DU . oethe i AR

ml ReD (,45'9- e'»v-a:_

AD-A254 619 - :
e - @
ISTVS International
Society for
Terrain-
Vehicle
Systems

DTIC

ELECTE
sJUmez

5th EUROPEAN CONFERENCE
DATAYS-9/-M-027)

Budapest, Hungary
September 4-6, 1991

PROCEEDINGS
VOLUME |

This document has been appsoved
for public teleays and
distribution is u

SCIENTIFIC SOCIETY OF
MECHANICAL ENGINEERS

UNIVERSITY OF AGRICULTURAL SCIENCES
AGRICULTURAL ENGINEERING FACULTY

Department of Agricuttural Véhicles and Engines
92-17225
92 6 50 G ml!”llllll

™




N S e =~ S A 1

 DISCLAIMER NOTICE

e

THIS DOCUMENT IS BEST
QUALITY AVAILABLE. THE COPY
FURNISHED TO DTIC CONTAINED
A SIGNIFICANT NUMBER OF
PAGES WHICH DO NOT
REPRODUCE LEGIBLY.




PP “NRDUEI—— P S

Py

g o T e 2

5th EUROPEAN CONFERENCE

Accesion For

|
NTIS CRA&I
Budapest, Hungary DTic Tag g
Unannou.ced ]
September 4-6, 1991 Justiticavon
By
Disﬁ: n!
PROCEEDINGS Avaiiabiliy o
VOLUME | Dist | A¥s eotion
= Specal

Al |




g

PROFILE OF BUDAPEST

Budapest is the capital of the Republic of Hungary. Its population is around two
million. The city is located on both sides of the second largest river in Europe, the
Danube. 1t is spanned by 8 bridges and, in addition, a subway line crosses under the
river.

Budapest is the cultural center of Hungary. Its eight universities and four colleges
await eager-to-learn students. Foreign students are very much interested in studying
at these institutions, especially at the Technical University and at the University of
Medical Sciences.

The yearly Spring Festival of Budapest draws extraordinary international attention.
The program is rich in concerts, ballet performances and plays. Famous artists from
all around the world appear in these productions.

Budapest is also the city of museums. The Castle Quarter” (the area around the
restored castle of former Hungarian kings) deserves special notice by those interested
in the freasures of the past.

The Square of Heroes provides a splendid spectacle. There are a great many churches,
including the incomparable St. Stephen Cathedral. The hotel row along the east bank
of the river is aesthetically pleasing. But in contrast, it is also worth while to frequent
the small inns in Obuda (the old city), whose unique atmosphere stems from fine
Hungarian dishes and schrammel” music.

Budapest is also very beautiful at night. The best night spots are the Moulin Rouge
and the Maxim, featuring pretty dancers, excellent music and outstanding entertain-
ment.




INVITATION

We are pleased to invite you to the 5th European Conference of the International
Society for Terrain Vehicle Systems to be held in Budapest, Hungary, from 4-6 Sep-
tember, 1991. The Conference will include plenary lectures, a short presentation of
all papers, and postershows allowing an opportunity to discuss the presented material
in detail. Social events and a technical visit are also being arranged. We believe that
you will acquire valuable scientific experiences at the Conference and, at the same
time, you may enjoy the special charm of Budapest.

We are looking forward to seeing you at our Conference in Budapest

sincerely yours.

G. Sitkei.
Chairman of
Organizing Committee
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THE ROLE OF SINULATION IN THE RESEARCH,
DEVELOPMENT AND ACQUISITION OF MILITARY VEHICLES
by
Zoltan J. Janosi
U.S. Army Tank-Automotive Command

It is indeed an honor to be asked by the Organizing Committee
to deliver the introductory presentation at this conference. I am
grateful for their confidence, and I hope that I will be able to
make a contribution that most of you will find useful, at least to
a certain degree.

The Committee left the selection of the topic up to me. After
some thought, I decided to talk about what I am most closely
associated with, namely, how analytical simulation is used in the
military vehicle business.

I have been working for the U.S. Army Tank-Automotive Command
(TACOM) since 1957. This organization is responsible for research,
development, acquisition, manufacturing, maintenance and field
support relative to all military vehicles used by the Armed Forces
of the United States. The gamut runs from a modified Chevrolet
Blazer (called the Commercial Utility Cargo Vehicle) to the Ml
Heavy Combat Vehicle (tank).

The purpose of this presentation is to give you a short
description of how TACOM uses modern computer-based simulation
techniques in the military vehicle design, development, acquisition
and product improvement processes. While I realize that most of you
are not in the military vehicle business, I believe that many of
the ideas in my presentation are applicable to other engineering
fields.

In the past, military vehicle research and development relied
heavily on building and testing prototypes or test beds. This
approach constrained engineers to evaluating a limited number of
design ideas (based largely on empirical knowledge) under
restricted field conditions. This was referred to as the "build-
test~break-fix" prototype based development.

Army leadership and TACOM have long recognized the value'of.

computer-based simulation as a means for reducing the cost and time
associated with traditional ways of developing vehicles. As a
result, the application of simulation technology has become an
integral part of the Army’s combat and tactical vehicle research,
development and acquisition process. Analytical simulation,
however, is conducted by simulation experts at TACOM and not by our
vehicle designers.

In the near future, TACOM plans to integrate performance
simulation and vehicle data bases into an environment in which the
evaluation of vehicle systems and subsystems becomes a routine
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engineering task, rather than a problem which can only be addressed
by simulation specialists. This, we believe, wjll

revolutionize the vehicle design process

shorten vehicle development time

reduce developmental and operational support cost and
- make TACOM a smarter buyer.

Previously, our requirement documents soliciting bids from
industry have often contained vagque performance specifications
concerning off-the-road mobility, ride quality, weapon platform
stability, roll and maneuver stability and other aspects of
military vehicle behavior. One would often find such vague
specifications as " the vehicle must negotiate mud, sand and snow"
or "the vehicle must be as mobile as the M113 Armored Personnel
Carrier". As a result, decisions were made largely on a judgmental
basis using engineering experience.

Because prototype-based design inhibits the investigation of
design alternatives, advanced technology systems, with their higher
degree of uncertainty and pay-off, were not given the fullest
consideration, since empirical design guidelines (or rules of
thumb) did not apply to them. Advanced component technology was
often set aside in favor of better understood conventional methods,
leading to conservative designs. The result was a slow and costly
process which, in addition, did not ensure optimum design
solutions.

Beginning in the 1late 1960s and early 1970s, complex
theoretical mathematical models relating aspects of vehicle
performance, the terrain and the human occupants were no longer
confined to the pages of research reports. The availability of
computers and higher level programming languages (such as FORTRAN)
ushered in new analytically-based simulation methodologies.
Detailed computer simulations have become practical tools for
predicting vehicle behavior, even in the concept stage.

