical parameters of the 

pressure-sinkage equation include geometrical parameters and plasticity 

constants as proposed by Wills (1963, 1966), Reece (1965), and Witney, 

Hettiaratchi, and Reece (1966), as opposed to Bekker's notion that 

these parameters are related to stress-strain values only. Wlendieck 

(1968b) also showed that values of empirical parameters obtained from 

the same type of plate load test vary among researchers and that the 



values also vary among different types of plate load tests. He 

questioned the validity of the similarity proposed by Bekker between 

plastic soil behavior beneath a plate and plastic soil behavior beneath 

a rigid wheel. W1end1eck concluded that soil-wheel Interaction must be 

studied directly and not by analogy to simple test results. In another 

paper, Wlendieck (1968a) divided the three-dimensional soil-wheel 

interface into three areas of soil behavior within the failure zone in 

order to describe the variation of the shear-to-normal stress ratio. 

Schwanghart (1968) developed a theory to describe the lateral 

forces on a steering pneumatic tire in yielding soil. He presented an 

equation for the lateral shear stress distribution on the side of the 

tire that uses a simple pressure distribution in the contact area 

analogous to those found in rigid track lateral force theories. The 

lateral stress exerted on the embedded wheel segment during Inclined 

travel constitutes another lateral force component which must be 

Included in a modified Mohr-Coulomb equation. 

In 1969, Dagan and Tulin assumed soil behavior to be rigid-

plastic and made several other simplifications to generate slip line 

fields mathematically and to determine normal stress distributions for 

a driven wheel. Krick (1969) measured the radial and shear stress 

distributions under rigid wheels and pneumatic tires at varying values 

of slip. He found that tire deformation greatly decreases the amount 

of load which can be carried on the running gear. 

Karafiath (1971) developed a set of differential equations of 

plastic equilibrium by combining the Mohr-Coulomb failure criterion 

with the differential equations of equilibrium. He developed a 



computer program to solve these equations by a finite difference method 

and to generate stress distributions and slip line fields beneath a 

driven wheel. 

Turnage (1972) reported the results of experiments performed at 

the U.S. Army Corps of Engineers Waterways Experiment Station (WES) 1n 

which an approximately uniform stress distribution was found to exist 

over the central contact area of treadless tires on a rigid surface. 

Nowatzki and Karafiath (1974) extended their plasticity theory-

based computer program to compute load, drawbar pull and torque from 

the computed interface stresses for pneumatic tires. Straight-line 

"average" Mohr Coulomb failure envelopes were found to produce consid

erable error 1n vehicle performance values for soils with nonlinear 

failure envelopes. They addressed this problem by developing a method 

to account for general yield conditions Including nonlinear Mohr 

Coulomb failure envelopes. 

Chung and Lee (1975) considered a cohesive-ffictional soil by 

using Kotter's quasi-static equilibrium equations and the Mohr-Coulomb 

criterion. This approach satisfied Sheld's velocity conditions along 

the characteristic lines. They proposed a method 1n which both the 

rate-dependent Inelastic properties and inertia effects are taken into 

account. They used the concept of critical state soil mechanics to 

account for the soil's strain-hardening behavior. 

Yong and Fattah (1976) predicted wheel performance and soil 

behavior using a finite element method. An empirically-determined soil 

particle path is used as displacement Input for the model to predict 

soil response. Energy concepts are used to evaluate the wheel-soil 



Interaction at any value of slip. The load 1s Increased Incrementally 

until the steady-state wheel travel mode 1s reached. 

Melzer (1976) described a WES system for predicting maximum 

pull and torque for a pneumatic tire operating on sand at various 

values of slip. His empirically-derived equations are 1n the form of 

dimenslonless parameters for ease of comparison. Gee-Clough (1976) 

amended Bekker's rolling resistance theory to include deep sinkage and 

skidding for a free rolling, towed rigid wheel on a totally cohesive 

soil and a totally frictlonal soil. 

Karaflath and Nowatzkl (1977) disputed the validity of Gee-

Clough's (1976) amended version of Bekker's rolling resistance theory 

which includes deep sinkage and skidding for a towed rigid wheel. The 

authors asserted that Bekker's theory 1s based on the false assumption 

that the average normal stress below a plate loaded to bearing capacity 

is not only analogous, but 1s equivalent to the normal stresses 

beneath a rigid wheel. The authors showed that the normal and shear 

stress distributions resulting from Gee-Clough's revised theory do not 

correctly model observed stress distributions for rigid wheels on sand 

or clay. Karafiath and Nowatzkl also presented graphs that show the 

lack of correlation between Gee-Clough's skid predictions and the 

measured skid values for the tests from which his rolling resistance 

data was taken. Karafiath and Nowatzkl defined skidding of rigid 

wheels to be a result of the unbalanced moment produced by the skewed 

shear stress distribution relative to the normal stress distribution 

underneath the wheel. 
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Fujimoto (1977) addressed the difficulty of describing the 

performance of pneumatic tires due to the lack of equations to express 

deformation on yielding soils. He treated the pneumatic tire as a 

larger diameter rigid wheel which resulted 1n values which he 

considered sufficiently accurate for practical use. 

Yong, Fattah, and Boonslnsuk (1978) extended the finite element 

method for rigid wheel-soil Interaction to: (1) take Into account the 

tire carcass flexibility, (2) obtain simpler boundary condition speci

fications using Input loading, and (3) produce normal and tangential 

stress distributions with varying slip values. 

Karafiath (1986) amended his t1re-so1l Interaction model to 

Include consideration of the lateral forces developed on steering 

tires. These lateral forces are generated by shear stresses 1n the 

soil-tire contact area and the horizontal component of the normal 

stresses acting on the embedded portion of the curved side walls of 

the tire. Karafiath (1988) exhibited how easily his model can be used 

to estimate the rolling resistance of a vehicle on various surfaces. 

Since the rolling resistance 1s a function of the applied torque on the 

wheels, the value can be related to the rimpull of the vehicle. The 

rimpull value can be used in conjunction with the rimpull-speed rela

tionships provided by vehicle manufacturers in order to optimize haul-

time calculations or to determine the appropriate vehicle for use on a 

site. 
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THE MATHEMATICAL MODEL FOR VEHICLE 
MOBILITY CONTAINED IN THE 
COMPUTER PROGRAM WHEEL 

The mathematical model for pneumatic t1re-so11 Interaction used 

1n this research was developed by Karaflath (1974) and 1s described by 

Karaflath and Nowatzkl (1978). A discussion of the general concepts of 

pneumatic t1re-so1l Interaction, the underlying assumptions of the 

theory and the actual process by which the computer program determines 

vehicle performance values follows. 

When the stress state of the soil beneath the tire "footing" 

1s at the point of Imminent plastic flow, both equilibrium and yield 

conditions are fulfilled. The general differential equations of 

equilibrium can therefore be used in conjunction with the Mohr-

Coulomb failure criterion to generate a set of differential equations 

for plastic equilibrium. The Mohr Coulomb failure criterion is the 

most commonly used failure criterion for soils. Figure 1 1s a sche

matic diagram of the tire-soil Interaction assumed in this model. 

Although the mathematical model predicts the performance of 

vehicles equipped with pneumatic tires, the theory was initially 

developed for rigid wheels. The following assumptions were made to 

transform the program from rigid wheel to pneumatic tire analysis: 

1. Tires have constant width in both the deformed and undeformed 

states so that the tire may be represented by Its centerllne geometry. 
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TIRE RETURNS TO 
UNOEFIECTEO SHAPE 

7s-/*] 
REAR FAILURE ZONE' / 

LOGARITHMIC SPIRAL 

DEFLECTION OF TIRE STARTS 

ENTRY ANGLE «e 

fV 
-^" FORWARD FAILURE ZONE 
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MAX. SOIL PRESSURE • P/ 

(LIMITED BY TIRE DEFLECTION) 

Figure 1. Basic Model of T1re-Soil Interaction.— 
Taken from Karaflath and Nowatzkl (1979, F1g. 3.58, p. 368). 



2. Interface stresses across the width of the tire are uniform. 

Note that Van den Berg and Gill (1962) observed an approximately con

stant average stress over the central contact area of a tire. These 

average stresses measured on rigid ground surfaces serve as an upper 

limit to the average stresses 1n yielding soils. 

3. The tire maintains a constant shape 1n all planes parallel to 

the plane of travel. 

4. The centerline geometry consists of two curvilinear (log 

spiral) segments separated by a straight line segment. The tire starts 

to deform ahead of the entry angle and reaches its original form past 

the exit angle as shown in Figure 1. The deflection of the centerline 

1s taken into account by using the deflected geometry as a boundary 

condition 1n the numerical computations. 

The soil response to a unique set of pneumatic tire charac

teristics 1s dependent upon the Interface normal stresses. These 

normal stresses are determined by the tire footing geometry and the 

Interface shear stresses. The geometry of the footing contact area and 

the changes 1n geometry caused by deflection of the tire or the soil, 

or both, 1s directly dependent on tire Inflation pressure. When torque 

is applied to the running gear, shear stresses are mobilized along the 

t1re-soil Interface. Since the directions of the normal stresses stay 

the same, the angle of inclination of the resultant stress must change. 

In addition, the torque-Induced shear stresses cause the magnitudes of 

the normal stresses at the Interface required for failure of the soil 

to decrease. Since the vertical components of these interface normal 



and shear stresses Integrated over the contact area must equal or 

exceed the load on the running gear for forward vehicle movement to 

occur, the size of the contact area must Increase so that the applied 

vertical load, which remains constant, 1s spread over a larger area to 

accommodate the decreased normal stress. Slnkage of the tire in the 

soil and, to a lesser extent, deflection of the tire, permit a larger 

contact area to be developed. Of course, slnkage of the tire also 

produces Increased resistance to forward motion. 

Experiments performed on pneumatic tires Indicate a limiting 

value to the normal stresses that can be developed over the central 

contact area of the tire (Karafiath and Nowatzki, 1978). This limiting 

value shown as Pi 1n Figure 1 is related to tire inflation pressure. 

When the normal stresses on the tire due to the soil's reaction to the 

loading system equal this limiting value without exceeding the yield 

strength of the material, the soil Is rigid with respect to the tire 

and the tire deflects. On the other hand, when the normal stresses 

over the central contact area of the tire are lower than this limiting 

value but greater than the yield strength of the soil, the tire 1s 

rigid with respect to the soil and the soil "deflects," i.e., the tire 

sinks. 

Several assumptions must be made in order to analyze the 

complex tire-soil Interaction problem and to model the field 

conditions accurately. These are: 

1. The soil acts as a r1g1d-perfectly plastic material. 

2. The model assumes that loading of the soil by the running gear 



2. The model assumes that loading of the soil by the running gear 

1s rapid enough to result 1n undrained conditions for saturated soils 

1n the narrow zone along the interface of the soil and tire. 

3. The model assumes that the loading 1s not so rapid that Inertia 

forces must be considered, I.e., a "quasi-static" state 1s assumed so 

that conventional bearing capacity theory can be utilized. Submerged, 

prewetted and very easily drained soils must be studied separately. 

4. The volumetric strain produced by passage of the wheel load 

mobilizes the full strength of the soil. 

5. Failure of the soil occurs 1n three dimensions, therefore the 

triaxlal test should be used to determine soil strength parameters. 

6. The Interface friction angle, which represents the degree of 

mobilization of the shear strength of the soil at the Interface, Is 

uniform throughout the length of the contact area. 

7. The empirical relationship between shear stress and slip 

proposed by Janosl and Hanamoto (1961) 1s valid for pneumatic tires. 

It should be noted that this relationship was developed by analogy with 

the direct shear test and 1s best suited for tracked vehicles. 

8. The load on the running gear 1s assumed to be constant. This 

Implies that the terrain has a constant slope and that no Interaction 

occurs between the vehicle power train and the running gear. This 

assumption does not preclude analysis of vehicles operating on slopes. 

The computer program calculates values of vehicle performance 

parameters such as net drawbar pull, torque, rlmpull and slnkage by 

utilizing bearing capacity theory for a specified set of slip values. 



A failure zone slip line field 1s computed in front of the wheel and 1n 

back of the wheel. These slip line fields share a common point where 

the corresponding Interface normal and shear stresses are equal to 

insure continuity of the interface stress distribution (refer to Figure 

2). Each failure zone 1s composed of Ranklne active and passive zones 

with a transitional zone 1n between as assumed 1n the Terzaghi bearing 

capacity theory. The following two problems must be solved simultane

ously: (1) Computation of the geometries and associated stresses of 

all slip line fields and (2) solution of the Interaction problem using 

the interface stresses determined from the slip line field computa

tions. Slip line fields must be calculated at least twice for each 

problem solution, once for the forward field and once for the rear 

failure zone. These calculations are performed in a subroutine within 

the main FORTRAN program. 

The slip line fields are computed as shown in the flow chart 1n 

Figure 3. The vehicle performance parameters, which are further 

discussed 1n a following section, are then calculated. The numerical 

Integrations of Interface stresses in the vertical and horizontal 

directions yield the wheel load and net drawbar pull, respectively. The 

torque 1s computed by multiplying the resultant force calculated by 

Integration of the stresses by its corresponding moment arm from the 

center of the tire. Corresponding slip values are calculated from the 

interface friction angle. The slnkage of the tire 1s determined from 

the entry and exit angles at the various slip values. 
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TIRE RETURNS TO 
UNOEFlfCTED SHAPE 
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- -  ̂77SJTW5J!" 

"^FORWARD FAILURE ZONE 
OGARITHMIC SPIRAL 

MAX. SOIL PRESSURE • ?t 

(LIMITED BY TIRE DEFLECTION) 

Figure 2. Basic Model of Tire Soil Interaction with Failure 
Zones and Normal Stress Distribution.—Modified from Karaflath and 
Nowatzki (1979, Fig. 3.58, p. 368). 
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INPUT PARAMETERS TO THE 
COMPUTER PROGRAM WHEEL 

The computer program calculates the off-road performance 

parameters of vehicles with pneumatic tires for specified soil, tire 

and vehicle input data. A 11st of these 1s presented 1n Table 1. 

Table 2 shows the WHEEL user manual with Input data from this valida

tion test. A description of the methods for obtaining values for all 

of the required input data, Including the soil, tire and vehicle 

characteristics as well as miscellaneous parameters, follows. 

Soil parameters can be input to the WHEEL program 1n two ways. 

In the first way, the Coulomb shear strength parameters, cohesion and 

the angle of internal friction, along with the soil's total unit weight 

are input directly. The cohesion and angle of internal friction are 

determined by first testing the soil samples 1n a triaxlal or direct 

shear device. The cohesion and angle of Internal friction values are 

obtained directly from the Mohr-Coulomb failure envelope. The total 

unit weight of the in situ soil 1s determined by performing a sand 

cone, balloon density or nuclear density test. The second way to input 

soil parameters 1s to use the cone Index (CI) for fine-grained soils 

and the cone index gradient (CGR) for coarse-grained soils. These 

Indices give the soil penetration resistance with depth and the rate 

of soil penetration resistance with depth, respectively, and are 

determined by testing the in situ soil with the WES mobility cone 

penetrometer. However, the cone index value can only be used for 
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Table 1. Wheel Program Input Parameters 

Input Parameters 

Son 

Cohesion (PSF) 
Angle of Internal friction (deg) 
Total unit weight (PCF) 
or 
Cone index for purely cohesive soils (PSI) or 
Cone Index gradient for purely frictional soils (PCI) 

Tire 

Diameter (in.) 
Deflection under load (in.) 
Section height (in.) 
Section width (in.) 
Inflation pressure (PSI) 

Vehicle 

Gross vehicle weight (lb) 
Wheel load per driven wheel (lb) 
Wheel load per nondrlven wheel (lb) 
Number of driven wheels 
Number of nondrlven wheels 

Miscellaneous 

1. For operations on sloping ground, the slope 1s also Input 1n 
percent. A positive sign denotes movement up the slope, while a 
negative sign denotes movement down the slope. 

2. A range of slip values for which vehicle performance is studied 
must be Input. Values of slip generally range from 5% to 35X 1n 
Increments of 5%. 

3. The motion resistance due to nondrlven wheels must be computed 
separately and input to the main program for total vehicle analysis. 
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Table 2. WHEEL User Manual. — Program WHEEL contains "free 
format" input statements. Therefore, values of input data are entered 
sequentially (separated by a comma or a blank space) on a given data 
file line. 

