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Abstract

From field validation test of the Hungarian Army Mobility Model (HAMM) I concluded that the soil profile, which  generates the vibration of the vehicle, is significantly modified by the vehicle itself. The soil is compressed by the vehicle and part  of the kinetic energy of the vibrating vehicle  is absorbed by the soil  while  the dynamic normal and shear forces are affecting the interaction. These phenomena have not been considered by cross-country researcher.
Simulation of cross-country motion is made more difficult by the fact that cohesion and friction are not true constants for a given soil. They were as a function of the slip even for the same tire and soil. We found that the vertical vibrations of the vehicle destroy the mechanical structure of the soil, altering the cohesive force between its particles.

Thus it is clear that the establishment  of an accurate soil-tire model has not been achieved up to now because these effects have not been considered. The question is whether we should approach the problem purely empirically or should we strive for a general method using natural parameters. 

During the last five years I have studied how vehicles influence terrain profiles. My ultimate goal is to develop a dynamic tire-soil interaction model which considers this effect.
One of the key unsolved problems in off-road locomotion research is the mathematical description of the physical process taking place in the tire-soil interface. I have conducted field tests and measured forces and displacements  in the tire-soil interface in three orthogonal directions. The measured values were determined at intervals which were smaller than the contact length. The dynamic forces and displacements were then determined by averaging the measured values. In addition the variation of the mechanical properties of the soil was established for the same intervals. I developed a new formula which is well-suited for the dynamic simulation of the tire-soil interaction.

1. Introduction

Cross country vehicle design has improved significantly in  recent years. All-wheel drive vehicles represent a great improvement in vehicle  stability and cross-country  mobility. The results of military vehicle research and development have been successfully applied  in the development process of civilian vehicles.

Research in this discipline began to intensify in the early of 1950s. During the last 49 years a lot of research results have been published. Sub-disciplines were born, such as 

-the mechanics  of locomotion in soft soil,

-vehicle dynamics,

-cross-country vehicle performance,

-mobility modeling

Bernstein was the first who investigated the relationship between soil bearing capacity and rolling resistance in the beginning of this century.[1]. 

In 1954 Dr. M.G. Bekker founded the Land Locomotion Laboratory which was located in the U.S. Army Detroit Arsenal. Researchers of the Laboratory realized that the soil develops two different stresses under a rigid wheel. One is caused by the  weight of the vehicle (normal stress), while the other is  shear stress  generated by the driving moment. So they concluded that the soil under a rigid wheel is under dual loading, namely it is compressed by the weight of the vehicle and it is also sheared due to the driving moment created by the peripheral force.

Their initial research effort concentrated on the mathematical description of the physical action taking place at the soil-wheel interface. Bekker developed formulas for the vertical or normal interaction (e.g. sinkage, rolling resistance) [2,3], while Janosi's equation[4] is widely applied for modeling the shearing action. Both are based on data gained by using soil test instruments, that is, they used empirical factors for describing the actual vehicle mobility phenomenon on the basis of data measured by soil test instruments. 

The lack of universal applicability of Bekker's method has long been proven by researchers, but Janosi's formula for modeling the shearing action at the soil-wheel interface has been successfully used during the past fifthy years. Naturally, the formula, originally developed for tracked vehicles, has been improved significantly by several researchers during subsequent years. 

Janosi's equation:
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Here:

A   =  the ground contact area for a tracked vehicle [m2]

l    =  the length of the area [m]
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c  = the internal cohesion of the soil (N/m2)
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= coefficient of internal soil friction
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= normal soil stress under a wheel (N/m2)

K  = shape factor of the shear diagram [m]

    s   = slip

Komandi's work[5] resulted in applying the formula for cross-country vehicles running on pneumatic tires. In order to accomplish this Komandi did not use soil shear curves gained from instrument-tests to determine Kred, instead he used traction-slip curves obtained from actual drawbar pull tests. This modification resulted in the expansion of the range of applicability of the method. 

Komandi’s latest research[6] led to the conclusion that traction is influenced primarily by the active part of the soil-tire interface surface. The soil reaches its maximum shearing resistance very quickly, while traction is developed. Komandi’s „kinematic model” is formulated as follows:
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The drawback of this approach is that the interface surface can only be determined indirectly because its experimental establishment would be difficult.

Sitkei[7] examined the soil wheel interaction in sand and he found that wheel-slip has an important role there.

Sitkei[8] observed that the soil develops not only shear stresses, but also tension stresses  under a wheel. He pointed out that both the rising part of the shear diagram, which represents shear stresses and  the horizontal part of a shear diagram, which represents  tension stresses, are important. This observation led to a new formula for calculating traction.