The first such model was the U.S. Army-developed cCross-
country mobility simulation which is now used by many NATO
countries and is referred to as the NATO Reference Mobility Model
or NRMM. Another significant tool jointly developed by TACOM and
the University of Iowa is a high-resolution three-dimensional
vehicle dynamics simulation methodology called the Dynamic Analysis
and Design System or DADS. Currently TACOM and its contractors use
a large variety of simulations covering such disciplines as

- dynamics and controls

- mobility

- survivability

~ different vehicle subsystem evaluation tools
(example: detailed track models)

= structural analysis




- cost.

In fact, various TACOM organizations are now using so many
simulation methods and different models that it has become
necessary to publish a catalog listing the models, their short
description, input requirements, output data and computer hardware
requirements. The purpose was to inform different Army
organizations about the availability of simulation capabilities at
TACOM so that they could apply them in their work and, also, to
minimize duplications.

The fact that different TACOM organizations use their own
models and input data files leads to less-than-ideal situations,
since the input data bases used by these models are generally
incompatible. A common input data base and “electronic
transportability" of output data from one model to another are
clearly needed. This is why one of the most pressing goals of the
System Simulation and Technology Division (the TACOM organization
responsible for managing the engineering simulation capabilities of
the Command) is the establishment of an Integrated Simulation
Software Environment (ISSE).

However, before I discuss our plans and progress toward this
goal, I would like to explain how simulation is currently used in
the military vehicle acquisition process. This is a very important
subject for us, because TACOM spends large sums of the American
taxpayer’s money for buying military vehicles. First of all, I
would like to point out that TACOM’s policy is to use simulation in
the acquisition process to the maximum extent possible.

The Government does not operate production facilities and,
therefore, manufacturing of military vehicles is done by private
industry in the United States. After the Army establishes the need
for a new vehicle or trailer, detailed specifications are developed
and interested manufacturers prepare proposals describing their
approach to meet the specifications.

Simulation specialists are heavily involved in the preparation
of technical specifications. The user states, for example, that the
new vehicle should have the same cross-country mobility as an
existing vehicle. By means of NRMM, simulation experts determine
several quantitative performance specifications for the existing
vehicle, such as the well known Vehicle Cone Index, or the ride
quality for given terrain profiles, or the percent of area where
the vehicle cannot move (relative to a large geographic area). The
new vehicle must meet these performance parameters computed via the
NRMM. Needless to say that, depending on the mission of the vehicle
to be procured, many other models may be employed to prescribe
other important aspects of its performance.

Naturally, private companies intending to offer one of their
existing vehicles or planning to build a new design must be able to




execute the computer models TACOM uses for determining the
quantitative specifications; otherwise, they will not know whether
their bid can meet the requirements. Also, they are required to
include in their documentation engineering data in a form which
TACOM can use for evaluating the proposals.

To solve this problem, in case of the NRMM, TACOM held
extensive seminars for engineers of interested companies and taught
them how to use the model. Potential contractors may obtain the
NRMM source code from TACOM. Other models or modeling
methodologies, such as the aforementioned DADS, are owned by
commercial software companies, so that the vehicle manufacturer
must either lease the model or hire a software company to run the
model for them. Yet other models can be purchased outright, because
they are very mature, commercially available and well known
industry wide. (Example: finite element codes.)

Once all proposals are in, TACOM gathers a group of in-house
experts into a so-called "Source Selection and Evaluation Board".
The Board works intensively, sometimes for several months, going
through the offerors’ documents and drawings with ‘a fine tooth
comb. Simulation experts serving on the Board evaluate the
different designs by creating models and running computer
simulations to see whether the specifications are being met. Some
of the offerings may be eliminated when simulation detects severe
deficiencies. The results of these simulations are heavily relied
upon by the final decision makers, making TACOM a smarter buyer of
military vehicle hardware.

Once a winner has been selected and, subsequently, the
hardware becomes available, it goes through different test cycles.
The simulation expert can be valuable in the determination of
detailed test plans, because he can pinpoint critical conditions
which should be thoroughly examined and determine areas of high

‘confidence where extensive testing would be wasteful.

Let me turn to the discussion of our work aimed at the
establishment of the Integrated Simulation Software Environment. As
I mentioned earlier, simulations are currently performed by
specialists who are intimately familiar with the physical and
empirical 1laws influencing the particular problem, know the
computer code and the underlying assumptions, and have a good feel
for judging whether the output data are realistic or not.
(Remember the well known acronym: GIGO, or garbage in, garbage
out!) These specialists, however, do not have expertise in vehicle
hardware design, nor are they trained and qualified to develop new
vehicle concepts.

TACOM does not design nor manufacture the military vehicles
intended to be handed over to the troops or, as we say, which are
to be "fielded". However we do design and fabricate prototypes and
we are heavily engaged in the development of advanced military
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vehicle concepts. Therefore, our concepts organization and our
design engineers need to employ simulation to a great extent.

It is not hard to see that a dichotomy exists here: on one
hand, we have simulation experts who can develop sophisticated
models, but are not gqualified to do concept development or design
work; and on the other hand, we have concept developers and
designers who are only superficially familiar with the available
simulation software and cannot create models or run the simulations
independently and reliably. This is why we need an ISSE.

Let me describe the integrated simulation software environment
which is being developed by us and by the University of Iowa. It
should be clear by now that the ISSE is a computer software
environment designed to facilitate engineering analysis and manage
related engineering data.

The ISSE provides these features:

- Engineering database

- Database administration

- Network computing environment

- Graphical interface for analysis tools

- External link to analysis tools

- External interface to computer aided design systems
- External interface to test hardware

- Simulation output processing.

The fundamental component of the ISSE is the database which
serves as a computer aided engineering information repository.
Vehicle engineering data are grouped in a manner which is analogous
to the real world system it pertains to. For example combat vehicle
data would be grouped as turrets, hulls, guns and suspensions. The
term used to describe a related group of data is an "object".

The 1ISSE database is designed to be independent of a
particular model. It achieves this independence by using the
concept of objects. As with real~world objects, there are different
perspectives from which one can view them. Depending on its use,
different sets of information are revealed about an object. For a
tracked vehicle, we would have a turret, a hull, suspension, track,
and others. For example, if we think about the hull object from the
viewpoint of vehicle dynamics modeling, the data of interest are
the mass, center of gravity location, moments of inertia and
geometry and type of the joints connecting it to other vehicle
objects. A vehicle signature modeler, on the other hand, needs
detailed surface geometry, thermal radiation descriptors, radar
reflectivity information and other similar data. The idea of
viewing data in different contexts is also important for
determining how information can best be graphically displayed by
the ISSE. The system provides a "graphical user interface" so its
capabilities can be invoked graphically using symbols called
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"jcons". (These are small pictures representing an operation, which
can be activated by a device called a "mouse". Sometimes, invoking
an operation produces further choices in the form of new sets of
icons or "pull down menus.") The intent of this interface is to
provide a consistent and easy-to-learn method of using different
features of the ISSE. The icons are used to perform simulation
functions, such as starting a simulation, viewing simulation data
or displaying data from the database. Inherent in the database is
the flexibility of the information display. For example, suspension
spring force versus deflection information can be displayed
graphically as a function (or a curve), or it can be represented
as two columns of numbers. The ISSE "knows" the type of data in the
database and will display them in an appropriate format. At
present, the data can be viewed as vectors, arrays, simple
animations or curves.