No. of Variable 
Line Entries Name Description Value 

a. Input Parameters for Computing the Motion Resistance 
(with example values from validation test of WHEEL model) 

1 

2 

3 

4 

5 

6 

or 
8 

TITLE 

III 

WGHT 

DIAW 
SECTW 

TPSI 

DFLCT 
SECTH 

1ST 

RCIC 

COHES 
PHI 
GAMMA 

SJ 

Name up to 80 characters Tractor 

Output control flag 1 
0 = no stress output 
1 = stress output 
2 = stop 

Wheel load #1 (lb) 2000. 

Tire diameter (in.) 50.2 
Tire section width (1n.) 15.2 

Inflation pressure (PSI) 36.0 

Tire deflection under load (1n.) 2.3 
T1re section height (in.) 12.6 

Soil properties input flag 9 
1 = cone Index Input for purely 

cohesive soils 
2 = cone index gradient input for 

purely frlctlonal soils 
9 = strength parameter input for 

cohesive-frictlonal soils 

Cone index (PSI) or cone Index 
gradient (PCI) 

Cohesion (PSF) 100.0 
Angle of internal friction (deg) 25.0 
Total unit weight (PSF) 64.0 

Threshold perimeter shear (slip -0.01 
parameter 1n Equation 3.2.7 from 
Karaflath and Nowatzki, 1978) 
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Table 2.—Continued. 

No. of Variable 
Line Entries Name Description Value 

10 SFAC Strength factor that allows soil 1.0 
strength properties to be changed 
by a given percentage 

DELMAX Limiting value of interface friction 0.0 
angle—always set to zero 

IVFLAG Logic flag that designates type of 0 
analysis desired 
0 = single tire 
1 = vehicle 

11 ITORQ Logic flag that designates type of 
wheel to be analyzed 
0 = nondriven (towed) 
1 = driven 

12 III Output control flag 

b. Input Parameters for Computing Vehicle Performance Values 
(with example values from validation test of WHEEL model) 

1 1 TITLE Name up to 80 characters Tractor 

2 1 III Output control flag 1 
0 = no stress output 
1 = stress output 
2 = stop 

3 1 WGHT Wheel load #1 (lb) 6075. 

4 2 DIAW Tire diameter (1n.) 70.2 
SECTW T1re section width (in.) 18.25 

5 1 TPSI Inflation pressure (PSI) 20.0 

6 2 DFLCT T1re deflection under load (1n.) 2.0 
SECTH Tire section height (1n.) 16.0 

7 1 1ST Soil properties input flag 9 
1 = cone Index input for purely 

cohesive soils 
2 = cone Index gradient input for 

purely frlctonal soils 
9 = strength parameter Input for 

cohesive-frictional soils 
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Table 2.—Continued. 

Line 
No. of 
Entries 

Variable 
Name Description Value 

or 
8 

10 

11 

12 

13 

14 

RCIC Cone Index (PSI) or cone Index 
gradient (PCI) 

COHES Cohesion (PSF) 
PHI Angle of Internal friction (deg) 

GAMMA Total unit weight (PSF) 

SJ Threshold perimeter shear (slip 
parameter in Equation 3.2.7 from 
Karaflath and Nowatzkl, 1978) 

SFAC Strength factor that allows soil 
strength properties to be changed 
by a given percentage 

DELMAX Limiting value of Interface friction 
angle—always set to zero 

IVFLAG Logic flag that designates type of 
analysis desired 
0 = single tire 
1 = vehicle 

ITORQ Logic flag that designates type of 
wheel to be analyzed 
0 = nondriven (towed) 
1 = driven 

NDWW1 Number of driven wheels with wheel 
load #1 

NDWW2 Number of driven wheels with wheel 
load #2 

WGHT2 Wheel load #2 (lb) 

NTWW1 Number of nondriven (towed) wheels 
with towed wheel load #1 

TWGHT1 Towed wheel load «1 (lb) 
RPTW1 Motion resistance under towed 

wheel load #1 (lb) 

NTWW2 Number of nondriven (towed) wheels 
wheels with towed wheel load #2 

TWGHT2 Towed wheel load #2 (lb) 
RPTW2 Motion resistance coefficient under 

towed wheel load #2 (lb) 

100.0 
25.0 
64.0 

-0.01 

1.0 

0.0  

1 

2 

0 

0 

2 

2000. 
40.0 

0 
0 
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Table 2.—Continued. 

No. of Variable 
Line Entries Name Description Value 

15 

16 

17 

18 
17 
18 
17 
18 
17 
18 
17 
18 
17 
18 
17 
18 
17 
18 

GRADE 

WTV 

NSLPS2 

SLPW2 

DBPW2 

T0RQ2 

SINK 

SLIP1 

III 

Ground surface slope (%) 
(+) = upslope 
(-) = downslope 
Gross operating weight of 
vehicle 
Number of values of slip for 
which driven wheels loaded with 
wheel load 02 are analyzed. 
These should be consistent with 
values to be inputted on lines 
17 and 18 for analysis of wheel 
load #1. 

The 1th value of slip used 1n 
previous analysis of driven wheel 
under wheel load #2 (decimal) 
Corresponding value of net 
drawbar pull (lb) 
Corresponding value of net 
torque (ft-lb) 
Corresponding value of slnkage (ft) 

Value of slip (decimal) for which 
analysis Is sought. Usual range 
1s from .05 to .35 1n at least five 
convenient Increments. 

Output control flag 

16150. 

0 

(omit) 

(omit) 

(omit) 

(omit) 

.02 

.04 

.08 

.12  

.16 

.20 

.24 

.28 



purely cohesive soils and the cone Index gradient value can only be 

used for purely frlctlonal soils. This Is due to the empirical con

stants Introduced when Karaflath (1974) correlated the cohesion and 

angle of Internal friction of Buckshot clay to the cone Index and 

Turnage (1972) correlated the relative density of Yuma sand to the 

cone index gradient in the following equations: 

c (PSI) = 0.08 CI (4) 

$ (deg) = 0.25 CI (5) 

Dr = 71.1 log CGR + 11.33 (+ 6.8) (6) 

cot <t> = 1.64 - 0.68 Dr (7) 

where 

c = cohesion 

<j> = angle of internal friction 

Dr= relative density 

CI = cone index 

CGR = cone Index gradient 

These empirical constants are used 1n the WHEEL computer program to 

calculate the cohesion and angle of Internal friction of the soil, 

given either one of the two indices. Therefore, the Coulomb shear 

strength parameters and the soil's total unit weight are required as 

input in the program 1f the soil has both cohesive and frlctlonal 

strength properties. The flag value to designate which method of soil 

parameter Input is being used (refer to Table 2a and b) 1s specified in 



variable 1ST in Line 7; corresponding values are Input 1n variable 

RCIC or COHES, PHI and GAMMA of Line 8. 

Tire Input parameters, as listed 1n Table 1 are Input as shown 

1n Lines 4-6 1n Table 2a and b. Values for these parameters are usu

ally available from tire manufacturers' catalogs. However, the tire 

Inflation pressure of the soil-tire-vehicle combination being modelled 

should be Input to the program, whether or not 1t 1s the same as the 

tire manufacturer's recommended tire Inflation pressure. 

Vehicle input parameters, as listed 1n Table 1, are available 

from the vehicle manufacturers and are Input 1n Line 3 of Table 2a, and 

Lines 3, 12, 15 of Table 2b. Verification of the gross vehicle weight 

and load distribution per wheel by weighing the vehicle and by careful 

attention to the vehicle specifications within the manufacturer's 

catalog are Important to maintain the accuracy of the computer model's 

output. 

The remaining Input parameters to the program Include: 

1. ground surface slope 

2. miscellaneous computer program flags, e.g. 

a. output control flag 

b. soil properties flag 

c. logic flags 

3. program constants, e.g. threshold perimeter shear value 

4. motion resistance 

5. a range of slip values over which vehicle mobility will be 

analyzed. 



The ground surface slope value allows the computer program to compen

sate for vehicle movement on sloping ground surfaces. The value 1s 

Input 1n percent 1n variable GRADE on Line 15 of Table 2b, with a 

positive value corresponding to vehicle movement up the slope and a 

negative value corresponding to vehicle movement down the slope. A 

level surface 1s designated by a value of zero. 

Several computer program flags must be assigned values within 

the Input data for the WHEEL program. Of these, the soil properties 

flag, variable 1ST, Informs the program of the type of Input data to be 

provided. Flags are also used 1n cases where different types of Input 

data are possible, or where the type of output varies. A description 

of the flags which occur in the program follows. Note that flag 

values are always entered as an Integer value with no decimal place. 

1. Ill is an output control flag 1n Line 2 and the last line of 

input 1n Table 2a and b. Zero (0) 1s used 1f no stress output is 

desired, one (1) 1s used 1f stress output 1s desired, and two (2) 

1s used to designate the last line of data Input. 

2. The soil properties Input flag 1ST of Line 7 (Table 2a and b) 

is given the value of 1 1f the cone Index is to be entered on Line 6, 

a value of 2 if the cone Index gradient 1s to be entered on Line 8, 

or a value of 9 if values for cohesion, angle of internal friction 

and total unit weight, are to be entered on Line 8. 

3. Line 10 contains the logic flag IVFLAG which 1s set to 0 1f 

a single tire is to be analysed (whether it be driven or nondriven) 

or else 1t is set to 1 1f the performance parameters for the entire 

vehicle are desired (Table 2b). For example, IVFLAG is set to 0 if 



the motion resistance for a towed wheel 1s to be calculated (Table 

2a). 

4. Line 11 contains the logic flag ITORQ which 1s set to 0 (Table 

2a) if the program 1s run to evaluate the motion resistance of a non-

driven wheel or to 1 (Table 2b) if driven wheels are to be analyzed. 

The current version of WHEEL includes three parameters whose 

values are generally input as constants although they may be manipu

lated by an experienced user. The first of these 1s SJ. It repre

sents the threshold perimeter shear and occurs in Line 9 of Table 2a 

and b. Although it 1s usually set to -0.01, the value may be adjusted 

to account for the phenomenon of the deep tread of the tire gripping 

the soil surface prior to wheel slip. The second of these parameters 

is SFAC. It 1s a strength factor which is designed to change the soil 

strength characteristics by the given percentage (input as a decimal) 

due to the passage of the lead wheels. It is input on Line 10 of 

Table 2a and b. The current version of the program has not yet been 

amended to account for a change 1n the soil properties 1n this manner. 

Therefore, this value 1s always set to 1.0 (I.e. 100%) indicating that 

there is no change in soil strength parameters due to passage of the 

lead wheels. The third of these parameters is DELMAX. It is also 

input on Line 10 of Table 2a and b. It represents a limiting value 

for the interface friction angle. The current version of the program 

accounts for limiting values of Interface friction Internally, 

therefore DELMAX is set to 0. 

The motion resistance of a towed wheel is an input parameter to 
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The motion resistance of a towed wheel 1s an Input parameter to 

the program which contributes to decreasing the drawbar pull of the 

vehicle. It represents the soil resistance against the nondrlven 

(towed) wheels. The program WHEEL Is run twice, once to determine the 

motion resistance due to the towed wheels and once to generate vehicle 

performance parameters, only when a vehicle with both driven and non-

driven wheels Is analyzed. The program WHEEL 1s first run with Input 

data as listed 1n Table 2a corresponding to the nondrlven (towed) 

wheel. When WHEEL Is run with this Input file, the output contains a 

value for the motion resistance. This value 1s either stated as such 

1n the output file or 1s designated as the last drawbar pull value 

listed 1n the output file. This value of motion resistance is then 

input in RPTW1 of Line 13 of Table 2b 1n order to facilitate the 

program's calculation of the vehicle performance values. 

The final input parameters to the WHEEL program are the range 

of wheel slip values (in percent) for which off-road vehicle mobility 

is to be analysed. The slip of a wheel is, by definition, the ratio of 

the length of the perimeter of the wheel which does not contribute to 

forward movement of the vehicle to the total wheel perimeter length. 

Slip may also be defined in terms of velocity by the following 

equation: 

j = 1 - _v_ (3) 

vt 
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where 

j = slip 

v = actual travel velocity 

vt= theoretical travel velocity 

- Slip is a function of the interface friction angle, which also influ

ences the magnitude of the interface normal and shear stresses. 

Equation 2 relates slip to the interface shear stress. Since the 

amount of slip which will occur is not known beforehand, the computer 

program 1s run for a range of slip values. 

Vehicle mobility 1s usually studied at slip values ranging 

from 5-35% in order to investigate vehicle performance at the initi

ation of forward movement and during the most efficient period of 

vehicle mobility. Operation of most vehicles becomes inefficient and 

uneconomical at slip values greater than approximately 35%. However, 

the WHEEL program will generate the vehicle performance values at any 

value of slip. The Input values of slip begin on Line 17 of Table 2b. 

Each line with a value of slip SLIP1 1s followed by a line with the 

output control flag III set equal to 1 until all slip values are 

listed. In the final line of input to the program the output control 

flag III is set to 2. 
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OUTPUT PARAMETERS GENERATED BY THE 
COMPUTER PROGRAM WHEEL 

In order to understand the meaning of the model output, the 

definitions of the vehicle performance parameters are presented. This 

is followed by a description of the forms of output available from the 

mainframe version of the program and the PC version of the program. 

The program computes the following vehicle performance 

parameters: net drawbar pull, sinkage, torque, torque arm, rimpull and 

motion resistance coefficient. Definitions of these parameters follow: 

1. The net drawbar pull or tractive force 1s the maximum drawbar 

pull that can be developed by the vehicle-tire combination on the given 

soil minus all motion resistance components such as those due to soil, 

sloping ground, axle friction, etc. 

2. The torque is the moment about the wheel center of the resul

tant force acting on the Interface as determined by Integration of the 

interface tangential stresses. The torque is affected by the deflected 

tire shape, sinkage and slip. 

3. Sinkage is the height difference between the bottom of the 

deflected tire and the original soil surface. 

4. The torque arm is the distance between the center of the non-

deformed tire and an Imaginary plane having a tangential force compo

nent equivalent to that acting along the nonplanar interface of the 

deformed tire. 



5. Rimpull 1s the force available between the tire and the ground 

to propel the vehicle. It Is the ratio of torque to torque arm for a 

given value of slip. 

6. The motion resistance coefficient 1s the ratio of the soil 

resistance for a driven wheel to the wheel load. 

The pull coefficient, which is the ratio between net drawbar 

pull and wheel load, is often used as a dimensionless parameter 1n 

wheel performance studies. Obviously, the greater the value of the 

pull coefficient, the better the vehicle's performance. This parameter 

may be calculated manually, given the program output. 

The WHEEL version available for a mainframe computer produces 

individual output files (Appendix C) containing the following paired 

data sets which can be graphed, listed from the corresponding mainframe 

computer memory tapes, as follows: net drawbar pull and slip (Tape 7), 

net drawbar pull and torque (Tape 8), motion resistance coefficient and 

slip (Tape 9), sinkage and slip (Tape 10), and torque arm and torque 

(Tape 11). Printed output includes a restatement of the Input data 

and values for the vehicle performance parameters generated at each 

value of slip. The statement "no go" is output 1f sinkage exceeds the 

depth of one-half of the wheel height. 

A PC version of the WHEEL computer program has been developed 

by the author for use on an IBM-compatible personal computer. The 

program was adapted for this use by changing the FORTRAN computer code 

where necessary in order to simplify the output format and allow 

compilation of the program. The PC version of WHEEL, named TIRE.EXE, 



produces the five output files shown 1n Appendix D when it 1s run with 

the data file TEST.DAT. The first output file, named TEST.OUT, 

contains a restatement of the Input data and the vehicle performance 

values at each value of slip as well as the statement "no go" If the 

condition described previously is encountered. The second through the 

fifth output files contain the paired data set values so that plots of 

each of the following vehicle performance relationships can be 

developed: slip versus net drawbar pull (SLIPDB.OAT), torque versus 

net drawbar pull (TORQDB.DAT), slip versus slnkage (SLIPSN.DAT), and 

torque versus rimpull (TORQRP.DAT). The two columns of values 1n each 

output file correspond to the order listed above, and each file 1s 

immediately suitable to be imported as an input file Into almost any 

software graphics package. 
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UNIVERSITY OF ARIZONA TRACTOR TEST DATA 

The tractor tests performed by the University of Arizona 

Department of Agricultural Engineering 1n 1982 were conducted 1n order 

to gain Information on the effects of varying the tractor speed and 

tire type on vehicle mobility and efficiency. The experiments were 

performed with a tractor similar to the one used 1n studies conducted 

by the University of Nebraska-Lincoln Agricultural Experiment Station 

(1983). The University of Arizona researchers tested a Case 2390 

tractor equipped with B. F. Goodrich tires at the speeds of 4 and 8 

mph. They generated regression curves for slip versus draft (net draw

bar pull) as well as graphs of the confidence intervals at these three 

vehicle speeds. These are shown 1n Appendix A. They also noted some 

of the soil, tire and vehicle characteristics for the tests which are 

listed in Appendix B. 