These methods, which attempt to describe the actual physical phenomenon by means of formulas comprising a model, are only valid for stationary conditions. This is a serious drawback because there are non-stationary stages even when the vehicle moves slowly. Uneven soil profile causes vibrations and, hence, normal forces which are not stationary. This affects the shearing action in the soil-wheel interface.

Another serious problem to be considered is the fact that cohesion and internal friction occur between soil particles which move relative to each other in the soil under the wheel.

This is in addition to the cohesive and frictional action taking place in the soil-wheel interface. The deformation of pneumatic tires and the relative motion between the wheel and the soil (slip) also influence the physical phenomena. These actions are not considered in the stationary solution, reducing its accuracy and usefulness.

In the sixties mobility research took a new direction. Cross country vehicle mobility was simulated by means of models developed by the U.S. Army and somewhat later this was also accomplished in Hungary. These models were accurate enough and, thus, provided a useful tool for vehicle tests and development efforts. Subsequently cross country research began to focus on vehicle dynamics. 

Between 1980 and 1986 the Department of Automotive and Thermal Technology of the Godollo University of Agricultural Sciences developed HAMM ( Hungarian Army Mobility Model) for the Hungarian Army. (Laib[9, 10], Gedeon and Laib[11].)

Field tests and theoretical research performed during the development of HAMM led us to conclude that the soil profile, which excites the vehicle, causing vibrations, is significantly modified by the vehicle itself. The soil is compressed by the vehicle and, hence, the profile is modified. Part of the kinetic energy of the vibrating vehicle is absorbed by the soil while dynamic normal and shear forces are affecting the interaction.

This leads to the conclusion that as the vehicle moves over terrain it modifies its profile significantly.  This consumes energy, just as slip and „static” rolling resistance do, so that we have to account for this „additional” energy loss too.

Wheels alter the internal structure of the soil as they modify its profile, so it is very likely that the mechanical parameters of the soil (cohesion and internal friction) change likewise.  Therefore one cannot assume that cohesion and friction are  constants in the formula for computing tractive force generated by soil-wheel interaction. In other words the tractive force is not stationary.

Since cohesion and friction influence traction to a great extent w conducted experiments to determine how these parameters vary in the soil-wheel interface.  A further goal was the determination of the energy which is consumed while the profile is modified. Our final goal is the establishment of a soil-tire model which accounts for pertinent non-stationary effects and, hence, it would lead to more realistic simulation and more accurate computational predictions.

2.TEST EQUIPMENT AND FIELD TESTS

We have performed tractor field tests in order to realize our goals. We determined the forces and displacements in three orthogonal directions in the tire-soil interface. (See Fig. 1.) We determined the average forces from the time- histories of the signals provided by our gauges . The steps used for the averaging process were less than half of length of the ground contact surface.

We took samples of the soil both before and after the vehicle passed over  it. Next we determined the soil’s moisture content and its density and performed shear tests which yielded values for soil-cohesion and internal friction. Soil samples were collected at 1 meter intervals.

Two  off-road  vehicles were used during the tests. 

We have determined the drawbar pull during our field tests and we measured with wheel slip and fuel consumption. We determined the forces in the interface by means of a piezo-electric gauges while displacement was established via a radar-instrument.

We used ballast-weights to vary the mass of the vehicle and its velocity.

The following formula was used for the determination of the energy required to modify the profile:
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where: 

         Fx,y,z,  are the forces acting in the tire soil interface in x, y and z 

                  directions. 

         Sx,y,z,  are displacements in the interface acting in the same directions 

                  as the respective forces.

Cohesion and friction were  measured by means of a shear-box. Tests were  run on medium-strength loam,  on sandy-loam and on strong clay soils. We were able to perform test at five different moisture contents. A well-known fact is that the weather influences the moisture content of the soil and, hence, it limits our control over field tests. 

We followed standard field-test procedures. Accordingly we first determined rolling resistance for a given soil condition by towing the tractor slowly and, subsequently, we determined the energy consumed by slip and rolling resistance. To do this we used our measured values and the differential equations of vehicle motion. The equations is as follows:

                       Eslip =  (Fmotionresistance x Vtravel x S ) / t
Energy required by rolling resistance:

Erolling= Frolling resistance vtravel/t

where:

 
Eslip  is the energy required by wheel-slip

         Erollingres  is the energy required by rolling resistance 

        Frolling resistance   is the motion resistance of the tractor  (N)

        Vtravel  is the travel velocity  (m/sec)

        t   is time (sec)

        s  is wheel-slip

3.TEST RESULTS

Because of limitations in space we present our test results in the form of figures only. Fig. 2 depicts soil cohesion measured both in the rut left by the tractor and  before the tractor had passed over the soil. The values are shown as a function of distance covered. Each soil-type yielded similar results.

Fig. 3 shows the measured values of internal soil friction obtained in the same manner.