Another major feature of the ISSE is network computing. The
ISSE provides utilities to develop applications which can be
distributed across a network of engineering workstations, a
supercomputer and high-quality graphics workstations. Different
aspects of the analysis process are distributed to appropriate
machines across the network without the direct involvement of the
user. A simulation model can run on the supercomputer, gather data
from a database machine and display simulation results on a
workstation. Most of the network activities take place
automatically in a "transparent" manner. (That is, the user does
not have to know the details of the operations taking place
throughout the network and in the different computer hardware
involved in the process.)

The TACOM Tracked Vehicle Workstation (TVW) project is the
first application developed using the ISSE system. The TVW
software was created for -a military vehicle designer. It allows a
vehicle designer to use computer simulations and engineering
analysis tools to evaluate alternative vehicle designs.

Figures 1-4 represent a sequence of four steps which are the
ingredients of the process. To create a dynamics model, the
engineer selects vehicle components from a library of existing
computer aided representations of those components. In the case of
a tank, the engineer would select a gun, a hull, a turret and a
suspension system. (Fig. 1.)

Based on the specific vehicle mission requirements the
designer would select a "test scenario". (We really mean a scenario
which simulates actual tests.) Several simulation test scenarios
are available to assess different performance aspects, such as
steering characteristics, gun firing dynamics, cross-country ride
or cross-country mobility. (Fig. 2.) .

Once the vehicle dynamics model has been constructed and the
test plan selected, the engineer would execute a run. At this point
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the workstation software would assemble the simulation
representation of the vehicle, which in our example is an input
data file needed to run the dynamic ride simulation by means of the
DADS methodology. While the simulation is running, the engineer can
monitor the process. A simple three dimensional representation of
the vehicle is displayed showing the vehicle moving along the
course. The time history of certain data of interest are also
displayed. (For example, acceleration at the driver’s location and
others.) See Fig. 3.

When the simulation is complete, the results are returned to
the database. They can be viewed in different formats, for example
x-y plots, time history data or high quality animation. (Fig. 4.)

At the time of writing this paper, the tracked vehicle
military workstation was not complete. The database needs to be
expanded substantially and we have to implement several simulations
beyond the three dimensional vehicle dynamics methodology (DADS).
TACOM 1is fully aware of the importance of the TVW and,
consequently, it sustains a significant effort toward its full
development. :

Next, I would like to emphasize that simulation is also
applied to remedying problems encountered by fielded vehicles, that
is in product improvement programs. The analytical evaluation of
proposed design modifications is not different, from the viewpoint
of the simulation expert, from examining new designs. Another
frequently used type of application is the determination of safe
operational conditions. The Army has experienced stability problems
with some of its older trailers 'still in use. In many cases it
would be impractical to redesign and modify them. TACOM analysts
have often been tasked to determine what is called a safe
operational envelope for these vehicles. We have, for example,
determined via simulation what the maximum safe speed would be in
a sharp turn, or how loads should be configured to keep the center
of gravity low.

Finally, I should mention physical simulation. However, I will
not go into details here because my colleague, Dr. Beck, has a
pPaper on this topic, which is part of the conference material.

I hope this short presentation contained some information
useful to most of you. I do not believe that anyone needs
convincing about the importance and usefulness of simulation in
engineering and in many other scientific disciplines. The rapidly
improving tools, computers, workstations, physical simulation
equipment and the accompanying methodology development open an
ever-widening horizon for the engineer. It is up to him how well
these opportunities offered by this computer age will be utilized.
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APPLICATION OF THE FINITE ELEMENT METHOD ON SOIL MECHANICAL
PROCESSES

Th. Aubel

University of the Federal Armed Forces Hamburg, Germany
Institute of Automotive Engineering

SUMMARY

By the prediction of off-road-mobility for vehicles on soft ground usually soil penetration
tests with cones or plates are carried out. From the pressure-sinkage curves special empirical soil
parameters, which are used as input datas for several analytical models, can be calculated. In
addition to the knowledge of these integral parameters it is important for the basic research to
investigate the internal stress-strain behaviour of the soil during the penetration.

The utilization of the Finite Element Method (FEM) is examined to describe and simulate
these soil processes. Therefore the available program ABAQUS with the facility of nonlinear
analysis was used. The simulation of the two most different types of soil - frictional and cohesive -
is based on two material laws with an elastic and plastic part, a yield function, a flow and a
softening/ hardening rule.

After the introduction into the theory of the used models some results of a typical soil test
with large plastic deformation are presented and compared with original measurements. This
work shows, that the FE method is suitable for the simulation of soil mechanical processes. The
presented theories and their models are able to simulate original soil tests with a good
correlation.

In future the use of FEM as a tool for the simulation of dynamic processes will be
investigated.

1. INTRODUCTION

It is important for the examination of the terrain mobility to know the values of vehicle
sinkage and attainable driving speed, because the performance is limitted by these parameters.

For the prediction of sinkage the deformation resistance of soils is measured by penetration.
tests with cones or plates. First Bekker [1] introduced a method to investigate empirical soil
parameters from these curves and to calculate the sinkage as a function of loading. Based on this
idea Grahn (2] extended Bekker’s quasi static relation by a dynamic term, which considers the
driving velocity of a rigid wheel.

Up till now a lot of work was done in this research field, but nearly all are based on integral
soil parameters. For the understanding of the soil reaction it seems to be logical, to investigate
the causal influence to the deformation resistance.

Due to the problem of measuring the stress-strain behaviour of a soil in natural state the

possibility of simulation has to be investigated, especially the use of FEM. 9
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In this paper only Bekker’s quasi static method for prediction of si:kage is simulated, the
opportunity to use FEM for the dynamic simulation will be investigated later.

2. FINITE ELEMENT METHOD

The procedure is described fundamentally by Zienkiewiecz [3]. A continuum with endless
degrees of freedom will be devided into a final number of parts. The connection between these
elements are realised by nodes at their borders. As the basic parameter the displacement of the
nodes is chosen. From the node transformation it is possible to calculate the shifting and
distortion state of every finite element with known system functions.

The deformation of a medium can mathematically be described by a Lagrangian treatment

with Asi' incremental Kirchhoff stress tensor
Azkl incremental Green strain tensor
Dijkl known function of current state

In [4] it is shown, that it is possible to apply this solution method to the deformation
behaviour of an elasto-plastic soil.

3. THEORIES OF THE APPLIED MODELS

In distinction of their grainstructure soils can be classified in two different types: cohesive
ones like clay and frictional ones like sand.

The ability to store water leads to a different mechanical behaviour. For a loam there is a
big influence, for sand it is less. As the result of a loading cohesive soils react with a bigger
change of volume, while a granular material will be displaced under the effect of friction. So for
the research of soilmechanical processes it is very important to know the elasto-plastic behaviour
and to be able to describe the point of failure.