Only the slip versus draft (net drawbar pull) relationship 

obtained from the University of Arizona tractor tests 1s compared to 

the vehicle mobility predictions computed by the WHEEL computer 

program. 
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WHEEL VALIDATION INPUT DATA 

The soil, tire and vehicle Input parameters required by the 

WHEEL computer program to predict the off-road vehicle mobility values 

of the Case 2390 tractor are presented 1n Tables 3, 4, 5 and 6. The 

following methods were used to calculate these Input parameters, when 

they were not readily available. 

Soil Characteristics 

The 1982 tractor tests were performed on a lightly-tilled 

field in Marana, Arizona. The only other soil characteristics noted 

during the tractor tests by the researchers were the soil moisture 

content (14.6%) and the cone penetrometer resistance (90.3 psi) 

(Appendix B). The author visited the site 1n the autumn of 1988 and 

performed field and lab tests to assess the soil characteristics. The 

lightly-tilled field consisted of a surflclal, one-half foot thick, 

layer of dry silty sand clods underlain by a denser and wetter base. 

The underlying silty sand layer appeared to be relatively homogeneous 

with depth in both composition and moisture content. Therefore, the 

field soil is considered as a layered system. 

Sand cone and moisture content tests yielded a dry unit weight 

of 55.5 PCF for the dry clod layer and a field moisture content of 12% 

below the dry clod layer. Soil samples were collected, oven-dried, 

broken down, and then recompacted so that direct shear tests could be 

performed. The tests were performed on compacted soil samples since 



undisturbed samples of neither the clods nor the base soils could be 

obtained. The total unit weight of the soil during the tractor tests, 

64 PCF, was backcalculated using Equation 8, given the values of 55.5 

PCF for the dry unit weight and 14X for the moisture content, which 

corresponds to the value recorded during the tractor tests. 

Yd = Yt_ (8) 
(1 + w) 

where 

Yd = dry unit weight (55.5 PCF) 

Yt = total unit weight (64 PCF) 

w = moisture content (decimal) (0.14) 

The weight of the soil to be uniformly compacted Into the direct shear 

box to achieve the total unit weight of 64 PCF had to be determined. 

This was performed by measuring the volume of the direct shear box and 

multiplying by the total unit weight of the soil. 

These lab tests yielded a cohesion value of 560 PSF and an 

angle of internal friction of 20 deg. These values represent an 

upper limit of the Coulomb shear strength parameters of the surfldal 

layer of dry clods. The clods 1n the field would not be expected to 

have cohesion as a mass, therefore, the cohesion value of 560 PSF 

represents the cohesion of the soil particles within the soil clods. 

The cohesion value of 560 PSF 1s also due to the soil strengthening 

effects resulting from remolding the soil at a higher moisture content 

than was most likely present during the actual tractor tests. The arid 

climate of southeastern Arizona almost always Insures that the soil 



clods 1n the surficlal layer of a tilled field are very dry. There

fore, the moisture content of 14% recorded during the tractor tests was 

probably the moisture content of the molster and denser basal layer. 

The strength of the large dry clods could not be measured 

directly 1n the laboratory because of their size. Therefore, an 

estimate of the strength parameters of a typical sllty sand based on 

the values measured 1n the direct shear tests was made as follows 

(Table 3). Although there was no cohesion between the clods, a value 

greater than zero must be Input to the program, due to the program 

calculations which Involve the value of cohesion. A cohesion of 

100 PSF was chosen to satisfy this requirement. An angle of Internal 

friction of 25 deg was used Instead of the direct shear test value 

of 20 deg since the WHEEL program would not run with this value in 

conjunction with the other low values of cohesion and total unit 

weight. The backcalculated total unit weight, 64 PCF, was input for 

the total unit weight value. 

It 1s intuitively evident that the soil characteristics must 

change during passage of the tire through this extremely loose topsoil. 

Since the present form of the mathematical model cannot take layered 

systems Into account, a procedure was developed to simulate the effects 

of layering. After a slip of 2%, where slnkage approached 0.4 Inches, 

the cohesion, angle of Internal friction and total unit weight were 

changed in the model Input from 100 PSF to 250 PSF, 25 deg to 20 deg 

and 64 PCF to 95 PCF, respectively. These values were again changed at 

a slip of 16%, where slnkage approached 1.1 Inches, to a cohesion of 

560 PSF, angle of internal friction of 20 deg, and total unit weight 



Table 3. Soil Characteristics 
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Characteristic 

Direct Shear Test results 

Cohesion 560 PSF 
Angle of internal friction 20 deg 
Total unit weight 64 PCF 

Soil input parameters for slip values of 0 - 2% 

Cohesion 100 PSF 
Angle of Internal friction 25 deg 
Total unit weight 64 PCF 

Soil input parameters for slip values of 4 - 12% 

Cohesion 250 PSF 
Angle of internal friction 20 deg 
Total unit weight 95 PCF 

Soil input parameters for slip values of 16 - 28* 

Cohesion 560 PSF 
Angle of internal friction 20 deg 
Total unit weight 95 PCF 



of 95 PCF. The cohesion of 560 PSF and angle of Internal friction 

of 20 deg are consistent with the values backcalculated from the cone 

index of 90.3 psl, measured by the University of Arizona researchers, 

using Karaflath's (1974) empirical equations. The Increase 1n the 

soil total unit weight from 64 PCF to 95 PCF Is based on the reason

able assumption of approximately 30X compaction during passage of the 

tire. 

Tire Characteristics 

B.F. Goodrich 18.4-38 tires were used on the two rear driven 

wheels of the Case 2390 tractor used 1n the University of Arizona 

tractor tests. The pertinent characteristics of these tires are listed 

in Table 4. 

Table 4. Tire Characteristics for the Driven Wheels 

Characteristic Specification 

Type B.F. Goodrich 18.4-38 

Tire diameter 70.2 1n. 

Deflection under load 2.0 1n. (calculated) 

Section height 16.0 1n. 

Section width 18.25 1n. 

Inflation pressure 20.0 ps1 
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The values of the tire diameter, section width and Inflation 

pressure were listed 1n the University of Arizona tractor test data. 

The section height 1s calculated as one-half of the difference between 

the overall diameter and the r1m diameter. 

The dimension of the loaded section width was obtained by 

telephone directly from the B.F. Goodrich company (Stlltner, 1988) as 

20.3 Inches. This value was used to calculate the deflection of the 

loaded tire. A uniform deformation 1s assumed to occur Instead of the 

actual tire deformation as shown 1n Figure 4. 

ver 

f 

Figure 4. Schematic Diagram of a Deformed Tire for Purposes of 
Calculating the Deflection Under Load 



This uniform deformed tire width (Wu) 1s assumed to be the average of 

the unloaded tire width (Wo) and the actual deformed tire width (Wi). 

Therefore, the deflection under load may be calculated using the 

following equations. 

n = Polsson's Ratio (0.45) 

eax = axial strain 

= lateral strain 

^v«r = vertical deflection under load (2.0 1n.) 

Wi = deformed tire width (20.3 1n.) 

Wu = uniform deformed tire width 

Wo = unloaded tire width (18.25 1n.) 

Ho = unloaded tire height (16.0 in.) 

For values 1n parentheses, which correspond to the conditions studied 

here, the calculated deflection under load 1s equal to 2.0 Inches. 

Since the University of Arizona tractor test data do not con

tain data on the tire size for the two nondrlven front wheels, the 

tire size was estimated from the Information developed by the Univer

sity of Nebraska-Lincoln Agricultural Experiment Station (1983) for 

Wo±Wl - Wo 

Ho Ho 

(9) 

where 



the Case 2390 tractor. This procedure seems reasonable since the 

University of Arizona researchers used the same type of tractor as was 

used 1n the Nebraska tests. The tire size (16.5L-16.1) listed 1n the 

Nebraska test data was not Identified by the person contacted at B. F. 

Goodrich for tire data. Therefore, for the purposes of this study, the 

nondriven tire characteristics were approximated by use of parameters 

for a similar tire, a 15.5R25, found 1n the Mlchelln Tire Company 

Catalog (1986), and listed 1n Table 5. This Michel in tire was chosen 

for several reasons. First, it 1s commonly used on grader vehicles 

which have a type of loading similar to a tractor pulling a farm 

Implement. Secondly, the Michel1n tire 1s designed for an Inflation 

pressure of 36 ps1 when carrying a ballast of 5620 lbs while the 

University of Arizona tractor test tire was Inflated to 36 psl when 

carrying a similar ballast of 3120 lbs. 

Table 5. Tire Characteristics for the Nondriven Wheels 

Characteristic Specification 

Type Michel1n 15.5R25 (tubeless) 

Tire diameter 50.2 1n. 

Deflection under load 2.3 in. 

Section height 12.6 1n. 

Section width 15.2 1n. 

Inflation pressure 36.0 psi 



Vehicle Characteristics 

The necessary vehicle characteristics for use 1n the model were 

determined from the University of Arizona tractor test data and data 

developed by the University of Nebraska-Lincoln Agricultural Experiment 

Station (1983). This Information 1s summarized 1n Table 6. Figure 5 

shows the Case 2390 tractor used in the University of Arizona tractor 

tests. Note that the front tire shown 1n Figure 5 1s not the same tire 

size as the Michel in tire from which the nondriven wheel characteris

tics were obtained to Input to the model. Appendix B contains the 

sources of all tire and vehicle specifications. 

Table 6. Vehicle Characteristics 

Characteristic Specification 

Type J.I. Case 2390 Powershift Diesel 

Gross vehicle weight 16,150 lbs 

Wheel load per driven wheel 6,075 lbs 

Wheel load per nondriven wheel 2,000 lbs 

Number of driven wheels 2 

Number of nondriven wheels 2 



Figure 5. Case 2390 Power»h1ft Diesel.-"From the University of 
Nebraska-Lincoln Agricultural Experiment Station (1983). w 



The University of Arizona researchers measured the weight on 

the rear axle and distributed that weight evenly over the two wheels in 

order to determine the weight on each driven tire. Due to the fact 

that they did not measure the weight placed on the front axle or obtain 

a gross vehicle weight, an average of the front axle weights listed 1n 

the Nebraska Tractor Test data (1983) was used 1n this study. This 

weight was assumed to be evenly distributed between the two front 

nondriven wheels. 
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RESULTS AND DISCUSSION 

The WHEEL model predicts several vehicle performance relation

ships for the given so1l-t1re-veh1cle combination. The full set of 

relationships which pertain to conditions of the Case 2390 tractor 1n 

the University of Arizona tractor tests are discussed and an example 1s 

given on how this Information can be used In practical applications. 

Then the WHEEL program predictions are compared to the University of 

Arizona tractor test data, with respect to the net drawbar pull versus 

slip relationship, 1n order to determine the validity of the model for 

large diameter tires. 

WHEEL Output Data 

Figure 6 presents the following relationships for the vehicle 

as produced by the model: net drawbar pull versus slip, net drawbar 

pull versus torque, slnkage versus slip, and rlmpull versus torque. 

The graphs show increasing net drawbar pull with slip, with a slightly 

decreasing rate of net drawbar pull Increase as the slip value 

approaches 20%. In general, net drawbar pull values tend to stabilize 

or even decrease slightly beyond a limiting value of slip which is 

usually in the range of 25-30X. The shape of the net drawbar pull 

versus slip plot 1s characteristic of this mobility relationship for 

off-road vehicles equipped with pneumatic tires. The almost linear 

Increase 1n net drawbar pull and rlmpull with increasing torque 1s also 

commonly observed for off-road vehicles. 



57 

K 20 £ 20 

I • I—«—I—*—I 
0 15 20 25 30 120 160 ZOO 

[FT LBS X 100) TORQUE IP (PERCENT) 

DO 120 160 200 0 15 20 25 30 0 
1 t I i I i I i I o 

z 0.8 

(A) Net Drawbar Pull vs Slip 
(C) Net Drawbar Pull vs Torque 

(B) Sinkage vs Slip 
(0) Rimpull vs Torque 

Figure 6. Case 2390 Performance Curves as Predicted by 

Program WHEEL 



The smoothness of these three curves across the transitions 

of the soil properties supports the concept of increasing strength of 

the soil during passage of the wheel. The slow forward movement of a 

tractor tire breaks up the dry clods and compacts the dry tilled soil 

at the surface into the moister soil below. The net effect is to 

increase the cohesion and total unit weight of the soil even as the 

tire passes. Some redistribution of moisture could be expected within 

the compacted clods after passage of the tractor. Obviously, the 

clods, when considered as a mass constituting the tilled portion of the 

soil, contained very little cohesion prior to passage of the tractor. 

The compaction and redistribution of moisture probably resulted 1n the 

generation of surface tension forces within the compacted mass which 

would result in an apparent cohesion such as that observed In the 

laboratory direct shear tests. Therefore, to gradually Increase the 

soil strength with increasing slip, a 150% Increase of cohesion from 

100 PSF to 250 PSF was assumed for slip values of 4-12*. Then the 

soil's cohesion was increased to its full direct shear tested value of 

560 PSF at slip values of 16-28%. 

Since the upper soil clods and underlying soil were of the 

same type in this case (a silty sand), the angle of internal friction 

should not change much. Therefore, the angle of internal friction was 

assumed to remain constant at 20 deg at slip values of 4-28% after 

being set at 25 deg for the slip values of 0 - 2% to account for WHEEL 

program calculation difficulties. The total unit weight was assumed 

to increase from 64 PCF for slip values of 0-2% to 95 PCF for slip 

values of 4-28%. 



The sinkage versus slip curve shows sinkage of the vehicle for 

slip values only up to 12*. This 1s because the first two sets of soil 

parameters, which are used as Input to the WHEEL program to predict 

vehicle performance up to and Including 12% slip, are for the weaker 

tilled soil than the third set of soil parameters, Input to predict the 

vehicle performance from 16-28* slip. Therefore, a greater amount of 

tire sinkage is expected to occur at a given slip during vehicle move

ment on the weaker soil than on the stronger soil. In this case, as 

the tractor compacts the soil beneath Its tires, creating a "rut" 

approximately 1.1 inches deep, it causes the soil to Increase in 

strength and resist additional sinkage of the tires. The sinkage 

versus slip relationship obtained with the third set of soil 

parameters, when superimposed on the relationship for the first two 

sets of parameters beyond 12* slip would indicate decreasing sinkage of 

the wheel. Modelling the layered system in this way Implies that the 

sinkage for a weaker soil, up to the slip considered, will have to 

occur before the effects of the stronger soil on vehicle mobility can 

be analyzed. Therefore, the sinkage versus slip graph is terminated at 

a value of 12* slip and the maximum sinkage 1s assumed to be 

approximately 1.1 inches. 

Practical Applications of WHEEL Output Data 

Some practical applications of the WHEEL program output are 

the situations of determining how long it will take to plow a field 

with a given tractor and plow or how much fuel will be required for 

the job. These applications are possible due to the development of 



a method of calculating passive pressure against an Interface by 

Hettiaratchi and Reece (1974). They performed a rigorous mathematical 

solution of the equations of plastic equilibrium which resulted 1n the 

solution of the passive pressure as a function of several dimension-

less soil resistance coefficients. They also prepared charts of the 

computed values of these soil resistance coefficients so that the 

passive pressure placed on a plow can be easily determined given the 

angle of internal friction of the soil, soil-plow Interface friction 

angle, the soil scale number and the rake angle. The soil scale 

number 1s the ratio of cohesion, adhesion or surcharge to the product 

of soil unit weight and depth below the soil surface. The calculated 

passive pressure placed by the soil on the front of a plow rake multi

plied by the area of the plow rakes gives the force necessary to fail 

the soil wedge so that forward movement of the plow can occur. This 

force 1s equivalent to the net drawbar pull the tractor must deliver. 

Therefore, given the appropriate angle of Internal friction 

and soil scale number of the field soil being studied and the interface 

friction angle and rake angle of the soil-plow combination, the passive 

force to be overcome 1n order to cause soil wedge failure and enable 

forward movement of the plow 1s calculated. Since this value is also 

the net drawbar pull of the tractor, 1t can be used to enter a set of 

graphs similar to Figure 6, developed from running the WHEEL program 

with the corresponding soil-tire-vehicle parameters, in the following 

manner. For example, assume that the net drawbar pull required is 1700 

lb. The curve plotted in Figure 6a shows that the net drawbar pull of 

1700 lb occurs at a wheel slip of 8%. From this point, a vertical line 



may be drawn down to the curve 1n Figure 6b where the sinkage of about 

1.1 inches can be read from the graph. A horizontal line drawn through 

the original point (1700 lb, 8*) In Figure 6a to the curve in Figure 6c 

yields a torque of 7100 ft-lb. If a vertical line is drawn downwards 

from this point on the curve of Figure 6c to the curve in Figure 6d, 

the rimpull value of 2700 lb is found necessary for forward movement of 

the plow through the field. This rimpull value can be used to enter 

the rimpull-speed-gradeabllity curve supplied by most vehicle manufac

turers for specific vehicles in their inventory to find the vehicle 

speed and corresponding gear of the tractor. Therefore, the amount 

of time required to plow a field can be calculated from this vehicle 

speed, the dimensions of the field and the width of the plow rake. 