In Fig. 4 we present the change in soil cohesion as a function of soil moisture, expressed as a percentage and Fig.5 shows the same as a function of vehicle travel-velocity. Fig. 6 shows the change in cohesion as a function of the mass of the vehicle.
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The energies absorbed by slip, static rolling resistance and profile modification  as well as their sum are shown in Fig. 7.

        Figure 2. Soil-cohesion in the rut  as function of the Distance
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           Figure 3. The internal soil-friction in the rut as function of      

           the distance
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            Figure 4. The change in soil cohesion as a function of 

            moisture content
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        Figure 5.The change in soil-cohesion as a function of vehicle      

        travel velocity
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     Figure 6. The change in soil-cohesion as a function of the 

       vehicle

[image: image12.wmf]Tha Change in Soil-Cohesion as a Function of 

Vehicle Travel-Velocity

0

0,1

0,2

0,3

0,4

0

5

10

15

20

25

Vehicle Travel-Velocity [km/h]

Delta Soil-Cohesion 

c [%]


       Figures 7  The energies absorbed by slip, static rolling  

       resistance and profile modification as well as their sum

4.DISCUSSION

Our test results show that soil cohesion is reduced significantly by the vehicle. This  is true for all soils tested and the amount of reduction was 15-35%. (See Fig. 2.)

It became also clear that an increase in moisture content reduces the percent  reduction in cohesion while vehicle velocity and mass leads to an increase. (See Figs. 4,5 and 6.)

As shown in Fig. 3 the internal soil friction does not vary as a function of the above parameters, or that the variation is insignificant.

The total energy absorbed by slip and static rolling resistance was always less than the energy required to modify the profile in the x, y and z directions. (Fig. 7.)

In view of the above conclusions we recommend that cohesion should be treated as a variable in the equations devised to simulate soil-tire interaction. It should be expressed as a function of travel velocity, vehicle mass and soil moisture content.

5.Conclusions 

Based on test data analyzed by our team and presented in this paper we may conclude that the dynamic load created by the moving tractor   modifies soil cohesion significantly while internal friction is not  affected. The amount of change in cohesion is a function of travel  velocity, the mass of the vehicle and moisture content.

Therefore, we recommend that cohesion should not be treated as a constant value in a tire-soil interaction model. It should be included  as a function of the variables listed above.

When  comparing the energy absorbed by slip, by rolling resistance and  the energy required to modify the profile of the soil we concluded that  the sum of the first two is always less than the latter. It is,  therefore, clear that a reduction in the modification of the soil  profile will improve the energy balance of the tractor. A way to achieve  this is to equip the tractor with appropriate suspension.

An accurate account of  the specific energy absorption of the soil will lead to a more accurate evaluation of the energy balance of cross-country vehicles.
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		0.22		0.076

		0.12		0.057

		0.16		0.08

		0.18		0.091

		0.19		0.12

		0.22		0.136

		0.311		0.186

		0.34		0.21

		0.36		0.265

		0.436		0.284

		0.37		0.26

		0.32		0.174

		0.22		0.102

		0.33		0.216



Before the Vehicle

After the Vehicle

Distance [m]

Soil-Cohesion [dN/cm2]

Soil-Cohesion in the Rut



Munka1

		Before the Vehicle		After the Vehicle		nedvesség tartalom		belső surlodási tényező áthalade		belső surlodási tény áth u.

		0.24		0.22		11		0.42		0.42

		0.28		0.193		12.3		0.38		0.37

		0.35		0.186		13.2		0.35		0.35

		0.38		0.24		15		0.39		0.38

		0.39		0.23		13		0.37		0.37

		0.29		0.2		12.03		0.39		0.39

		0.28		0.167		12		0.33		0.33

		0.36		0.254		10.2		0.31		0.3

		0.38		0.31		9.5		0.35		0.35

		0.39		0.26		10.2		0.3		0.3

		0.38		0.22		10.3		0.29		0.29

		0.28		0.197		10.8		0.24		0.24

		0.27		0.163		10.6		0.23		0.23

		0.26		0.167		10.4		0.23		0.23

		0.24		0.125		10.2		0.12		0.12

		0.22		0.076		12.5		0.13		0.13

		0.12		0.057		15.06		0.21		0.21

		0.16		0.08		10.6		0.25		0.25

		0.18		0.091		10.5		0.26		0.26

		0.19		0.12		10.4		0.24		0.24

		0.22		0.136		10.8		0.26		0.26

		0.311		0.186		10.6		0.28		0.28

		0.34		0.21		10.2		0.24		0.24

		0.36		0.265		10.3		0.23		0.23

		0.436		0.284		10.6		0.23		0.23

		0.37		0.26		10.11		0.25		0.25

		0.32		0.174		10.21		0.24		0.24

		0.22		0.102		10.21		0.25		0.25

		0.33		0.216		10.52		0.22		0.22
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