Based on this, two different theories are chosen. They will be presented and failure
criterion will be developed considering the stress-strain relations.

(1) Plasticity model for frictional materials by Drucker-Prager [5]

For the calculation the soil behaviour will be idealized by two phases: at first the material reacts
elastically up to a definite stress state, later on it begins to slide or to flow.
The total strain rate

de = de®l o+ aePl 12)

is decomposed in the elastic de®! and the plastic part deP!, which are separated by the failure
surface.
Therefore the elastic constitutive behaviour is assumed to

0=p: % (3)
with D as a linear elasticity matrix.
10
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A simple plasticity model is the Mohr-Coulomb’s representation of yield. Based on this
theory Drucker and Prager introduced the equivalent pressure stress in addition to the Mises
‘ yield criterion.

By this proper generalization they postulated the yield function as

q-ap-k=20 (4)
.with the equivalent pressure stress p = - 1/3 trace(0)
and the Mises equivalent stress q = J 3/2 (8 : 8)
§=0+p1I

I: unit matrix

Both are stress invariants and ¢ and k are positive material constants. A geometrical
interpretation of this idea is shown in fig. 1.
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Fig 1: Schematic representation of the Drucker-Prager model
The failure surface is defined as
q - p-tanw* - =0 (5)

and includes the characteristic soil parameters like the internal angle of friction ¢ and the

cohesion ¢*.

| By this modification the Drucker-Prager theory represents a smooth yield function, while
the Mohr-Coulomb model does not. Fig. 2 shows the difference in the principal stress space a)

and the deviatoric plane b).

So the Drucker-Prager model is simpler to handle numerically. But it is a disadvantage, that
this model restricts possible flow patterns, when the stress point is at a vertex of the Mohz-
Coulomb model. For materials, in which the plastic flow direction wants to change rapidly with
the load, ABAQUSS [6] extended the theory by introducing a non associated flow rule. This means
that the vector of plastic strain deP? is not rectangular to the failure surface.

The flow rule has the form

e

dePl = ax . a3g/d0 (6)
11
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Fig. 2: Comparison of the different plasticity criterions by Drucker-Prager and Mohr-Coulomb

where d) is a scalar determined by the magnitude of deformation and g is thc flow potential,
chosen in this model as

g = q - p-tanf (7)

B is the dilation angle and takes the volume change as a function of shear stress into
consideration.
The geometric influence of 8 can be seen in fig. 1.

In addition to the extension of the dilation in ABAQUS it is possible to use the effect of the
third stress invariant. The experimental datas of friction angle and cohesion are often obtained
from triaxial tests and are determined like the presentation in the Mohr’s circle. To match the
Drucker-Prager constants ¢* und c¢* to the Mohr-Coulomb model it is necessary to use simple
relations for @ and k, which are introduced in equation (4).

(2) Plasticity model for cohesive soils by Roscoe [7)

This model is developed around a plastic critical state theory. The main reflection is the
division into an elastic part, which has a nonlinear stiffness in dependence of loadmg, and a
plastic part, which includes the possibility of changing the flow surface size as a
softening/hardening feature.

The basic parameter of this theory is the total volume alteration
av = avd . avel . ,yPl (8)
with AVg change of the grain volume

1 elastic volume change
Mlp plastic volume change

These values are respectively the ratio of the current and the original volume.
With the definition of the volumetric strains

‘:01 = 1ln AVi
as the logarithm of the correspondending volume alteration the total strain rate follows to

12
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el 1
de = dc3°1 . T + dg | . dcp (9)

where I is the unit matrix. _
Experimental results have shown, that the elastic part of the volume change is a function of the
logarithmic equivalent pressure stress. That leads to the expression

avel = 1 -k . 1n (p/p,) (10)

where p, is the initial value of p and & is the logarithmic elastic bulk modulus. _
The plastic behaviour of this model is also developed by the stress invariants and is
described by the yield function as

1 rp 2 t ¢2
_[--1]+[_]-1=o (11)
ﬁz a M-a

with parameter for controlling the failure surface size a
value for variation of the failure surface shape j
gradient factor of the critical state line M

Fig. 3 shows this relation in the p/q-plane.

A partially {__critical state line q = M-p
softened yield surface

Mises equivalent stress q

a) b)

equivalent pressure stress p
Fig. 3: Yield and critical state surface of the Roscoe plasticity model

In this plane the initial yield surface is an elliptic arc. The introduction of a critical state
surface leads to the development of the softening and hardening function as the main feature of
this model. The critical state surface in the p/q-plane appears as a straight line with the slope M

passing through the origin and the vertex of the elliptic arc. So the initial failure surface is
devided into two parts.

13
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Under the condition of associated plastic flow, two horizontal components of deP! with
different directions results for the upper and the lower part of the critical state line. So
compression of the soil body effects a growing, and volume enlargement a shrinking of the yield

surface.
By constant equivalent pressure stress the two different cases

a) q > M-p leads to softening
b) q < M.p leads to hardening

of the material; both are marked in fig. 3. .

In addition to this theory ABAQUS extended the model by dependence of the third stress
invariant and of the yield surface shape. Furthermore it is possible to introduce initial conditions
like the density as a function of depth and constant void ratios.

4. SIMULATION OF THE PLATE PENETRATION TEST ON A FINITE SOIL BODY

The actual pressure sinkage tests were carried out in a soil bin with a hydraulic
penetrometer 2t the Institute of Automotive Engineering in Hamburg. Fig. 4 shows the geometric
reproduction of the test procedure simulated by a FCM-mesh.

X

i pressure plate
Z

! interface elements

-
ines

line 2

~._ line1l

slideline with
interface elements

line3

s

\\__.___.__.../'

Fig. 4: FEM-mesh of the soil body with pressure plate

In order to save CPU-time only one plane of the axialsymmetric halfspace is computed.
Line 1 is the axis of symmetry and their degree of freedom is restricted in the x-direction. The
same is done for line 2, which simulates the rigid wall of the soil bin. The ground (line 3) is fixed
in the z-direction.

The plate, which is computed as a rigid steel body, is placed at the top of the soil medium.
The problem of contact between plate and soil is solved by using interface elements. They also
realize the friction between steel and soil as a function of the soil type.

14




In case of plate shifting az a soil fraction results at the border of the steel plate along the z-
axis. At this place an imaginary fraction line (4) is introduced to simulate this effect. In
requirement of a homogeneous soil this line is computed with the same material properties like
the total body. The fraction and contact solution will be done by a slideline and opposite
interface elements. Especially in this critical area the mesh is computed with very small elements.

For the different types of soil the elements have the material definitions as shown in
chapter 3 of this paper.

S. FIRST TEST RESULTS

For the simulation a circular plate with an area of A=600cm? is used and penetrated into
the soil up to a depth of az=20cm. As output value the reaction force at the plate bar is
measured. :

The simulated sand is described by the characteristic parameters of friction angle ¢=39°
and cohesion c¢=13N/cm? Fig. 5 shows the calculated results compared with original
measurements. The calculation is done with the basic Drucker-Prager model by using the same
value for dilation and friction angle and without regard of the third stress invariant. The
simulated pressure-sinkage curve for sand correlates very good with the measurements [8].