The amount of fuel necessary to complete this job can also be computed 

if fuel consumption statistics are available from the tractor manufac

turer. In summary, the necessary gear and corresponding vehicle speed, 

time and fuel required to plow the given field successfully with this 

specific plow-tire-tractor combination is determined. This information 

is beneficial in order to choose the optimal tire-tractor combination 

to increase plowing efficiency and economy. This method could be 

especially helpful on very large farms where many types of plows and 

tractors are available for varied soil conditions. The information on 

wheel sinkage can be important since large sinkage can result in ruts. 

Ruts can decrease the overall vehicle mobility with time and result in 

localized compaction of the field soil which 1s undesirable for agri

cultural reasons. 



It 1s important to note that each of the predicted vehicle 

performance relationships produced by WHEEL for the given so11-t1re-

vehicle combination 1s interdependent with the other relationships 1n 

the set. That is, the computed value of one of the relationships, for 

example, net drawbar pull versus slip, uniquely determines the other 

relationships, e.g. net drawbar pull versus torque, slip versus 

sinkage, etc. 

Validation of WHEEL for Large Diameter Tires 

The WHEEL model predictions are compared to the measured 

traction data from the University of Arizona tractor tests 1n Figure 

7. The curve defined by squares represents the relationship predicted 

by WHEEL. The two curves designated with stars represent the limits 

of the confidence intervals at a tractor speed of 4 mph. The two 

curves designated with circles represent the limits of the confidence 

intervals at a tractor speed of 8 mph. Note that the limits of the 

confidence intervals for the tractor speed of 8 mph show a slip of 

approximately 5% before any positive net drawbar pull is recorded. 

The self-propelled point at 5% slip indicates the amount of slip which 

must occur before the vehicle can move forward, i.e. develop a positive 

net drawbar pull. The regression curves and confidence Intervals from 

which data points were taken to compare with the model's results are 

contained in Appendix A. 

As indicated in Figure 7, the model's results fall well within 

the range of values delineated by the confidence Intervals of the 

University of Arizona tractor test data. Predicted net drawbar pull 
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° = WHEEL-predicted Case 2390 Performance Curve 
Tftr = limits of University of Arizona confidence intervals 

at a tractor speed of 4 mph 
0 = limits of University of Arizona confidence intervals 

at a tractor speed of 8 mph 

Figure 7. Case 2390 Performance Curve of New Drawbar Pull 
versus Slip as Predicted by Program WHEEL and from University of 
Arizona Tractor Test Data 



values show a decreased rate of Increase with Increasing slip, which 1s 

commonly observed at slip values 1n this range, as discussed previ

ously. Unfortunately, the amount of slnkage, torque and rlmpull of the 

wheels during the tests were not recorded so comparison with predicted 

values could not be made. 

The IBM-compatible version of the WHEEL computer program pro

duces vehicle performance values 1n a clear and concise format as 

shown 1n Appendix D. The time to run the program to compute the motion 

resistance value is 8 minutes. The time to run the program to compute 

the vehicle performance values is 30 minutes, on a 6 to 8 MHz AT 

computer. A mainframe computer takes only seconds to complete the 

same procedure. 
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CONCLUSIONS 

The results presented 1n the previous section lead to the 

following conclusions: 

1. Comparison of the results of the computer model with the 

University of Arizona tractor test data suggests that the model is 

valid for large diameter pneumatic tires. Any deviations between the 

computer results and the tractor test data may be due to one or more of 

the following factors. 

a. Generally, net drawbar pull increases with increasing slip 

up to a certain limiting value, usually in the range of 25-30% slip, 

after which it decreases. The University of Arizona tractor test data 

did not exhibit this usual behavior for the range of slip values 

tested. However, no reason was recorded as to why the University of 

Arizona tests were stopped at slip values of approximately 20-25%. 

Perhaps the tests were stopped because the net drawbar pull values 

peaked at slips of approximately 20-25X and then began decreasing at 

greater slip values. Coates (1989), one of the researchers from the 

Department of Agricultural Engineering, confirmed this reason for 

stopping the tests. 

b. Sinkage of the tires during the tests was not recorded, 

therefore, ruts which could Inhibit vehicle mobility may have been 

forming. This may be another reason that the tractor tests were ended 

at the values of 20-25% slip. 



c. Other than moisture content, soil conditions including 

values of soil strength parameters and unit weight were not recorded 

during the tractor tests. 

2. The total set of vehicle mobility results produced by the WHEEL 

model can be extremely helpful in large-scale equipment selection and 

for the planning of various operations on sites where the use of such 

equipment is anticipated. The practical example of determining the 

time and fuel required, vehicle speed and gear at which a tractor can 

pull a specific plow, given the rimpull value computed by WHEEL and 

the method for computing the passive force of the soil on the plow 

rake, was already presented. This is only one of a number of possi

bilities of using the WHEEL computer program. The model also predicts 

values such as sinkage which are often not recorded by researchers 

performing vehicle field tests. 

3. Possible sources of error in the input to the computer model do 

not appear to affect the results significantly. This observation 1s 

based on the close agreement with the tractor test data and the 

experience of the author in performing parametric studies to evaluate 

the effects of varying input values on the model results. For 

example, in the case studied here, increasing the tire deflection under 

load to 4 inches gives a net drawbar pull at 12% slip of 2513 lb 

whereas a net drawbar pull of 2349 lb was computed for a loaded tire 

deflection of 2 inches. This difference is hardly noticeable when 

graphing the data. Another example is an increase in the motion 

resistance value from 40 lb to 200 lb. The 40 lb value results in a 

net drawbar pull of 2349 lb at 12% slip, while the 200 lb motion 



resistance value results 1n a net drawbar pull of 2029 lb at 12% slip. 

Again, only a small difference exists when graphing the data. However, 

the cumulative effect of the sources of error could not be evaluated. 

The possible sources of error in the model Input are: 

a. The estimates made of values for the strength parameters of 

the topsoi1. 

b. The changes of the strength parameters assumed to occur at 

values of slip believed to be indicative of conditions corresponding to 

compaction of the loose, tilled surficial layer. 

c. Computation of the deflection of the tire under load using 

the assumptions discussed previously. 

d. Substitution of another tire's characteristics for the two 

nondriven wheels due to the unavailability of the appropriate informa

tion. 

e. The assumption that the front axle weight during the 

University of Arizona tractor tests is the same as that of the 

Nebraska Tractor Tests. 

4. The PC version of the WHEEL computer program allows the 

accurate calculation of vehicle performance parameters. The output 

files are designed to be Input directly Into a compatible PC graphics 

package for easy interpretation. However, long run times required for 

the PC version may preclude Its extensive use for vehicle mobility 

studies. 

From the study reported here and from the parametric studies 

performed by the author and reported by Matthews and Nowatzki (1988), 



the author concludes that 1t 1s very important to select the correct 

soil, tire and vehicle parameter values for Input to the model. Only 

a geotechnlcal engineer with experience using the model and an 

understanding of how the model computes the vehicle performance 

characteristics will be able to generate consistent and accurate 

vehicle mobility data for a given site. In short, the model should 

not be used as a "black box." 
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RECOMMENDATIONS 

Additional research Is necessary In the area of vehicle 

mobility modelling. This current model's accuracy could be further 

validated by comparing Its results to more vehicle performance test 

data from one of the large mining and construction equipment manufac

turers. In addition, improvements to the model could increase its 

beneficial applications to specialized problems. For example, Inclu

sion of a subroutine to model layered soil systems wherein a rigid 

surface underlies a deformable soil layer within the affected depth 

of the soil beneath the tire would provide for predictions of vehicle 

mobility on ground with shallow bedrock or shallow man-made layered 

systems. Another example 1s the modification 1n computational proce

dures to allow the determination of vehicle performance on soil 

surfaces that are only surficially wet (e.g., after a rain or snow 

storm). Finally, research is also needed to describe pneumatic tire-

ice Interaction so that mobility of wheeled vehicles on 1ce and 

permafrost surfaces can be predicted. 



APPENDIX A 

UNIVERSITY OF ARIZONA TRACTOR TEST REGRESSION 

CURVES AND CONFIDENCE INTERVAL GRAPHS 
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APPENDIX B 

UNIVERSITY OF ARIZONA TRACTOR TEST DATA 

AND NEBRASKA TRACTOR TEST DATA 
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Test Vehicle Specifications 

Make and Model: 

Transmission: 

Weight: 

Horsepower: 

No load speeds: 

Case 2390 

12 speed 

11800 lbs. with 18.4 - 38 tires 
and no liquid ballast 

160 as per Nebraska Test #1302 

4th (2L) 4.0 mph 
7th (31) 6.0 mph 
9th (3H) 7.5 mph 

Tillage Tool Specifications 

Make and Model: 

Number of Shanks: 

Shank Spacing: 

Depth Control Device: 

John Deere - Reliefer Subsoiler 

Three 

38 5/8" 

Double acting hydraulic cylinder 



Test Results 

BF Goodrich 

Oate of Test March 6, 1982 

Side Mounted Left Right 

Static Load (lbs) 6075 6075 

Inflation at Start 

(psi) 20 20 

Inflation at End 

(psi) 22 22 

Ambient Temp, at Start 

(*F) 30 30 

Ambient Temp, at End 

(*F) 66 66 

Rim Slip (in) None 1/16 

Soil Moisture {%) 14.65 14.65 

Penetrometer Reading 

(psi) 90.3 90.3 



Tire Specifications 

BF Goodrich - measurements at 20 psi. 

Side Mounted Left Ri ght 

Designation GR1 GR2 

Tire and Tube 
Weight (lbs.) 387 388 

Time of 
measurement Initial After 24 hr Initial After 24 hr 

0.0. (in.) 70 - 5/16 70 - 4/16 70 - 2/16 70 - 3/16 

Section width 
(in.) 18 - 4/16 18 -4/16 . 18 - 4/16 18 - 4/16 

Tread Chord 
Width (in.) 17 - 6/16 17 - 6/16 17 - 6/16 17 - 8/16 

Tcead Chord . 

Radius X Y X Y X Y X Y 
in 16th in in 16th in in 16th in in 16th in 

1 36 1 40 1 37 1 38 
2 32 2 32 2 31 2 31 
3 24 3 24 3 24 3 24 
4 18 4 18 4 18 4 18 
5 14 5 13 5 12 5 12 
6 9 6 9 6 8 6 8 
7 5 7 4 7 4 7 4 
8 2 8 3 8 3 8 2 
9 0 9 1 9 0 9 1 
10 1 10 2 10 2 10 3 
11 3 11 3 11 3 11 4 
12 6 12 5 12 5 12 8 
13 9 13 8 13 9 13 11 
14 13 14 13 14 14 14 15 
15 19 15 17 15 17 15 19 
16 25 16 25 16 24 16 24 
17 32 17 32 17 30 17 29 
18 38 18 38 18 35 18 36 
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Dates of Test: April6-16.1979 , 

HiiirKtwCR J. I. CASE CO.. 700 State 
Sued. Racine. Wisconsin 53404 

FUEL, OIL AND TIME: MNml Diesd 
CcUK No. 49J0 (mini; taken from oil company's 
[jfid inspection data) Specific gravity converted 
ta tartar (trnrtoxxa fiki weight 6.900 iw 
gal (OJMtf/9 Oil SAE 50 API service classifi
cation SE-CD To motor 5.436 gal (20.5751) 
Drained from motor 5.392 gal (20.409I) Trans
mission and final drive latricaal CaK TFD 
Fluid Total [kKespae was operated 38.5 hours 

ENGINE Make Case Diesd Type Six cylinder 
vertical with tuthocharger Serial No. 101701 IS 
Craakshaft Icngihiriae Haled rpa <100 Bore 
and stroke 4j625" X 5j0" (117.5 mm X 127 ssn) 
CoaftodostalislSiul Displacement504cm 
in (S2J9 m0 Cranking system It rah Labrica-
lioa pressure Air cleaner in paper dements 
with aspirator Oil filter two fui !low cartridges 
Oil coaler engine coolant heat exchanger for 
crankcase oil. radiator lor hydraulic and transmis
sion oil Fad filler two paper cartridges Muffler 
vertical Cooling mediant temperature control 
two thermostats. 

CHASSIS: Type standard with duals Serial 
No. 8841162 Tread width rear 64* (1626 aa| to 
134" (3104 mm) front 64* (f«2« mm) to 9T (2)17 
ana) Wheel hase I04*(2«2ana) Center of gra v. 
itjr (without operator or UUaa. with ntitiinHim 
tread, with fuel tank filled and tractor serviced for 
operation) Horizontal distance forward from 

. ccntcr-Snc of rear wheeis 31.7" fid) mm) Vertical 
distance above roadway 40.7* (1014 mm) Hori
zontal distance from center of rear wheel tread 0* 
(0 mm) to the right/left Hydraulic control system 
direct engine drive Transmission selective gear 
lined ratio with partial (31 range operator tun-
trolled power-shift Advertised speeds mphfbaA) 
first U0(}J) second t.7(4.4) third 3J(J. J) fourth 
4.1 (SJ6) fifth 4.7 (7ji) sixth iS(9.9) seventh 6.2 
(10.0) eighth 6.9(11.1) ninth 1Jt(l2jt) tenth 10.9 
(17J) eleventh 14.7 (23J) twetfth 20.1 02.4) re-
verse 3J (J.J). 6.9(11.1).1 A (t2ji) dutch muki-
pic wet disc hydratHically operated by loot pedal 
Brakes multiple wet doc hjdraulicatly operated by 
two foot pedals which can he locked together 
Steering hydrostatic Turning tadias (on concrete 
surface with brake apptcd) right lsr,(JJMss)left 
\ST0Mm) (on concrete surface without brake) 
right IW(429 m) left 169'(429 at) Taniiag 
apace diameter (on concrete surface with brake 
applied) right 317* (A0J m) left 317*0.05-) (on 
concrete surface without brake) right 356*(9.04 m) 
left 356" (9.04 m) rower take-off 1002 rpm at 
ZI00 engine rpra. 

REPAIRS aad ADJUSTMENTS: No repairs or 
adjustments. 

REMARKS: All test results were determined 
front observed data obtained in accordance with 
SAE and ASAF. test cntle «r official Ndmska to* 
pruccdure. Temperature at injection pump re-
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TRACTOR SOUND LEVEL WITH CAB <1B(A) 

Maxknun Available IWer—Two Hours 763 

75% of M m Maximum fower—Tw Hours 77.0 

50% of Ml at Miiinwoi IWcr—Two Hoars 77.0 

50% of Pull ai Rcrfuad Engine Speed—Two Hours 743 

Bystander in Iltli (411) gear 87.0 

TIRES, BALLAST AND WEIGHT 
KurTim -Xi, hk. fir ft paiftr*) 
Mm Iĵ iM fracfc iwiw| 

—Cfec<#M(cacfc| 
FiwlTbw —dw, ff|r It pl(V«) 

Mm -liyid (cacti) —Cm lraH(odi| 

iwk w**fW »i4 ifwwit mr 
frant 
Tout 

WkkKalUx FOOT MA-)*; ft: 11(931 HNk(M7%| 
None 
T«* IUL-tC.1; 10; 96 
<2901 None 
tOtbflf |g) 
• ntmfHOmm) 
M4S0 »*>"%> 
4Mh(If!2V) 

Wi(bo«K 

T«m I65L4*.!: 10; Sf 
(2)01 
None Nmk 

IIS10*fS22f ig) 
40«0«t (Wtty 
ISS9O*<7072%f 

(urn was I87*F(S6TC). Seven gears were chosen 
between 15* sSp and 10 ntph(/£./ taift). 