10
simulated
8 L
3 s6F
£
Q
5
]
S 4t
Q
2 H
0 1 . L
0 5 10 15 20

sinkage in cm

Fig. 5: Results of the penetration tests from original measurements and simulation

The loam is calculated with the Roscoe model. The characteristic parameters are
logarithmic plastic bulk modulus A=0.2, density { =2.03g/cm? and initial void ratio eg=0.49. The
correlation is not so good as in the case of the sand. An additional disadvantage of this model is
the difficulty in measuring the input datas. The determination of the Drucker-Prager constants is
much easier.

So in the future the usefulness of the Drucker-Prager model for all kinds of soil is to be
investigated.

15
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Fig. 6: Deformed soil bodies for sand a) and loam b) compared with undeformed mesh

Fig. 6 shows the deformation of both soil types at a sinkage depth of az=10cm. The basic
difference between the two applicated models is obvious by consideration of the volume
alteration. In the case of the sand there is a big material displacement, while the loam is
compressed only.
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THE PREDICTION OF SOIL STRENGTH WITH THE AID OF CLIMATIC DATA

D. Hintze

University of the Federal Armed Forces Hamburg, Germany
Institute of Automotive Engineering

SUMMARY

The mechanical properties of a given soil depend on its moisture content. It is of
importémce in terrain-vehicle evaluation that soil strength decreases with the increase of
moisture content. Soil moisture and therefore also soil values change in time because of
seasonal fluctuations of the climate.

This presentation shows, how the future moisture content of a given soil can be predicted,
knowing a past moisture content and the development of climatic data. Further it is shown, that
the pressure-sinkage curves for a given soil can be calculated, knowing the moisture content.

Hence it is possible to predict soil strength for a given soil just knowing the past moisture
content and future climatic data, like precipitation and evaporation.

1. INTRODUCTION

Off-the-road mobility is dependent on soil strength. The specification factors for the soil
strength are soil type, soil density and moisture content. On natural soils the soil class and the
soil density are nearly constant sizes for a defined small area. For this area the moisture content
is decisive for the soil strength [1].

The change of moisture content is a result of the weather situation. The weather
determines with the precipitation and dryness the moisture content in the soil. Therefore it
seems logical to assume that moisture content can be derived from climatic data and that soil
strength can be derived from moisture content. These relationships will be presented in two
models, A and B.

At the Institute tests were carried out over a long period of time in natural soils in order to
collect data for the models. Precipitation N [mm], temperature T [°C], moisture content w [%)]
and soil strength as Cone-Index [bar] were measured daily in a defined area of a plastic soil and
a coarse grained soil. The plastic soil, a sandy silt with 9% organic materials, consists of 25% silt
and 75% sand. The coarse grained soil consists of fine and middle sand without any organic

17




materials. Some of the results of the prediction of moisture content and of pressure-sinkage
curves are presented here for the more difficult plastic soil.

2. Model A: Theory of predictability of the moisture content by climatic data

Moisture content is dependent on many factors, namely climatic factors as humidity,
temperature, air pressure, altitude, transpiration of plants, evaporation, precipitation and soil
factors as for example dry bulk density, organic matter, ability to store water in soil, position of
groundwater table and amount of the groundwater and impounded water. The factors influence
eachother. These influences vary considerably. ‘

Humidity, temperature, dry bulk density and the ability to store water in certain limits are
taken into account and will pass into a basic equation. In order to predict the future moisture
content, w, several factors must be considered in a mathematical equation. These are the
present moisture content w; and the change of moisture content in the future. The change of
moisture content consists of two parts, the input and output of water. In a general form the
mathematical equation is written as:

w = w, + precipitation - watertransfer (1)

Water movement or moisture transfer in soils may be divided into two particular systems
for general consideration: a) the saturated system where all the voids are filled with water and
b.) the partly-saturated system where both air and water are present. It is to be remarked that
the moisture content varies between an upper and a lower limit. These limit values depend on
the soil type. Their difference defines the capability of the soil to store water in the pores.
Precipitation and watertransfer determine the amount of moisture content.

The factors in equation (1) are:

2.1 Present moisture content w

The present moisture content w, reflects the influence of the weather in the past. Usually
it is given in percent of masses. Because the precipitation is given in mm the moisture content
must be converted from percent into mm using equation (2).

w (mm) = w(%) * p, (2)

The conversion factor, the dry bulk density P, is valid for a soil layer of 10 cm.

2.2 Precipitation

Precipitation takes place as rainfall, snow, wet fog or dew. It may fill up the water reservoir
in the pores till its upper limit. In this case additional precipitation does not change the moisture

content. The water percolates, drains off the surface or stays on soil surface and evaporates.
18



These situations are unimportant for soil strength because they do not change the moisture
content in the soil. The percolating water displaces the bounded water in the pores from the
upper zone into the lower one [2].

Because the moisture content has an upper limit the additional precipitation has to be
limited in the model by means of a reduction factor i(S,), which depends on the degree of
saturation S_. For plastic soils the upper limit of the degree of saturation S_ runs to ~95%
according to experimental results in literature and own measured values. For coarse grained
soils it is considerably smaller.

2.3 Watertransfer

The watertransfer consists of percolation, surface drainage and evaporation. The
important parameter for the decrease of the moisture content is the evaporation. It depends on
soil type, its water reservoir by capillarity, and climatic data. The climatic data are temperature
T, humidity F, air pressure and wind [3).

As is well-known, only a limited amount of water vapour can be contained in a given
quantity of air, and this limit is determined by the temperature. At very low temperatures only a
small amount of water vapour can remain in the air; at very high temperatures a much larger
amount is able to remain. Air with a certain absolute humidity that is cooled continuously will
eventually reach a temperature T, at which it can contain no more vapour, it becomes
saturated. The humidity of the air then is 100% and the corresponding temperature is called
dew point D. At this dew point, water condenses on particles, which grow and become visible as
clouds or precipitation. '

Most of the time the air is unsaturated, that is to say, its temperature is T >Tp. The
relationship between the absolute values of unsaturated and saturated humidity H is the relative
humidity R. Evaporation V is only possible if a difference is present between absolute and
relative humidity. The temperature dependent difference determines the amount of evaporation
V, as can be seen in equation (3) and figure 1.

V=a*(H-R) | 6)

The factor "a" considers further specific factors, namely soil type, capillarity and wind and
can be found by the best fit between measured and calculated points using the method of least
squares.

The weather stations register temperature and dew point. The daily mean values of (H-R)

(same as (H-D)) can ecasily be called up or measured. Equation (4) describes the daily
evaporation for a time intervall dt of one hour.

19
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2.4 Model A: Predictability of the moisture content by climatic data

Using the extended expressions for precipitation and watertransfer in equation (1) the
moisture content w after a period of n days is expressed by equation (5).

1
w[m]:w,oguti(sr)-ga*;-l(ﬂ-mdt ' (5)

Figure 2 shows the agreement of the measured and calculated points over a long period in’
1990. For the calculated curve a fixed starting point, the present moisture content w;, at the first
day was used and then over the whole period only climatic data namely precipitation, dew point
and absolute humidity by given temperature of the next weather station were considered. The
values of the weather station are usually valid for a large region. In equation (2) w is valid for a

soil layer of 10 cm. For a soil layer of any size d; the equation (5) is to be multiplied with the soil
layer d; in unit [dm).

If the climatic data of the nearest weather station are not available, it is also possible to
register the temperatures and the rainfall measurement in situ. Equation (4) can be replaced by
the following equation (6) because humidity is connected with temperature.

T + 7T
V-b*—.in_z_nx_ (6)
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In this equation factor "b" has a similar meaning as factor "a" in equation (3) and the daily

~ evaporation V will be expressed by the mean value of the minimum and maximum temperature.

This investigation leads to comparable results as figure 2 shows.
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Fig. 2: Comparison of measured and calculated moisture content

3. Model B: Theory of predictability of soil strength by moisture content

Usually pressure-sinkage curves are presented as function of depth, p = f (z) [4]. The
pressure-sinkage relationship depends on moisture content. Figure 3 shows the measuring points
and the linear regression of Cl-values in two depths as a function of moisture content of the
plastic soil area. According to this a relationship, p = f (z,w), has to be developed in an
equation, based on data from figure 3.

The measured curves of plate and cone tests show three different fundamental shapes of
curve, illustrated by curve A, B and C, shown in figure 4. Curve A is valid for cone- and plate-
tests in a coarse grain soil, curves B, C and D for plastic soils. Plate penetrometer tests lead to

curve B, cone penetrometer to type C. Curve C and D have a similar shape but a different upper
Pmax 8nd lower limit p;; .

While the results of plate penetrometer tests are mainly due to main stresses the results of
cone penetrometer tests are based on a combination of shear and main stresses. Therefore

curve B is usually described by equation (7). The shape of the more complicated curve C and D
is expressed by equation (8).
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The similar curves C and D are measured in the same area but under different conditions,
namely wet or dry soil. It is the objective to express the pressure-sinkage curves as a function of
depth and moisture content. This can be done with the aid of the empirical data in fig. 3 and by
formula (8). The parameters k, and k, describe the peak and shape of the curves dependent on
soil type and moisture content. The limit value p,. , is also a function of w.
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A comparison of predicted and measured pressure-curves is shown in figure 5. The
important influence of moisture content is visible in the measured and calculated curves.
Further it is remarkable that the influence of shear stresses is higher in dry soils than in wet
soils. The amount of shear stress involved in the pressure-sinkage curve increases with the
dryness of the soil. This is the reason why differences between cone- and plate-curves are less in

wet soils.

Since the prediction of the pressure-sinkage curves is good, it is possible to predict soil
strength on the basis of moisture content [5].
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Fig. §: Comparison of calculated and measured pressure-sinkage curves of a wet and

dry plastic soil

The pressure development can also be predicted over a longer period of time. The
pressure is then described by an equation of the form p = f(w%), as seen in figure 3, and using
model A. The pressure is calculated only on the basis of the climatic data. The development of
the measured data, temperature, dew point and precipitation are seen in figure 6. Figure 7
shows the good correlation of measured and calculated Cl-values over a period of four months.

Hence it is possible to predict soil strength of a given soil without field measurements
using only the development of climatic data.
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AUTOMATIC DATA RECORDING AND IN SITU
STATISTICAL SURVEY OF CONE PENETROMETER TESTS

G.J. Hefer, G.W. Heiming

University of the Federal Armed Forces Hamburg, Germany
Institute of Automotive Engineering

SUMMARY

At the Institute of Automotive Engineering in Hamburg an automized cone penetration
test device has been developed, in order to ease the operation and make the measurements more
efficient. A small computer unit to manage data recording and data storage was installed in the
top case of a Bush Cone Penetrometer. Now the penetration tests can be carried out by one man
alone. As the measurements can be carried out very quickly, it is possible to obtain more data, in
order to consider the requirements of statistics. All the data are recorded and stored by the new
device. This enables the operator to get the data without using any other devices, to transfer the
stored data to a main computer by serial data transfer and to use the data profitably for further
evaluation. It is possible to produce a statistical survey of the data, using the build-in computer.
Due to the large scattering of the measured data it was always difficult to decide how many
penetration tests should be carried out for a satisfying result. Now the required amount of
measurements are automatically precalculated parallel to the tests. As input values the
acceptable standard-deviation and the required confidence factor have to be chosen.

1. INTRODUCTION

The' NATO Reference Mobility Model (NRMM ) is a common model to predict the
mobility of a vehicle on soft ground. As a criteria for mobility the Cone Index ( CI ), measured
with a cone penetrometer is used. The cone is pressed into the soil in order to measure the force
in relation to the sinkage. By the mechanical kind of penetrometer either the pressure sinkage
curve is plotted directly on a paper (i.e. STIBOKA Penetrograph ), or the measured values are
shown by analog displays (i.e. FARNELL or EDKELKAMP Penetrometer ). At the Institute an
elektronic kind of penetrometer ( BUSH ) with dig tal display for force and sinkage is used.

2. PREVIOUS PROCEDURE

As a reference for the bearing capacity of a soil cone penetration tests were carried out in
the field by using a grid of 40x40 m with 255 intersections. The number of measurements in
such a grid was regarded as sufficient representativ for the whole area. All the data ( up to 32
values in the depht from one penetration test) had to be read from the display by the operator and
noted on paper by another person. For further processing, the data had to be transfered to a
personal computer by data typing. It was our objective to improve this operation with the

development of a new penetration device and an improved prediction procedure. 25
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3. REQUIREMENTS FOR THE ELECTRONIC DATA RECORDING AND STORAGE

In order to optimize the data recording and storage the use of electronic data processing
devices is required. Concerning the hardware a high grade of reliability of the system due to the
rough conditions of field measurements has to be taken into account. The handling and the
operation of the device must be easy. Concerning the software some demands have to be placed.
A program is needed for conventional operation under the consideration of all possibilities. But
the build-in computer should not only be used to record and store the data. As a further
requirement operational errors must be controlled and the statistical properties of the soil have to
be taken into account. During measurement the necessary number of samples should be
calculated as a function of the standard deviation and a pre-selected statistical certainty.

4. STATISTICAL SURVEY

A rtypical feature while measuring soil properties is the broad scattering of values varying
in a different manner on different soil types. For the characterization of a terrain sector, several
measurements are required, which are statistically combined after completion of measurements.
In statistic terms this means: The statistic parameters of the population are assessed on the basis
of a sample.

The testing of a large quantity of different types of soil and of various characteristic soil
values has shown, that an adequately accurate description of the distribution function of the
values as measured is possible on the basis of the normal distribution.

In order to identify the distribution shape of an existing sample it is necessary to
determine the distribution parameters from this sample. The level of accuracy of this assessment
is the higher, the less this sample differs from the population.