We. (lie undersigned, certify tliat (his b a true 
and coma report of official Tractor Tat No. 
1302* 

LOUIS I. LEVITICUS 
Enginccr-h Charge 

C. W. STEINBRUEGGE. Chairman 
W. E. SPLINTER 
K. VON BARCEN 

Board of Tractor Test Engineers 

Case 2390 Powershift Diesel 

The Agricultural Experiment Station 
Institute of Agriculture and Natural Resources 

University of Nebraska-Lincoln 
H. W. Ottoson, Director 



APPENDIX C 

WHEEL MAINFRAME COMPUTER OUTPUT 
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1MARANA - DRIVEN 

LOAD,01A,SECTWIDTH= 6075.000 70.200 18.250 
I NFL. PR = 20.00 
OEFL. = 2.000 SECTH. = 16.000 
EPSIL0N= .9430 
C.PHI.GAMMA = 100.00 25.00 
1ST = 9IT0RQ = 1 

.NUMBER OF DRIVEN WHEELS WITH WEIGHT = 

64.00 

6075.000 LBS IS 2 

0.000 LBS IS 0 

2000.000 LBS IS 2 

40.000 LBS 

0.000 LBS IS 0 

0.000 LBS 

.NUMBER OF DRIVEN WHEELS WITH WEIGHT = 

.NUMBER OF TOWED WHEELS WITH WEIGHT = 

.CORRESPONDING RESISTANCE PER WHEEL = 

.NUMBER OF TOWED WHEELS WITH WEIGHT = 

.CORRESPONDING RESISTANCE PER WHEEL = 

.SLOPE OF GRADE = 0.0 PERCENT 

.TOTAL WEIGHT OF VEHICLE UNDER LOADING CONDITION ANALYZED = 

SLIP.SJ.SK.SF.DELMAX = .0200 -.0100 .1032 1.0000 0.0000 
OTIME= 0 
1SNAME1 
ODELTA = .36910545707192E-01. 
OSEND 
LOAD,TORQUE.DRAWBAR= 
LOAD.TORQUE.DRAWBAR= 
LOAD.TORQUE.DRAWBAR= 
SINK.TORQ AND PULL COEFF= 
SLIP = .0200 
ADJ. LOAD,TORQ,DRAWB= 6075. 

2622. 
6314. 
6314. 

.4688 

293. 
675. 
675. 
.0366 

650. 

1 0 1  .  
259. 
259. 

.0410 

249. 

16150. LBS 

ADJ . SINK: .45 
1 1 -18 .00 1684 .40 52, .86 -.00000 - 1 .84100 
12 -16 . 73 1941 , .39 60. .02 .00182 -1 .77525 
13 -15 .49 1996, .37 62 .64 .00357 -1 .71215 
14 -14 .21 2037, . 19 64, .88 .00536 -1 .64744 
15 -12 .88 2078 . 26 67. .20 .00720 -1 .58098 
16 -11 .50 2119, .65 69. .62 .00909 -1 .51279 
17 -10 .07 2161 , .33 72. . 13 .01103 -1 .44288 
18 -8 .60 2203. .32 74. . 74 .01301 -1 .37127 
19 -7. .09 2245, .60 77. .46 .01504 -1 , .29796 
20 -5 .53 2288, . 17 80. .27 .01712 -1, .22298 
21 -3. .93 2331 . .03 83. 18 .01925 -1 .14630 
22 10, .85 2531 . .00 111. .59 .03907 .43068 
23 1 1 . . 16 2490. .42 111. . 13 .03884 .41524 
24 1 1 . .83 2436. .55 110. .07 .03793 .38154 
25 12. .50 2383. .87 109. ,00 .03664 .34811 
26 13. . 17 2332. .35 107 . 93 .03497 .31497 
27 13. .82 2281 . .97 106. .85 .03294 .28210 
28 M . .47 2232. 69 105. 76 .03056 .24952 
29 15. . 12 2184. .49 104. 67 .02783 .21723 
30 15. .76 2137. ,35 103. ,58 .02477 .18525 
31 16. . 39 2091 . .25 102. ,48 .02139 .15357 
32 17. ,01 2046. 15 101 . 38 .01770 .12221 
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33 17.63 2002.05 
34 18.24 1958.91 
35 18.84 1916.50 
36 19.44 1868.54 

1ST = 9ITORQ = 1 
SLIP.SJ.SK.SF.DELMAX = 

0TIME= 0 
1SNAME1 
ODELTA = .1005259156951BE+00, 
OSEND 
LOAD,TORQUE,DRAWBAR= 
LOAD.TORQUE.DRAWBAR= 
LOAD.TORQUE.DRAWBAR= 
LOAD.TORQUE.ORAWBAR= 
LOAD.TORQUE.DRAWBAR= 
SINK.TORQ AND PULL CO£FF= 
SLIP = .0400 
ADJ. LOAD.TORQ.DRAWB= 6075. 

100.28 
99. 18 
98.07 
95.86 

0400 -.0100 

3514. 
5492. 
7045. 
6325. 
6325. 

1.7056 

.01370 

.0094 1 

.00485 
0.00000 

1094. 
1639. 
2161 . 
1903. 
1903. 
. 102B 

1828 .  

-.09117 
-.06047 
-.03010 
0.00000 

1032 1.0000 0.0000 

393. 
310. 
159. 
272. 
272. 

.0431 

262 .  

ADJ. SINK = 1 .64 
24 -16.00 1569. .54 179 .94 .12760 -1 .93146 
25 -13.38 1631 . . 16 186 .16 .13773 -1 .80113 
26 -10.58 1774. .89 200 .66 .14213 -1 .66283 
27 -7.69 1937. . 18 217 .03 .13972 -1 .52098 
28 -4.70 2114. .98 234. .96 .12993 -1 .37618 
29 -1 .63 2253. .42 248. .92 .11609 -1 .22961 
30 1 .55 2333. .75 257. .03 .10194 -1 .07973 
31 4.88 2413. .77 265, . 10 .08724 -.92400 
32 8.34 2419. .20 273. .30 .07199 -.76249 
33 1 1 .90 2419. ,20 281 . .64 .05620 -.59529 
34 15.52 2419. 20 290. . 1 1 . 039B8 -.42238 
35 19. 19 2419. 20 298. .71 .02302 -.24379 
36 22.85 2419. 20 307. .44 .00563 -.05960 

1ST = 9IT0RQ = 1 
SLIP. SJ.SK.SF.DELMAX = .0800 -. .0100 . 1032 1 J •000 1 

.1944460150684E+00, 

OTIME= 
1SNAME1 
ODELTA 
OSEND 
LOAD.TORQUE.DRAWBAR= 
LOAD.TORQUE.DRAWBAR= 
LOAD.TORQUE,DRAWBAR= 
SINK.TORQ AND PULL COEFF= 
SLIP = .0800 
ADJ. LOAD.TORQ,DRAWB= 

2669. 
5986. 
5986. 
2.5280 

6075. 

1667. 
3331 . 
3331 . 
. 1902 

3380. 

599. 
728. 
728. 

. 1 2 1 6  

739. 

AOJ. SINK= 2.57 
22 -18 .00 1 173, .77 273, .39 .17667 -2 . 158B2 
23 -15, .24 1213. .85 281 .28 .19441 -2 .02246 
24 -12, .30 1319. .90 302, . 17 .20623 -1 .87733 
25 -9. .28 1439. . 72 325. .76 .21067 -1 , .72925 
26 -6. .20 1570. . 10 351 . .44 .20725 - 1 .57902 
27 -3. .04 1711. .71 379. .33 .19559 -1 .42723 
28 . 18 1865. .56 409. .63 .17536 -1 , . 27452 
29 3. .42 1932. .40 422. .79 .15459 -1 .12353 
30 6. .77 1986. .73 433. .49 .13322 .96822 
31 10. .25 2041 . .65 444. .30 .11115 .80785 
32 13. .81 2097. .32 455. , 27 .08839 .64242 
33 17. .43 2153. 73 466. .38 .06493 .47192 
34 21 . ,09 2210. .89 477. .63 .04078 .29640 
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35 24.73 2268 .79 489 .03 .01595 -.11591 
36 26.03 2289 .94 493 . 20 .00686 -.04988 

1ST s 9ITORQ = 1 
SLIP ,SJ,SK,SF.DELMAX .1200 -.0100 . 1032 1 . 0000 0 

0TIME= = 0 
1$NAME1 
OOELTA = .25636637369572E+00. 
OSENO 
LOAD .TORQUE.DRAWBAR= 2201 . 1883. 676. 
LOAD, ,TORQUE.DRAWBAR= 4824. 3644. 964. 
LOAD ,TORQUE.DRAWBAR= 6275. 4421 . 942. 
LOAD, ,TORQUE.DRAWBAR= 6275. 4421 . 942. 
SINK, ,TORQ AND PULL C0EFF= 4.4026 .2409 . 1501 
SLIP = .1200 
ADJ. LOAD,TORQ,DRAWB= 6075 4280. 912 

ADJ. SINK= 4.26 
26 -22.00 866 .38 283 .32 .26247 -2 .60957 
27 -17.14 913 .08 295 .56 .31658 -2 .37391 
28 -11.67 1052 .09 332 .00 .35438 -2 .10730 
29 -6.00 1223 .40 376 .91 .36688 -1 .83187 
30 -.22 1420 .47 428 .57 .35198 -1 .55360 
31 5.68 1644 .93 487 .41 .30874 -1 .27604 
32 11.62 1865, .30 545, . 18 .24309 -1 .00469 
33 17.37 1942, .96 565 .53 .17999 -.74389 
34 23.28 2013. .55 584 .04 .11408 -.47150 
35 29.26 2085. .32 602, .85 .04515 -.18660 
36 32.04 2119. ,70 61 1 .86 .01175 -.04855 

1ST = 9IT0RQ = 1 
SLIP. SJ.SK.SF.DELMAX = .1600 -, .0100 . 1032 1 J OOOO 0 

OTIME = 0 
1$NAME1 
ODELTA = .29730424493165E+00. 
OSENO 
LOAD. TORQUE.DRAWBAR= 1931 . 1981 . 710. 
LOAD. TORQUE,DRAWBAR= 4147 . 3728. 1066. 
LOAD. TORQUE.DRAWBAR= 5404. 451 1 . 1 106. 
LOAD. TORQUE.DRAWBAR= 6764. 5155. 1004. 
LOAD. TORQUE.DRAWBAR= 6034. 4865. 1119. 
LOAD, TORQUE.DRAWBAR= 6034. 4865. 1119. 
SINK, TORQ AND PULL COEFF= 5.2489 . 2756 . 1855 
SLIP .1600 
ADJ . LOAD.TORQ.DRAWB= 6075. 4897. 1 127 

ADJ. SINK= 5.28 
26 -24.00 70). 97 280. 78 .29444 -2 .83833 
27 -18.99 739. 40 292. 25 .36120 -2 .59820 
28 -13.25 857. 17 328. 33 .41291 -2 .31999 
29 -7.24 1004. 28 373. ,40 .43741 -2 .02755 
30 -1.09 1175. 04 425. 72 .43104 - 1 .73054 
31 5.15 1369. 79 485. 39 .39279 -1 .43515 
32 11.45 1590. 72 553. 08 .32260 -1 .14527 
33 17.45 1717. 62 591 . .96 .24648 -.87503 
34 23.39 1774. 64 609. 43 .17062 -.60573 
35 29.41 1B30. 40 626. 51 .09147 -.32474 
36 35.38 1886. 99 643 . 85 .00890 -.03160 

1ST = 91TORQ = 1 
SLIP. SJ.SK.SF.DELMAX = 2000 -. 0100 . 1032 1.0000 0 

0.0000 

0TIME= 
1$NAME1 
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ODELTA = .32452343577249E+00, 
OSEND 
LOAD, ,TORQUE.DRAWBAR= 1648. 1898. 680. 
LOAD, ,TORQUE.DRAWBAR= 3631 . 3650. 1087. 
LOAD, , TORQUE,DRAWBAR = 4728. 4409. 1164. 
LOAD, TORQUE,DRAWBAR= 5935. 5050. 1125. 
LOAO, TORQUE.DRAWBAR= 5935. 5050. 1125. 
SINK, TORQ AND PULL COEFF= 6.4933 .2909 . 1895 
SLIP .2000 
ADJ. LOAD.TORQ.DRAWB= 6075 5169. 1151 

ADJ . SINK= 6.65 
25 -26.00 588. 08 269 .98 .35480 -3 .04311 
26 -20.86 620. 39 2B0. .86 .43417 -2 .79977 
27 -14.86 725. 05 316. .06 .50048 -2 .51088 
28 -8.49 857. 70 360. .69 .53803 -2 .20166 
29 -1.91 1013. 39 413. .07 .54111 -1 .88283 
30 4.77 1192. 72 473. .40 .50747 -1 .56436 
31 11.49 1396. 93 542. .09 .43719 -1 .25262 
32 18.24 1623. 76 618. .41 .33254 -.95279 
33 24.26 1682. 25 638. .08 .23952 . -.68627 
34 30.41 1729. 38 653. .94 .14284 -.40925 
35 36.55 1777. 05 669. .98 .04202 -.12041 
36 38.04 1789. 04 674. .01 .01656 -.04744 

1ST = 9IT0RQ = 1 
SLIP. SJ,SK,SF,DELMAX = .2400 -. .0100 . 1032 1.0000 0 
OTIME= 0 
1SNAME1 
ODELTA = .34271946648939E+00. 
OSEND 
LOAD. TORQUE.0RAWBAR= 1569. 1949. 698. 
LOAD. TORQUE.DRAWBAR= 33 17. 3586. 1093. 
LOAD. TORQUE.DRAWBAR= 4321 . 4326. 1 187. 
LOAO. TORQUE.DRAWBAR= 5424. 4951 . 1 180. 
NO GO 
1ST = 91TORQ = 1 
SLIP.SJ.SK.SF,DELMAX = .2800 0100 . 1032 1.0000 0 

= .35493644148447E+OO, 

OTIME= 
1SNAME1 
ODELTA 
OSEND 
LOAD. TORQUE . DRAWBAR = 
LOAD.TORQUE,DRAWBAR^ 
LOAD.TORQUE,DRAWBAR= 
LOAD,TORQUE,DRAWBAR= 
NO GO 

#EOR 
1 LFN = TAPE7 

1506. 
31 10. 
4046. 
5079. 

1966. 
3524. 
4249. 
4859. 

705. 
1084. 
1194. 
1205. 

7/8/9 
6/7/8/9 
#E0R 
1 LFN = 

.10000E+34 

.25709E+03 

.28171E+03 

.12355E+04 

.15824E+04 

. 20122E+04 

.20608E+04 

TAPES 

.1OOOOE+34 

.20000E-01 

.40000E-01 

.80000E-01 

.12000E+00 

.16000E+00 

. 20000E+00 



.1OOOOE+34 

.25709E+03 
,28171E-r03 
.12355E+04 
.15824E+04 
.20122E+04 
.20608E+04 

7/8/9 
6/7/8/9 
#E0R 
1 LFN = TAPE9 

.10000E+34 

.12992E+04 

.36551E+04 

.67605E+04 

.85601E+04 
•97950E+04 
.10339E+05 

.10000E+34 

.19739E-0I 

.76766E-0I 

.10473E+00 

.16075E+00 

.17996E+00 

.21193E+00 
7/8/9 
6/7/8/9 
#E0R 
1 LFN = TAPE 10 

.10000E+34 

.45107E+00 

.16380E+01 

.25657E+01 

.42623E+01 

.52844E+01 

.66468E+01 
7/8/9 
6/7/8/9 
#E0R 
1 LFN = TAPE 11 

.10000E+34 

.20000E-01 

.40000E-01 

. 80000E-01 

. 12000E+00 

. 16000E+00 

. 20000E+00 

.10000E+34 

.20000E-01 

.40000E-01 

.80000E-01 

.12000E+00 

.16000E+00 

.20000E+00 

.10000E+34 .10000E+34 

.17595E+01 .12992E+04 

.25105E+01 .36551E+04 

.24587E+01 .67605E+04 

.22664E+01 .85601E+04 

.22060E+01 .97950E+04 

.21198E+01 .10339E+05 
7/8/9 
6/7/8/9 
#E0R 
DEFAULT LABELS ASSUME ISWAP= 1 1 
FIRST LINE OF DATA IN PLOT FILES 
OEND-OF-FILE ENCOUNTERED, FILENAME -
ERROR NUMBER 65 DETECTED BV INPF= 
CALLED FROM WHEELP AT LINE 35 