This fact is discribed by the distribution of the t-values defining the random t variables,
SACHS {1}.

X-u
t = (4.01)
s/\/_n_

which by conversion results in
t-s

Vn

(4.02)

Regarding great n-values, (x - 1) tends towards zero. This means that with regard to an
adequate size 'n' of the sample mean 'x' tends towards the population mean 3p'".

By allowing a deviation d, = x - [ for the mean, assessed on the basis of the sample, the
minimum size n, of the sample can be determined on the basis of equation (4.02), if the
appropriate normal distribution bound z, is inserted in replacement of 't'.
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N = (492" 62 (4.03)

The factor d, represents half the width of the confidence interval valid for the mean 'x'.
This means, that the range within the true mean may be expected at the selected confidence
level.

Figure 1, right side, indicates that it is not possible to determine the optimum size of a
sample in order to obtain a minimum confidence interval width in respect of the mean. If the size
of the sample is above 25, the width of the confidence interval can only be reduced by large
increases in the size of the sample.

An evaluation of the confidence intervals shown in figure 1 reflects, that based on
equation (4.03) these intervals also depend on the standard deviation.

Measurements in terrain soils have shown, that due to the large number of factors it is not
possible to forecast the standard deviations of the soil parameters as measured. For this reason
one has to start out from an - also unknown - standard deviation.

With regard to the number of measurements required to achieve an accuracy dg (i.e. half
the confidence interval width) of the assessed standard deviation SACHS [1], indicates the
equation

i

ng 1405 * (z,/dg)? (4.04)

inwhichdg = (s-0) /0.

Figure 1, left side, shows the same relations in terms of quality as already described with
regard to the mean. The confidence interval width of the standard deviation, however, is smaller
than that of the the mean.

The bound z, of the normal distribution, which exists both in equation (2.03) and (2.04)
depends on the confidence factor. The confidence factor expresses the level of probability at
which the statistic statement can be expected to be true. With regard to a confidence level of
90%, the value of z, is 1,64. Further values may be taken from appropriate tables.

The statistical survey aims at assessing the distribution of soil values on the basis of a
limited number of measurements. As already pointed out, uncertain values in terms of the mean
and the standard deviation are available for this purpose. The selected confidence level can
therefore only indicate a range, within the true distribution of soil values may be expected.

Figure 2 indicates such ranges with regard to the distribution of the cumulative frequency
of characteristics, the parameters of which have been assessed on the basis of a limited number
of values. In the case of equal levels of statistical probability, the spread is determined by the
size of the sample and the standard deviation value. The spread is decreased if the size of the
sample is increased. It is reduced to a single curve again, if the size of the sample is infinite. An
increase of the standard deviation results in a broader spread of the values. '
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This means, that the number of measurements required can be determined on the basis of
the selected width of the contidence interval and the selected confidence level. Due to the tact,
that the number of measurements depends, among others, on the standard deviation of the values
measured, u statistical evaluation of the data is already required while the measurements are
taken. The result of this evaluation enables the test operator to perform the exact number of

measurements required.

frequency distribution
frequency distribution

mean value mean value

' Fig. 2: Spread of the frequency distribution regarding normal distribution on the basis of an

-8 uncertain mean and an uncertain standard deviation (90% confidence level).




Based on the relations as described above, a program was generated for the
penetrometer-integrated computer. Having entered the confidence level (default 90%) and the
confidence interval width, that can be tolerated on the basis of the mean, the required number of
measurements is calculated.

While the data is recorded, it is constantly checked wether the standard deviation of the
measured values requires an increase of the number of measurements to be performed. At the
completion of the data run, the mean, it's confidence interval width, the standard deviation
(ignoring its confidence interval width) and the number of measurements performed are
displayed and stored.

5. HARDWARE

It is common and economic for the development engineer to use commercial elements
for a new design. Based on the existing Bush Penetrometer an electronic data recording and
storage device was developed. The data storage unit available from the manufacturer was not
appropriate because this device only stores mean values of several measurements, has no
possibility to control the measurement, is sensitive to field measurement conditions like weather,
dynamic shocks etc., is very big and has an additional weight of app. 6 kg.

PLASTIC DISPLAY
CABINET
L

OPTICAL
HANDLE —- : DISPLACEMENT

PICK-UP
=TT
FORCE :
PICK-UP :
L]
.
L]
L]
.| cupe
7 BAR
.
L
.
-
L]
.
GROUND
PLATE soi
’

Fig. 3: Schematic of the BUSH Cone Penetrometer.
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The sinkage is controlled by an optical displacement pick-up, the applied force is
measured by a force pick-up. The signals are passing a signal amplifier and an A/D transducer
and are shown on a digital display on top of the case. The method to obtain the data was not
modified, but now the electrical signals are joined together on the single board computer. This
single board was housed into a common cabinet with the original parts of the penetrometer. The
organisation of the computer and the peripheral devices can be seen in figure 4.

ACCU -
8V 3An — CPU - BOARD - | Interface
™V =2y , A EPROM * RS 232, serial
PERIPHERAL BOARD MEMORY
DISPLAY / RAM - Expansions ——={ 32k3 Memory on
Hitachi LM-200 LCD (EP)ROM'S with Devica Driver changeabie IC Card
64 x 200 pixels t
A/D-TRANSDUCER “
16 bit self calibrating SIGNAL
Offset Error Control AMPLIFIER
KEYBOARD
8 keys 1 I
signal from signal from
optical displacement force pick-up
pick-up

Fig. 4: Organisation of the single board computer and the peripheral devices.

The computer is based on a usual 8052AH Basic CPU, the operating system is Basic and
user programs are stored in EPROM's. An 8 kB BASIC-Interpreter and all necessary functions
for EPROM programming are available. The internal structure is shown in figure 5.

The adressable memory is build by three blocks of 32 kb each. These are
- Program Code Memory ( ROM/EPROM ) with 8 kB reserved for the interpreter
- Program Memory ( RAM ) to be used as conventional memory

- EPROM Programming area and BASIC Program Memory
(RAM/ROM/EPROM)

User written programs for measurement data processing are stored in the EPROM area.
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8052AH BASIC CPU . -

.. BASIC OPERATING SYSTEM

EPROM PROGRAMMING

32 kB (-64'Byte) RAM
0000H - 7FBFH
Memory used by variables and stack
or actual running program

.. 132kBEPROM

8000H - FFFFH
BASIC Program Memory

732K (-8 KB) EPROM

2000H - 7FCFH

Memory used by Assembly Routines
Physically seperated from RAM
Basic calls are jumping into this area

64 Byte (4* 16) /O CONTROL

1.) 7FCOH - 7FCFH
32 kB IC Card Memory
Card is changeable

2.) 7FDOH - 7FDFH
LC-Display Contro! adresses, attached
to Hitachi LM-200 Display

3.) 7FEQH - 7FEFH
A/D- Transducer adresses

4) 7FEFH - 7TFBFH

8255 PIO
Port IC, connectet with keyboard

Fig. 5: Architecture of the 8052AH BASIC CPU

The signals are passing a signal amplifier and an A/D transducer and then are ready to be
interpreted by the peripheral board. The peripheral board manage the display and the storage on
the IC-Card. The desired measurement program can be chosen by the keyboard from outside.