*EOR 

0 0 0 
IS READ AND IGNORED 

INPUT 
AT ADDRESS 0001 

#EOR 

7 S 
01/18/89 UNIV OF ARIZONA NOS/BE 1.5 650 88334 
13.52.29.SJ N0WAT21 FROM *« 01/18/89 
13.52.29.CD 00000049 CARDS, COST = $.00 
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13.52.29.JOBCARD-NOWATZKI.BN3850332 ,T30.CM65K.P2. 
13.52.29.PW, 
13.52.29.ATTACHCVEHICLE.WHEELEOVEHICLE.ID=EAN) 
13.52.30.AT CY= 001 SN=SVSTEM 
13.52.30.VEHICLE. 
13.52.31. CM LWA-t-1 = 47306B, LOADER USED 64700B, .240 CP SECS. 
13.52.52. STOP 
13.52.52. 056200 MAXIMUM EXECUTION FL. 
13.52.52. 9.031 CP SECONDS EXECUTION TIME. 
13.52.52.GOTO(2,2) 
13.52.52.REWIND(TAPE7,TAPE8,TAPE9.TAPE10.TAPE11) 
13.52.53.LIST(I=TAPE7) 
13.52.53. FINISHED LISTING. 
13.52.53.LI ST(I=TAPE8) 
13.52.53. FINISHED LISTING. 
13.52.53.LI ST(I=TAPE9) 
13.52.53. FINISHED LISTING. 
13.52.53.LIST(I=TAPE10) 
13.52.53. FINISHED LISTING. 
13.52.53.LIST(I=TAPE11) 
13.52.53. FINISHED LISTING. 
13.52.53.REWIND(TAPE7.TAPES.TAPE9.TAPE 10,TAPE 11) 
13.52.53.ATTACH(WHEELP.WHEELPLOTCOMPILED.ID=LBC0L 
13.52.53.L) 
13.52.53.AT CV= 001 SN=SYSTEM 
13.52.53.WHEELP. 
13.52.55. CM LWA+1 = 3700 IB. LOADER USED 55000B, .223 CP SECS. 
13.52.56.FTN - FATAL ERROR 65 
13.52.56. 045200 MAXIMUM EXECUTION FL. 
13.52.56. 0.034 CP SECONDS EXECUTION TIME. 
13.52.56.EXIT(S) 
13.52.56.ROUTE,TAPE99.DC=PT.FID=WHEEL. 
13.52.56.OP 00000001 BLOCKS, FILE WHEEL21. DC 30 
13.52.56. MR = 00 FC = *» REP=00 SC=00 
13.52.56. ROUTE COMPLETE. JOBNAME IS WHEEL21. 
13.52.56.OP 00000029 BLOCKS. FILE OUTPUT . DC 40 
13.52.56. MR=00 FC = ** REP=00 SC=00 
13.52.56.MS 320 BLOCKS. 1120 MAX USED 
13.52.56.CP 9.566 SEC. 9.003 ADJ. 
13.52.56.10 4.578 SEC. .377 ADJ. 
13.52.56.CM 289.004 KWS. .693 ADJ. (MAX USED= 65000B) 
13.52.56.SS 10.074 
13.52.56.COST S.60/TOTAL S.60/SS 
13.52.56.PRIORITY FACTOR FOR P2 IS 1.0 
13.52.56.** TOTAL COST DOES NOT INCLUDE PRINT AND PUNCH COSTS ** 
13.52.56.EJ END OF JOB. •* 

3 NOWATZK OUTPUT = 1 CALCOMP = 1 
JfEOR 
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1MARANA - DRIVEN 

LOAD,DIA,SECTWIOTH= 6075.000 
INFL. PR = 20.00 
DEFL. = 2.000 SECTH. = 16.000 
EPSILON= .9430 
C,PHI,GAMMA = 250.00 20.00 
1ST = 9IT0RQ = 1 

.NUMBER OF DRIVEN WHEELS WITH WEIGHT = 

.NUMBER OF DRIVEN WHEELS WITH WEIGHT = 

.NUMBER OF TOWED WHEELS WITH WEIGHT = 

.CORRESPONDING RESISTANCE PER WHEEL = 

.NUMBER OF TOWED WHEELS WITH WEIGHT = 

.CORRESPONDING RESISTANCE PER WHEEL = 

.SLOPE OF GRADE = 0.0 PERCENT 

70.200 18.250 

95.00 

6075.000 LBS IS 2 ' 

0.000 LBS IS 0 

2000.000 LBS IS 2 

40.000 LBS 

0.000 LBS IS 0 

0.000 LBS 

.TOTAL WEIGHT OF VEHICLE UNDER LOAOING CONDITION ANALVZEO 

SLIP, , SJ.SK.SF.DELMAX = 0200 -.0100 . 1247 1.0000 0 
OTIME= 0 
1SNAME1 
ODELTA = . 25389965827276E -01 , 
OSEND 
LOAD, TORQUE,DRAWBAR= 4293. 594. 212. 
LOAD, TORQUE,DRAWBAR= 6008. 839. 37. 
LOAD, TORQUE.DRAWBAR= 6008. 839. 37. 
SINK. TORQ ANO PULL COEFF= .9747 .0477 .0062 
SLIP = .0200 
ADJ. LOAD ,TORQ,DRAWB= 6075 848. 38 

ADJ . SINK: .99 
23 -14, .00 2419, . 20 78 .43 .07876 -1.70009 
24 -11, .78 2419, . 20 80 .29 .08122 -1.58935 
25 -9. .49 2419, .20 88 .56 .07935 -1.47569 
26 -7. .15 2419. .20 97, .48 .07317 -1.36077 
27 -4. .76 2419. .20 104. .25 .06696 -1.24527 
28 -2. .28 2419. .20 111. .23 .06059 -1.12682 
29 .28 2419. .20 118, .55 .05406 -I.00540 
30 2. ,92 2419. .20 126 . 22 .04737 -.88099 
31 5. 62 2419. .20 134. .21 .04052 -.75358 
32 a. 37 2419. ,20 142. .51 .03351 -.62315 
33 1 1 . ,17 2419. . 20 151 . .09 .02633 -.48971 
34 13. .98 2419. .20 159. .93 .01899 -.35323 
35 16. 81 2419. ,20 168. .98 .01149 -.21371 
36 19. 62 2419. .20 178. .23 .00383 -.071 15 

1ST = 9ITORQ = 1 
SLIP. SJ.SK.SF.DELMAX = 0400 -. ,0100 . 1247 1.0000 0 

0TIME= 0 
1SNAME1 
ODELTA = .70349779560981E "01 . 
OSEND 
LOAO. TORQUE.DRAWBAR= 4419. 1518. 544. 
LOAD, TORQUE,DRAWBAR= 621 1 . 2153. 484. 

16150. LBS 



LOAD ,TORQUE.DRAWBAR= 6211 . 2153. 484. 
SINK .TORQ AND PULL C0EFF= 1.0853 . 118S .0780 
SLIP = 0400 
ADJ. LOAD ,TORQ,DRAWB= 6075 2106. 474 

ADJ. SINK. 1 .06 
22 -14 .00 2419 .20 267 .43 .08805 -1 .69652 
23 -1 1 .85 2419 .20 271 .26 .09044 - 1 .58904 
24 -9 .62 2419 .20 282 .94 .08874 -1 .47826 
25 -7 .34 2419 .20 295 .55 .08267 -1 .36670 
26 -5 .05 2419 .20 301 .57 .07594 -1 .25544 
27 -2 .68 2419 .20 306 . 20 .06910 -1 .14233 
2B -.25 2419 .20 310 .90 .06212 -1 .02692 
29 2 .25 2419 .20 315 .69 .05500 -.90923 
30 4 .80 2419, .20 320 .55 .04774 -.78924 
31 7 .39 2419 .20 325 .50 .04034 -.66689 
32 10 .02 2419. .20 330 .52 .03280 -.54219 
33 12 .67 2419. .20 335 .61 .02511 -.41515 
34 15 .32 2419. .20 340 .77 .01729 -.28576 
35 17 .98 2419, .20 345 .98 .00932 -.15405 
36 20 .61 2419. .20 351 .25 .00121 -.02001 

1ST = 9ITORQ = 1 
SLIP, SJ.SK.SF .DELMAX = ,0800 .0100 . 1247 1 . 0000 0 

OTIME= 0 
1SNAME1 
ODF.LTA = .14062637988118E+00. 
0$END 
LOAD. TORQUE.DRAWBAR= 4378. 2587. 928. 
LOAD. TORQUE.DRAWBAR= 6200. 3677. 1031 . 
LOAD. TORQUE,DRAWBAR= 6200. 3677. 1031 . 
SINK. TORQ AND PULL COEFF= 1 . 1841 .2028 . 1664 
SLIP = .0800 
ADJ . LOAD. TORQ.DRAWB= 6075. 3603. 1011 

ADJ . SINK = 1.16 
26 -14. 00 2419. 20 479. .23 .09529 -1 .69375 
27 -10. 94 2419. 20 485. 96 .09868 -1 .54107 
28 -7 . 68 2419. 20 511. ,83 .09366 -1 .38081 
29 -4. 39 2419. 20 533. 02 .08283 -1 .22114 
30 -1 . 06 2419. 20 540. 55 .07206 -1 .06233 
31 2. 39 2419. 20 547. 88 .06103 -.89981 
32 5. 93 2419. 20 55S. 27 .04975 -.73347 
33 9. 53 2419. 20 562. 72 .03821 -.56330 
34 13. 17 2419. 20 570. 24 .02641 -.38932 
35 16. 81 2419. 20 577. 83 .01435 -.21153 
36 20. 42 2419. 20 585. 48 .00203 -.02997 

1ST = 9ITORQ = 1 
SLIP. SJ.SK.SF, .DELMAX = 1200 -. 0100 . 1247 1.0000 0. 

= .19079695261564E+00. 

OTIME= 
1SNAME1 
ODELTA 
OSENO 
LOAD.TORQUE,DRAWBAR= 4365. 31)8. U20. 
LOAD,TORQUE,DRAWBAR= 6122. 4374. 1305. 
LOAD,TORQUE,DRAWBAR= 6122. 4374. 1305. 
SINK.TORQ AND PULL COEFF= 1.1462 .2443 .2132 
SLIP = .1200 
ADJ. LOAD,TORQ,DRAWB= 6075. 4341. 1295. 

ADJ. SINK= 1.14 
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25 -14. .00 2331 . 84 583. .05 .09228 -1.69490 
26 -11. .07 2366. 26 589. .70 .09552 -1.54906 
27 -7, .96 2419. 20 618. .44 .09108 -1.39549 
28 -4. .82 2419. 20 642. .25 .08114 -1.24316 
29 -1 . .68 2419. 20 649. .59 .07134 -1.09310 
30 1 . 56 2419. 20 656. .70 .06136 -.94008 
31 4. 87 2419. 20 663. .86 .05117 -.78407 
32 8. 25 2419. 20 671. .07 .04079 -.62502 
33 11 . 65 2419. 20 678. .34 .03021 -.46292 
34 15. 06 2419. 20 685. .66 .01943 -.29777 
35 18. 45 2419. 20 693. .04 .00846 -.12959 
36 20. 03 2419. 20 696. ,52 .00324 -.04965 

1ST = 9IT0RQ = 1 
SLIP. SJ.SK.SF.DELMAX = .1600 -. .0100 . 1247 1.0000 1 
OTIME= 0 
1$NAME1 
ODELTA = .22661577649506E*00, 
0$END 
LOAD.TORQUE,DRAWBAR= 4019. 
LOAD.TORQUE.DRAWBAR= 5988. 

3384. 
4752. 

1214. 
1456. 

LOAD, ,TORQUE.DRAWBAR= 5988. 4752. 1456. 
SINK, ,TORQ AND PULL COEFF= 1 . 1184 .2713 .2431 
SLIP = 1600 
ADJ . LOAD,TORQ.DRAWB= 6075 4821 . 1477 

ADJ. SINK = 1 . 13 
25 -14.00 2058 .44 633 .00 .09007 -1 .69575 
26 -11.17 2084 .81 639 .08 .09320 -1 .55476 
27 -8. 15 221 1 .31 668 .25 .08915 -1 .40563 
28 -5.12 2317 .06 692 .64 .07980 -1 .25819 
29 -2. 1 1 2345, .89 699 . 28 .07066 -1 .11420 
30 .99 2373, .61 705 .67 .06137 -.96774 
31 4.15 2401 .52 712 . 1 1 .05193 -.81878 
32 7.37 24 19 .20 718 .59 .04232 -.66731 
33 10.61 2419 .20 725 . 1 1 .03256 -.51335 
34 13.86 2419 . 20 731 .68 .02263 -.35689 
35 17.09 2419. . 20 738. .29 .01255 -.19789 
36 20. 29 2419. . 20 744. .95 .00231 -.03635 

1ST = 91TORQ = 1 
SLIP. SJ.SK.SF .DELMAX = ,2000 -, .0100 . 1247 1 . i  0000 0 
OTIME= 0 
1SNAME1 
ODELTA = .25224557011631E+00. 
OSEND 
LOAD. TORQUE.DRAWBAR= 3491 . 3377. 1211. 
LOAD. TORQUE,ORAWBAR= 5252. 4728. 1490. 
LOAD. TORQUE.DRAWBAR= 7238. 6169. 1714. 
LOAD. TORQUE.DRAWBAR= 6123. 5384. 1622. 
LOAD. TORQUE.DRAWBAR= 6123. 5384. 1622. 
SINK.TORQ AND PULL COEFF= 1.7231 .3006 .2649 
SLIP .2000 
AOJ . LOAD.TORQ,DRAWB= 6075. 5342. 1609 

ADJ . SINK = 1.71 
25 -16.00 1754. 28 629. 17 .12760 -1 .93146 
26 -12.83 1778. 37 635. 38 .13982 - 1 .77422 
27 -S.40 1902. 04 667. 25 .14359 -1 .60512 
28 -5.93 2041 . 83 703. 28 .13722 -1 .43556 
29 -2.43 2184. 06 739. 94 .12116 -1 .26757 
30 .92 2211. 75 747. 06 .10601 -1 .10909 
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31 4 .37 2236 .74 753 .52 .09061 -.94796 
32 7 .88 2261 .89 760 .00 .07494 -.78405 
33 1 1 .43 2287 .22 766 .53 .05901 -.61734 
34 14 .99 2312 .72 773 . 10 .04281 -.44785 
35 IB .54 2338 .40 779 .72 .02634 -.27558 
36 22 .04 2364 .24 786 .38 .00961 -.10052 

1ST = 9ITORQ = 1 
SLIP ,SJ.SK.SF,DELMAX = .2400 -.0100 . 1247 1 . 0000 0 

0TIME= 0 
1SNAME1 
ODELTA .27063461648195E+00, 
0$END 
LOAD, ,TORQUE,DRAWBAR= 3435. 3660. 1312. 
LOAD, ,TORQUE.DRAWBAR= 4943. 4887. 1568. 
LOAD, , TORQUE.DRAWBAR= 6692. 6211 . 1780. 
LOAD, ,TORQUE,DRAWBAR= 5788. 5574. 1717. 
LOAD. .TORQUE.DRAWBAR= 5788. 5574. 1717. 
SINK, , TORQ AND PULL COEFF= 1 .7219 .3293 .2966 
SLIP = . 2400 
ADJ . LOAD, ,TORQ,DRAWB= 6075 5851 . 1802 

ADJ . SINK: 1 .81 
24 -16. .00 1608. .04 636 . 70 .12760 -1 .93146 
25 -12. .90 1628. .46 642. .37 .13958 -1 .77727 
26 -9. .51 1740. .52 673. .46 .14349 -1 .61006 
27 -6. .07 1867. .86 708. .79 .13749 -1 .44239 
28 -2. .61 2001. . 12 745. .76 .12164 -1 .27613 
29 .66 2024. .39 752. .22 .10689 -1 .12142 
30 4, .02 2045. .02 757. .94 .09192 -.96437 
31 7. .43 2065. .77 763. .70 .07671 -.80482 
32 10. ,89 2086. .67 769. .49 .06127 -.64277 
33 14. .36 2107. .70 775. .33 - .04558 -.47822 
34 17. .81 2128. .87 781 . .20 .02966 -.31117 
35 21 . ,23 2150. . 17 787. . 1 1 .01350 -.14161 
36 23. 04 2161. .64 790. . 29 .00475 -.04984 

1ST = 9ITORQ = 1 
SLIP. SJ .SK.SF,DELMAX = .2800 -. .0100 . 1247 1 J 0000 0 
OTIM£= 0 
1SNAME1 
ODELTA .28386179274997E+00. 
OSEND 
LOAD. TORQUE.DRAWBAR= 3141 . 3591 . 1287. 
LOAD. TORQUE.ORAWBAR= 4738. 5008. 1626. 
LOAD. TORQUE.DRAWBAR= 6245. 6195. 1817. 
LOAD. TORQUE.DRAWBAR= 6245. 6195. 1817. 
SINK. TORQ AND PULL C0EFF= 2.6554 .3392 .2909 
SLIP = . 2800 
ADJ . LOAD, TORQ.DRAWB= 6075. 6027. 1767 

0.0000 

ADJ. SINK= 2.50 
24 -18, .00 1417 .68 613. .98 . 18561 -2 . 15426 
25 -14. .57 1437 .91 619. .88 .20763 -1 .98501 
26 -10, .76 1551 .08 652. .90 .22073 - 1 .79719 
27 -6. .85 1682 .41 691 . .21 .22129 -1 .60683 
28 -2. .93 1822. .91 732. . 20 .20894 -1 . .41762 
29 1 . .01 1971 , .05 775. .42 .18383 -1 . .23089 
30 4. .71 2022. .29 790. .37 .15812 -1 .05871 
31 8. .41 2042. .06 796. . 14 .13261 -.88793 
32 12. . 17 2061 . .71 801 . .87 .10668 .71431 
33 15. .96 2081 . .48 807. .64 .08033 .53784 



34 19.75 
35 23.49 
36 26.04 

#E0R 
1 LFN = TAPE7 

2101.37 
2121.39 
2135.26 

813.44 
819.28 
823.33 

.05354 

.02633 

.00735 

-.35851 
-.17632 
-.04919 

.10000E+34 
-.16612E+03 
.70615E+03 
.17798E+04 
.23493E+04 
.27121E+04 
•29768E+04 
.33628E+04 
.32933E+04 

7/8/9 
6/7/8/9 
#E0R 
1 LFN = TAPES 

.10000E+34 

.20000E-01 

.40000E-01 

.80000E-01 

.12000E+00 

.16000E+00 

.20000E+00 

.24000E+00 
-28000E+00 

.10000E+34 
-.16612E+03 
.70615E+03 
.17798E+04 
.23493E+04 
.27121E+04 
.29768E+04 
.33628E+04 
.32933E+04 

7/8/9 
6/7/8/9 
#E0R 
1 LFN = TAPE9 

.10000E+34 

.16957E+04 

.42112E+04 

.72056E+04 

.86814E+04 

.96413E+04 

.10683E+05 

. 1 1702E+05 

. 12053E+05 

7/8/9 
6/7/8/9 
*E0R 
1 LFN = 

. 1OOOOE+34 

. 4 7.393E-0 1 

.52B58E-01 

. 57350E-0 1 

.55431E-01 

.54755E-01 

.74625E-01 

.74897E-01 

.10572E+00 

TAPE 10 

.1OOOOE+34 

.20000E-01 

.40000E-01 

.80000E-01 

. 12000E+00 

. 16000E+00 

. 20000E+00 

. 24000E+00 

.28000E+00 

7/8/9 
6/7/8/9 
#E0R 

.1OOOOE+34 

. 98546E+00 

.10615E+01 

.11602E+01 

.11375E+01 

.11346E+01 

.17097E+01 

.18074E+01 

.25832E+01 

. 1 OOOOE+34 

.20000E-01 

.40000E-01 

.80000E-01 

.12000E+00 

.16000E+00 

.20000E+00 

.24000E+00 

. 28000E+00 
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LFN = TAPE 11 

.10000E+34 .10000E+34 

.26040E+01 .16957E+04 

.26488E+01 .42112E+04 

.26509E+01 .72056E+04 

.26595E+01 .86814E+04 

.26642E+01 .96413E+04 

.25899E+01 .10683E+05 

.25923E+01 .1 1702E+05 
•25010E+01 .12053E+05 

7/8/9 
6/7/8/9 
#E0R 
DEFAULT LABELS ASSUME ISWAP= 1 1 
FIRST LINE OF DATA IN PLOT FILES 
OEND-OF-FILE ENCOUNTERED. FILENAME -
ERROR NUMBER 65 DETECTED BY INPF= 
CALLED FROM WHEELP AT LINE 35 

*EOR 

0 0 0 
IS READ AND IGNORED 

INPUT 
AT ADDRESS 000174 

*EOR 

7 S 
01/18/89 
13.13.21 
13.13.21 
13.13.21 
13.13.21 
13.13.21 
13.13.21 
13.13.21 
13.13.22 
1 3. 13 . 29 
13. 13 . 29 
13. 13 . 29 
13. 13 . 29 
13.13.29. 
13.13.29. 
13.13.29. 
13.13.29. 
13.13.29. 
13.13.29. 
13.13.29. 
13.13.29. 
13.13.30. 
13.13.30. 
13.13.30. 
13.13.30. 
13.13.30. 
13.13.30. 
13.13.30. 
13.13.30. 
13.13.32. 
13.13.32. 
13.13.32. 
13.13.32. 
13.13.32. 
13.13.32. 
13.13.32. 

UNIV OF ARIZONA NOS/BE 1.5 650 88334 
.SJ N0WAT1E FROM *• 01/18/89 
.CD 00000049 CARDS. COST = $.00 
.JOBCARD-NOWATZKI.BN3850332 .T30.CM65K.P2. 
• PW, 
.ATTACH(VEHICLE,WHEELEDVEHICLE fID=EAN) 
.AT CV= 001 SN=SVSTEM 
.VEHICLE. 
. CM LWA+1 = 47306B. LOADER USED 64700B, 

STOP 
056200 MAXIMUM EXECUTION FL. 
5.687 CP SECONDS EXECUTION TIME. 

.GOTO(2,2) 

.REWINDfTAPE7.TAPES,TAPE9,TAPE 10,TAPE 11) 
•LIST(I=TAPE7) 
. FINISHED LISTING. 
.LIST(I=TAPES) 
. FINISHED LISTING. 
.LIST(I=TAPE9) 
. FINISHED LISTING. 
.LIST(I=TAPE10) 
. FINISHED LISTING. 
.LIST(I=TAPE11) 
. FINISHED LISTING. 
.REWIND(TAPE7,TAPE8,TAPE9.TAPE 10,TAPE 11) 
. ATTACH(WHEELP.WHEELPLOTCOMPILED.ID = LBCOL 
• L) 
.AT CV= 001 SN=SVSTEM 
.WHEELP. 

CM LWA+1 = 37001B. LOADER USED 55000B. 
. FTN - FATAL ERROR 65 

045200 MAXIMUM EXECUTION FL. 
0.037 CP SECONDS EXECUTION TIME. 

EXIT(S) 
ROUTE,TAPE99,DC=PT.FID=WHEEL. 
OP 00000001 BLOCKS. FILE WHEEL 1E, DC 30 

.249 CP SECS. 

.250 CP SECS. 
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13.13.32. MR=00 FC=»» REP=00 SC=00 
13.13.33. ROUTE COMPLETE. JOBNAME IS WHEEL 1E. 
13.13.33.OP 00000031 BLOCKS. FILE OUTPUT . OC 40 
13.13.33. MR=00 FC=** REP=00 SC=00 
13.13.33.MS 320 BLOCKS. 1120 MAX USED 
13.13.33.CP 6.269 SEC. 5.900 AOJ. 
13.13.33.10 4.585 SEC. .377 ADJ. 
13.13.33.CM 209.972 KWS. .503 ADJ. (MAX USED= 65000B) 
13.13.33.SS 6.782 
13.13.33.COST $.41/TOTAL S.41/SS 
13.13.33.PRIORITY FACTOR FOR P2 IS 1.0 
13.13.33.*» TOTAL COST DOES NOT INCLUDE PRINT AND PUNCH COSTS »» 
13.13.33.EJ END OF JOB. ** 

3 N0WAT2K OUTPUT = 1 CALCOMP = 1 
#EOR 
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1MARANA - DRIVEN 

LQAD,OIA.SECTWIDTH= 6075.000 70.200 18.250 
INFL. PR = 20.00 
OEFL. = 2.000 SECTH. = 16.000 
EPSIL0N= .9430 
C.PHI,GAMMA = 560.00 20.00 95.00 
1ST = 3ITORQ = 1 

.NUMBER OF DRIVEN WHEELS WITH WEIGHT = 6075.000 LBS IS 2 

.NUMBER OF DRIVEN WHEELS WITH WEIGHT = 0.000 LBS IS 0 

.NUMBER OF TOWED WHEELS WITH WEI-GHT = 2000.000 LBS IS 2 

.CORRESPONDING RESISTANCE PER WHEEL = 40.000 LBS 

.NUMBER OF TOWED WHEELS WITH WEIGHT = 0.000 LBS IS 0 

.CORRESPONDING RESISTANCE PER WHEEL = 0.000 LBS 

.SLOPE OF GRADE = 0.0 PERCENT 

.TOTAL WEIGHT OF VEHICLE UNDER LOADING CONDITION ANALYZED = 

SLIP.Sj,SK,SF,DELMAX = .0200 -.0100 .1247 1.0000 0.0000 
OTIME= 0 
1SNAME1 
ODELTA = .25309965027276E-O1. 
OSEND 
LOAD.TORQUE.DRAWBAR= 437B. 
LOAD,TORQUE,DRAWBAR- 6027. 
LOAD.TORQUE.DRAWBAR= 6027. 
SINK.TORQ AND PULL C0EFF= .9934 
SLIP = .0200 
ADJ. LOAD.TORQ,DRAWB= 6075. 

16150. LBS 

1326. 
1797. 
1797. 
. 1019 

1811. 

474. 
389. 
369. 

.0646 

392. 

ADJ. SINK= 1.00 
22 - 14. 00 2419. 20 175. .67 .08034 -1 .69948 
23 -11. .80 2419. 20 178. .47 .08278 -1 .58947 
24 -9. 55 2419. 20 195. .49 .08097 -1 .47807 
25 -7. .29 2419. 20 213. . 72 .07488 -1 .36685 
26 -5. 01 2419. 20 226. .70 .06884 -1 .25654 
27 -2. 67 2419. 20 239. .76 .06271 -1 .14477 
28 28 2419. 20 253. .21 .05651 -1 .03151 
29 2. 15 2419. 20 267. .03 .05022 -.91674 
30 4. 62 2419. 20 281 . . 18 .04385 -.80045 
31 7. 1 1 2419. 20 295. .62 .03740 -.68264 
32 9. 62 2419. 20 310. .30 .03086 -.56329 
33 12. 14 2419. 20 325. . 18 .02424 -.44239 
34 14. 66 2419. 20 340. .20 .01753 -.31993 
35 17. 16 2419. 20 355. .31 .01073 -.19591 
36 19. 64 2419. 20 370. .46 .00385 -.07032 

1ST = 9ITORQ = 1 
SLIP. SJ.SK.SF.DELMAX = .0400 -. 0100 . 1 247 1 J 0000 0 

0TIME= 0 
1SNAME1 
ODELTA = .70349779560981E-01, 
OSEND 
LOAD.TORQUE,DRAWBAR= 4173. 3096. 1111. 
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LOAD .TORQUE,DRAWBAR= 6258. 4599. 1383 
LOAD .TORQUE.DRAWBAR= 6258. 4599. 13B3 
SINK ,TORQ AND PULL COEFF= 1.1520 .2512 .221 1 
SLIP 

= 
0400 

ADJ. LOAD.TORQ,ORAWB= 6075 4464. 134: 

ADJ. SINK= 1.12 
26 -14.00 2419 .20 599 .05 .09243 -1 .69484 
27 -10.77 2419 .20 605 .18 .09600 -1 .53419 
28 -7.41 2419 .20 638 .34 .09035 -1 .36887 
29 -4.04 2419, .20 662 .47 .07959 -1 .20576 
30 -.64 2419 .20 671 .58 .06888 -1 .04359 
31 2.85 2419. .20 680 .59 .05802 -.87902 
32 6.40 2419. .20 689 .77 .04700 -.71204 
33 9.98 2419. .20 699 .09 .03582 -.54262 
34 13.56 2419. .20 708 .52 .02447 -.37078 
35 17.11 2419. .20 718 .04 .01297 -.19651 
36 20.61 2419. .20 727 .61 .00131 -.01983 

1ST = = 9IT0RQ = 1 
SLIP, .SJ.SK.SF .DELMAX = .0800 -.0100 . 1247 1 . 0000 1 

OTIME= 0 
1SNAME1 
ODELTA = . 1406263790811BE+00, 
OSEND 
LOAD, ,TORQUE.DRAWBAR= 4177. 5371 . 1929 
LOAD, ,TORQUE.DRAWBAR= 6215. 7837. 2595 
LOAD, ,TORQUE.DRAWBAR= 6215. 7837. 2595 
SINK, TORQ AND PULL COEFF= 1.1577 .43 11 .4176 
SLIP 0800 
ADJ . LOAD.TORQ,ORAWB= 6075. 7661 . 253 

ADJ . SINK= 1.13 
25 -14.00 2419. ,20 1073. .48 .09311 -1 .69458 
26 -10.96 2419. 20 1080. .04 .09648 -1 .54296 
27 -7.77 2419. 20 1 128. .62 .09162 -1 .38597 
28 -4.59 2419. 20 1 165. .36 .08142 -1 .23170 
29 -1 .41 2419. 20 1 172, .88 .07140 -1 .08008 
30 1 .83 2419. 20 1 179. .98 .06127 -.92681 
31 5.13 2419. 20 1 187. . 10 .05102 -.77186 
32 8.45 2419. 20 1 194, .25 .04067 -.61524 
33 1 1 .77 2419. 20 1201 . ,43 .03021 -.45694 
34 15.07 2419. 20 1208. ,64 .01963 -. 29698 
35 18.34 2419. 20 1215. 88 .00895 -. 13535 
36 20.03 2419. 20 1219. , 70 .00327 -.04951 

1ST = 9IT0RQ = 1 
SLIP. SJ.SK.SF .DELMAX = 1200 -. .0100 . 1247 1.0000 1 
OTIME= 0 
1SNAME1 
ODELTA k = .19079695261564E+00, 
OSEND 
LOAD. TORQUE.DRAWBAR= 4387. 6856. 2459 
LOAD. TORQUE.DRAWBAR= 6205. 9429. 3202 
LOAO, TORQUE.DRAWBAR= 6205. 9429. 3202 
SINK, TORQ AND PULL COEFF= 1.1095 .5195 .5160 
SLIP = 1200 
ADJ . LOAD,TORQ,DRAWB= 6075. 9231 . 313! 

ADJ . SINK = 1 .09 
25 -14.00 2419. 20 1306. 04 .08924 -1 .69607 
26 - 11.09 2419. 20 1312. 52 .09246 -1 .55106 
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27 -8. .03 2419. 20 1367 .74 .08814 -1.40011 
28 -4. .99 2419. 20 1409 .70 .07883 -1.25220 
29 -1 . .96 2419. 20 1417 .08 .06974 -1.10781 
30 1 . . 1 1 2419. 20 1423 .98 .06057 -.96213 
31 4. .24 2419. 20 1430 .91 .05131 -.81511 
32 7. .38 2419. 20 1437, .85 .04197 -.66676 
33 10. .54 2419. 20 1444, .83 .03255 -.51707 
34 13. .67 2419. 20 1451 .82 .02304 -.36605 
35 16. .78 2419. 20 1458 .84 .01345 -.21371 
36 19. .83 2419. 20 1465, .88 .00378 -.06004 

1ST = 9ITORQ = 1 
SLIP, SJ.SK.SF.DELMAX = .1600 -. .0100 . 1247 1.0000 1 0.0000 

0TIM6= 0 
1SNAME1 
ODELTA = .22661577649506E+00. 
OSENO 
LOAD,TORQUE,DRAWBAR= 4226. 7152. 2563. 
LOAD.TORQUE,DRAWBAR= 6258. 10266. 3518. 
LOAD,TORQUE.DRAWBAR= 6258. 10266. 3518. 
SINK.TORQ AND PULL COEFF= 1.0810 .5608 .5622 
SLIP = .1600 
ADJ. LOAD,TORQ,DRAWB= 6075. 9966. 3416. 

ADJ. SINK = 1 .05 
24 - 14. 00 2419. .20 1417. .93 .08697 -1 .69694 
25 -11. 19 2419. .20 1423 .86 .09008 -1 .55664 
26 -8. 21 2419. .20 1480 .87 .08613 -1 .40971 
27 -5. 26 24 19. ,20 1524, .81 .07735 -1 .26606 
28 -2. 35 2419. , 20 1531 . .54 .06884 -1 .12679 
29 62 24 19. .20 1537. .76 .06027 -.98644 
30 3. 62 2419. , 20 1544. .00 .05162 -.84498 
31 6. 64 2419. , 20 1550. .26 .04291 -.70241 
32 9. 67 2419. ,20 1556. .53 .03414 -.55873 
33 12. 69 2419. 20 1562. . B3 .02529 -.41393 
34 15. 69 2419. 20 1569. . 15 .0163B -.26803 
35 18. 63 2419. 20 1575. .48 .00739 -.12102 
36 20. 03 24 19. 20 1578 . .55 .00304 -.04975 

1ST = 91TORQ = 1 
SLIP. SJ.SK.SF.DELMAX = .2000 -. .0100 . 1247 1 . 0000 1 
0TIME= 0 
1SNAME1 
OOELTA = .25224557011631E+00 
OSEND 
LOAD.TORQUE,DRAWBAR= 
LOAD.TORQUE.ORAWBAR= 
LOAD,TORQUE,DRAWBAR= 
SINK.TORQ AND PULL COEFF= 
SLIP = .2000 
ADJ. LOAD,TORQ,DRAWB= 

4500. 
6374. 
6374. 

1.0630 

6075. 

7878. 
10782. 
10782. 
.5783 

10276. 

2821 . 
3711. 
371 1 . 
5821 

3536. 

ADJ. SINK= 1.01 
24 -14. .00 2419. .20 1467 .28 .08554 -1.69749 
25 -11. . 26 2419, .20 1472 .63 .08858 -1.56058 
26 -8. .33 2419. .20 1529 .48 .08487 -1.41627 
27 -5. .44 2419, . 20 1573 .97 .07643 -1.27545 
28 -2. ,61 2419. .20 1580. .01 .06831 -1.13984 
29 , 27 2419. .20 1585. .54 .06012 -1.00330 
30 3. , 19 2419. .20 1591 . .08 .05188 -.86581 
31 6. , 13 2419. . 20 1596. .64 .04359 -.72734 
32 9. .07 2419. .20 1602. .21 .03523 -.58791 
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33 12.01 2419.20 1607.80 .02682 -.44752 
34 14.92 2419.20 1613.41 .01835 -.30617 
35 17.79 2419.20 1619.03 .00982 -.16385 
36 20.60 2419.20 1624.67 .00123 -.02056 

1ST = 9IT0RQ = 1 
SLIP.SJ.SK.SF.DELMAX = .2400 -.0100 .1247 1.0000 0.1 

0TIME= 0 
1SNAME1 
ODELTA = .27063461648195E+00, 
OSEND 
LOAD.TORQUE.DRAWBAR= 4410. 7801. 2793. 
LOAD.TORQUE.DRAWBAR= 6244. 10668. 3675. 
LOAD,TORQUE.DRAWBAR= 6244. 10668. 3675. 
SINK,TORQ AND PULL COEFF= 1.0512 .5842 .5886 
SLIP = .2400 
ADJ. LOAD,TORQ,DRAWB= 6075. 10380. 3576. 

ADJ. 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 

1ST = 
SLIP. 

0TIM£= 
1SNAME 
ODELTA 
OSEND 
LOAD, 
LOAD, 
LOAD, 
SINK, 
SLIP 
ADJ . 

SINK= 1.02 
-14.00 2419.20 
-11.31 2419.20 
-8.42 2419.20 
-5.56 2419.20 
-2.79 2419.20 
.03 2419.20 
2.88 2419.20 
5.76 2419.20 
8.64 2419.20 
11.51 2419.20 
14.36 2419.20 
17.17 2419.20 
19.94 2419.20 

91TORQ = 1 
SJ,SK,SF,DELMAX = 

0 
1 

= .28386179274997E+00, 

TORQUE.DRAWBAR= 4343. 7687. 2751. 
TORQUE.DRAWBAR= 6153. 10517. 3624. 
TORQUE.DRAWBAR= 6153. 10517. 3624. 
TORQ AND PULL COEFF= 1.0431 .5843 .5889 

.2800 
LOAD,TORQ.DRAWB= 6075. 10383. 3577. 

1484, .85 .08461 -1 .69784 
1489. .70 .08760 -1 .56340 
1545. .67 .08405 -1 .42077 
1590. .09 .07583 -1 .28182 
1595. .55 .06797 -1 .14889 
1600. .49 .06006 -1 .01516 
1605. .45 .05209 -.88056 
1610. .41 .04408 -.74510 
1615. .40 .03602 -.60879 
1620. .39 .02790 -.47161 
1625. .40 .01973 -.33357 
1630. .43 .01152 -.19466 
1635. .46 .00325 -.05490 

0 -. .0100 . 1247 1 . 0000 I 

ADJ. SINK= 1.03 
24 -14. .00 2419. .20 1486 .93 .08398 -1 .69809 
25 -11 .34 2419. .20 1491 .37 .08693 -1 .56547 
26 -8. .47 2419. .20 1546 .29 .08350 -1 .42373 
27 -5 .64 2419. .20 1590 .40 .07541 -1 .28583 
28 -2. .91 2419. . 20 1595 .41 .06772 -1 .15473 
29 . 13 2419. .20 1599 .89 .05999 -1 .02290 
30 2. .68 2419. .20 1604 .38 .05221 -.89030 
31 5. .51 2419. .20 1608 .89 .04439 -.75692 
32 8. .35 2419. .20 1613 .41 .03652 -.62276 
33 1 1 . . 18 2419. . 20 1617. .94 .02861 -.48782 
34 13. .98 2419. 20 1 622. .48 .02065 -.35211 
35 16. .75 2419. 20 1627 .03 .01264 -.21561 
36 19. .48 2419. 20 1631 . .60 .00459 -.07834 

#EOR 
1 LFN = TAPE7 
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.10000E+34 

.54341E+03 
•24443E+04 
.48325E+04 
.60278E+04 
. 65895E+04 
.68313E+04 
.69103E+04 
.69133E+04 

7/8/9 
6/7/8/9 
#EOR 
1 LFN = TAPES 

.10000E+34 

.20000E-01 

.40000E-01 

.80000E-01 

. 12000E+00 

.16000E+00 

.20000E+00 

.24000E+00 

.28000E+00 

.10000E+34 

.5434)E+03 

.24443E+04 

.48325E+04 

.60278E+04 

.65895E+04 

.68313E+04 

.69103E+04 

.69133E+04 
7/8/9 
6/7/8/9 
»EOR 
t LFN = TAPE9 

.10000E+34 

.36225E+04 

.89290E+04 

.15322E+05 

.18462E+05 

.19931E+05 

.20552E+05 

.20760E+05 

.20766E+05 

7/8/9 
6/7/8/9 
#EOR 
1 LFN = 

.10000E+34 

.48181E-01 

.55667E-01 

.5517 7E-01 

.52576E-01 

.51175E-01 

.50419E-01 

.49703E-01 

.49227E-01 

TAPE10 

.10000E+34 

.20000E-01 

.40000E-01 

.80000E-01 

.12000E+00 

.16000E+00 

.20000E+00 

. 240T30E+00 

.28000E+00 

7/8/9 
6/7/8/9 
#EOR 
I LFN = 

.I0000E+34 

.10013E+01 

.11182E+01 

.11317E+01 

.10861E+01 

.10494E+01 

.10131E+01 

.10227E+01 

.10298E+01 

TAPE 11 

.10000E+34 

.20000E-01 

.40000E-01 

.80000E-01 

.12000E+00 

.16000E+00 

.20000E+00 

.24000E+00 

.28000E+00 

.10000E+34 

.26436E+01 

.26558E+01 

.10000E+34 

.36225E+04 

.89290E+04 
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.26673E+01 .15322E+05 

.26726E+01 .18462E+05 

.26743E+01 .19931E+05 

.26741E+O1 .20552E+05 

.26767E+01 .20760E+05 

.267046+01 .20766E+05 
7/8/9 
6/7/8/9 
#E0R 
DEFAULT LABELS ASSUME ISWAP= 110 0 0 
FIRST LINE OF DATA IN PLOT FILES IS READ AND IGNORED 
OEND-OF-FILE ENCOUNTERED. FILENAME - INPUT 
ERROR NUMBER 65 DETECTEO BV INPF= AT ADDRESS 000174 
CALLED FROM WHEELP AT LINE 35 

#EOR 

tfEOR 

7 S 
01/18/89 UNIV OF ARIZONA NOS/BE 1.5 650 88334 
17.08.03.SJ N0WAT95 FROM •* 01/18/89 
17.08.03.CD 00000049 CARDS. COST = $.00 
17.08.03.JOBCARD-NOWATZKI.BN3850332 ,T30.CM65K,P2. 
17.08.03.PW, 
17.08.03.ATTACH(VEHICLE.WHEELEDVEHICLE.ID=EAN) 
17.08.03.AT CV= 001 SN=SVSTEM 
17.08.03.VEHICLE. 
17.08.05. CM LWA+1 = 47306B. LOADER USED 64700B, .237 CP SECS. 
17.08.11. STOP 
17.08.11. 056200 MAXIMUM EXECUTION FL. 
17.08.11. 4.416 CP SECONDS EXECUTION TIME. 
17.08.11.GOTO(2,2) 
17.08.11,REWIND(TAPE7,TAPES.TAPE9.TAPE 10.TAPE 11) 
17.08. 1 I.LIST(I = TAPE7) 
17.08.11. FINISHED LISTING. 
17.08.11.LIST(I=TAPE8) 
17.08.11. FINISHED LISTING. 
17.08.11.LI ST(I=TAPE9) 
17.08.11. FINISHED LISTING. 
17.08.11.LIST(I=TAPE10) 
17.08.11. FINISHED LISTING. 
17.08.11,LIST(I=TAPE11) 
17.08.11. FINISHED LISTING. 
17.08. I 1.REWIND(TAPE7,TAPE8,TAPE9.TAPE 10.TAPE 1 I) 
17.08.11,ATTACH(WHEELP.WHEELPLOTCOMPILED,ID=LBC0L 
17.08.11.L) 
17.08.12.AT CV= 001 SN=SVSTEM 
17.08.12.WHEELP. 
17.08.13. CM LWA+1 = 37001B. LOAOER USED 55000B. .237 CP SECS. 
17.08.14.FTN - FATAL ERROR 65 
17.08.14. 045200 MAXIMUM EXECUTION FL. 
17.08.14. 0.038 CP SECONDS EXECUTION TIME. 
17.08.14.EXIT(S) 
17.08.14.ROUTE.TAPE99.DC=PT.FID=WHEEL. 
17.08.14.OP 00000001 BLOCKS. FILE WHEEL95. OC 30 
17.08.14. MR=00 FC=** REP=00 SC=00 
17.08.14. ROUTE COMPLETE. JOBNAME IS WHEEL95. 
17.08.14.OP 00000030 BLOCKS. FILE OUTPUT , DC 40 
17.08.14. MR=00 FC=** REP=00 SC=00 
17.08.14.MS 320 BLOCKS. 1120 MAX USED 
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17.OB.14.CP 4.965 SEC. 4.672 ADJ. 
17.08.14.10 4.582 SEC. .377 ADJ. 
17.08.14.CM 179.851 KWS. .431 ADJ. (MAX USEO= 65000B) 
17.08.14.SS 5.481 
17.08.14.COST $.33/TOTAL S.33/SS 
17.08.14.PRIORITY FACTOR FOR P2 IS 1.0 
17.08.14.»• TOTAL COST DOES NOT INCLUDE PRINT AND PUNCH COSTS ** 
17.08.14.EJ END OF JOB. *• 

3 NOWATZK OUTPUT = 1 CALCOMP = 1 
#EOR 

/ 



APPENDIX D 

WHEEL IBM-COMPATIBLE COMPUTER OUTPUT 
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TEST.DAT 

CASE 2390 - VEHICLE 
1 
6075. 
70.2 18.25 
20. 
2.0 16.0 
9 
100. 25. 64. 
-0.01 
1.0 0.  1 
1 
2 0 0 
2 2000. 40. 
0 0 0 
0. 16150. O 
.02 
1 
.04 
1 
.08 

. 12 
1 
. 16 
1 
.20 
1 
.24 

.28 
2 
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TEST.OUT 

CASE 2390 - VEHICLE 

LOAD, DIAMETER, SECTION WIDTH » 6075.000 70.200 18.250 
INFLATION PRESSURE = 20. OO 
DEFLECTION = 2.000 SECTION HEIGHT = 16.000 
EPSILON- .9430 
C,PHI,GAMMA = 100.OO 25.OO 64.00 

NUMBER OF DRIVEN WHEELS WITH WEIGHT *= 6075.000 LBS IS 2 
NUMBER OF DRIVEN WHEELS WITH WEIGHT = .000 LBS IS O 
NUMBER OF TOWED WHEELS WITH WEIGHT = 2000.000 LBS IS 2 
CORRESPONDING RESISTANCE PER TOWED WHEEL = 40.000LBS 
NUMBER OF TOWED WHEELS WITH WEIGHT = .OOO LBS IS 0 
CORRESPONDING RESISTANCE PER TOWED WHEEL " .OOOLBS 
SLOPE OF GRADE = .0 PERCENT 
TOTAL WEIGHT OF VEHICLE UNDER LOADING CONDITION ANALYZED = 16150. LBS 

SLIP = .0200 
ADJ. SINK = .45 
ADJ. LOAD PER WHEEL" 6075. 
ADJ. TORQUE PER WHEEL" 650. 
TOTAL DRAWBAR PULL PER DRIVEN WHEEL" 249. 
NET DRAWBAR PULL PER DRIVEN WHEEL" 64. 
RIMPULL= 738. 

SLIP = .0400 
ADJ. SINK = 1.64 
ADJ. LOAD PER WHEEL= 6075. 
ADJ. TORQUE PER WHEEL" 1828. 
TOTAL DRAWBAR PULL PER DRIVEN WHEEL" 262. 
NET DRAWBAR PULL PER DRIVEN WHEEL" 70. 
RIMPULL" 1456. 

SLIP - .0800 
ADJ. SINK = 2.57 
ADJ. LOAD PER WHEEL" 607S. 
ADJ. TORQUE PER WHEEL" 3380. 
TOTAL DRAWBAR PULL PER DRIVEN WHEEL" 739. 
NET DRAWBAR PULL PER DRIVEN WHEEL" 309. 
RIMPULL" 2750. 

SLIP = .1200 
ADJ. SINK " 4.26 
ADJ. LOAD PER WHEEL" 6075. 
ADJ. TORQUE PER WHEEL" 4280. 
TOTAL DRAWBAR PULL PER DRIVEN WHEEL" 912. 
NET DRAWBAR PULL PER DRIVEN WHEEL" 396. 
RIMPULL" 3777. 

SLIP = .1600 
ADJ. SINK " 5.28 
ADJ. LOAD PER WHEEL" 6075. 
ADJ. TORQUE PER WHEEL" 4897. 
TOTAL DRAWBAR PULL PER DRIVEN WHEEL" 1127. 
NET DRAWBAR PULL PER DRIVEN WHEEL" 503. 
RIMPULL" 4440. 



1.05. 

SLIP « .2000 
ADJ. SINK « 6.65 
ADJ. LOAD PER WHEEL>= 6075. 
ADJ. TORQUE PER WHEEL® 5169. 
TOTAL DRAUBAR PULL PER DRIVEN UHEEL= 1151. 
NET DRAUBAR PULL PER DRIVEN UHEEL= SIS. 
RIMPULL- 4B77. 

SLIP - .2400 
NO GO 

SLIP = 
NO GO 

.2800 



SLIPDB.DAT 

.0200 

.0400 

.0800 

.1200 

. 1600 

.2000 

257. 
282. 

1236. 
1582. 
2012. 
2061. 

TORQDB.DAT 

1299. 257 
3655. 282 
6760. 1236 
8560. 1582 
9795. 2012 

10339. 2061 

SLIPSN.DAT 

.0200 .45 

.0400 1.64 

.0800 2.57 

.1200 4.26 

.1600 5.28 

.2000 6.65 

TORQRP.DAT 

1299. 738. 
3655. 1456. 
6760. 2750. 
8560. 3777. 
9795. 4440. 

10339. 4877. 



APPENDIX E 

LIST OF SYMBOLS 



Greek 

ad central angle at the Inner end of the forward 
slip line field 

a'd central angle at the inner end of the rear slip 
line field 

am entry angle 
a r  rear angle 
Yd dry unit weight 
Yt total unit weight 
6v«r vertical deflection under load 
£ax axial strain 
eiat lateral strain 
v Poisson's Ratio 
ip angle of internal friction 

Ta«x maximum interface shear stress 
Ti*ob mobilized interface shear stress 

English 

c cohesion 
CI cone Index 
CGR cone Index gradient 
Dr relative density 
Ho unloaded tire height 
j slip 
jo threshold perimeter shear 
k empirical constant 
pi limit pressure 
qd normal stress at angle aa 
q» normal stress at angle <*• 
v actual travel velocity 
vt theoretical travel velocity 
w moisture content 
Wi deformed tire width 
Wo unloaded tire width 
Wu uniform deformed tire width 
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Figure 5. Case 2390 Powershlft Diesel.—From the University of 
Nebraska-Lincoln Agricultural Experiment Station (1983). 