Main functions are

- start / stop of measurement

- switch between graphic and text mode

- storage of measured data

- transfer data to main computer via RS232

Before starting a measurement, the operator sets all variables and the desired graphic or
text mode. After the initialisation of the display the penetrometer is ready for use. While the
measurement is running, the electrical signals are transduced in proportioned values and stored
in the RAM and simultaneously shown on the graphic or text display. At the end of each
measurement the operator gets an information about possible errors (i.c. too fast penetration )
and he can decide wether to store the data or not. After all measurements the data can easyly be
transfered to a personal computer by using the serial RS232 interface or using a PC with a
build-in card reader/writer. The original display was changed by a Hitachi LC-Display which
allows the data presentation in text or graphic mode. The brightness of the display can be
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manipulated. Below this display the keykoard with eight keys is arranged. On the left side of the
top the IC-Card card "drive" is fitted. The card has a capacity of 32 kB storage, this represents
16,000 measurement values. The read/write operations are perfomed fully contactless by coils
without any moving parts. On the upper left the on/off switch is found. The AC/in and the serial
interface are fitted at the box side.

FIG. 6: Operating of the manipulated penetrometer. The accumulators are carried by the

operator.
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BEARING CAPACITY AND SINKAGE MPCHANISM OF LOOSE SAND

Wang Qingnian, Li Ying and Gui Loogming
Automobile Enginerring Department, Jilin University of Technology
Changehun, Jilin Province, People ‘s Republic of Chins

ABSTRACT

By limiting the lateral flow of the sand beneath plate, the load-sinkage
pechaniem of plates in different size has been exmminated It has been shown by
experiments that for the loose sand, the sinkage, in a large degree, about to 76
percent, results fram the lateral flow of the sand beneath plate, and the sinkage
caused by sand compaction is only near to 26 percent. Therefore, limiting the
lateral flow of sand can effectively reduce the sinkage and enhance the bearing
capacity.

INTRODUCTION

The tractive effort of a wheeled vehicle on sand is largerly depondent oo the sinkage
of its wheels. Therefore, how to reduce the sinkage of wheels has been of great intrest in
the area of soil -vehicle system mechanics. A number of efforts have been made in resent
years in many countries in order to find out a praticable methode. For a long time, it has
been considered that the wheel sinkage is mainly formed by sand compaction, as pointed out
by Bekker and others '’ ~'®’, And so, the low inflation tires with larger dismeter and wider
section have been widely used to improve the tractive performance of wheeled vehicles oo
sand But many experiments and theoretical apalysis™ ~'® have shown that for soft soil,
particularly for the loose sand, the wheel sinkage deponds on not only the sand capactice
but aiso the lateral flow of the sand beneath it. It means that it is still necessary for
us to study further the sinkege mechanism of the wheel on sand in order to approach a more
effective way to reduce the wheel sinkage.

In this paper, the load-sinkage relation of plates in different sise with the various
lateral limit conditions, which limits the lateral flow of the sand beneath the plate, has
been exminated, in order to get a good insight of the plate sinkage mechanimm oo the saad
uader different conditions.

THE LOAD-SINKAGE TESTS OF PLATES

As plate sickage tests represeat a useful toel for evaluating the soil bearing cape-
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eity and its load-sinkage relation, a series of such tests under different lateral limit
conditions was wade in order to seperate sinkage camponents caused by the compaction and
the lateral flowing of the sand the plate fram the total sinkage.

1. plate tests without the lateral limit;

2. the lateral flow in one direction, longitudinal or transverse, was limited;

3. the lateral flow in all directions was limited

The tests were made in the indoor simulative bin. In tests the effects of the plate
dimensions on its load-sinkage property was investigated by using four plates with differ-
eat ratio aspect, as shown in Tab. 1.

Tab. 1 Dimensions of the plates used in tests.

Yo 1 2 3 4
length L fm) 72 108 160 216
vidth B fm 12 12 12 12
ratio L/B ! Lb 2.1 3

Fig. 1 shows the schematic of the equipwent and the apparatus used in tests. the
experimental soil was a kind of dry fine sand gradation curve of which was shown in Fig 2.
The measured Bekker ‘s soil parameters are as follows: :

n=103 k=0 ko = 1. 47 Nfca**
to =0 =31 k=1 43em

In tests, the limiting lateral flow of the sand benesth the plate was implemented by
mounting two limiting plates to the two sides of plate in different directions according
to the requirment of the test, as shown in Fig 3.

TEST RESULTS AND DISCUSSIONE

Fig 4 ~ Fig 7 show that the load-sinkage reiations of the plates in different size
under variuos limit conditions. By comparing these measured results we can see that the
bearing capscity can be remarkably increased by limiting the lateral flow of sand beneath
the plate. For a rectangular plate, limiting the longitudinal flow of sand is more effective
to increase the bearing capacity than limiting the transverse flow of sand While the
lateral flow of sand beneath the plate in all directions was limited, the increment of the
bearing eapscity reached the maxum

Por the rectangular plates described above, to the same sinkage, for exmmple Jem the
load they can surpport increases by an average of 151% (longitudinal limit), 357% (trans-
verse |imit) and 661% (limit in all directions) respectively, campared with values without
the lateral limit. On the other hand, in the conventionsl plate sinkage test, the bearing
capacity of the plate, as we all know is propotional to its ares. Thus it can be seen that
to limit the Iateral flow of sand can more effoctively raise the bearing capacity than to
increas the plate area As to the reducing persent of the plate sinkage coxpared with the
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that is,

lv=lcth W
and 8o

h=lon- Lk ®

Where, Zos -- the sinkage camponent measured when the transverse
flow of the sand was limited

When the Zr and Zp are determined, then the sinkage conponent caused by sand campac-
tion, Zo can be seperated fram the total sinkage Zo by using equation (1), Here, Zo i
assued to equal the value of plate sinkage measured when the lateral flow of sand in all
directions was not limited The calculation results of Z Zr and 7, was shown in Tab. 3.

Tab. 3 Calculation results of the sinkage components
(plate 150nme72m .

sinkage camponents unit pressure (10°pa)
(cm 0.6 1.0 1.6
Lo 31 6.9 83
Ic 0.72 1. 32 1.82
I/l ® 23.2 22.3 21.9
L 0.73 1.43 2. 12
hilo @ 23.6 2.2 26.
7. 1.38 2. 68 4.05
1, & 4.6 46.4 48.8
To- Cetlitln) ] [l 8 ™ & 7%

The error analysis in Tab. 3 indicates that it is possible to seperate the sinkage
coponents fram the total sinkage of the plate based oo the four times measured results
under different latera] limit conditions. The maxmum error is less than 10%

From Teb. 3 it can be seen, although the various sinkage compooents increass with the
unit pressure, its propotion to the total sinkage is nearly to be a constant. The caxpaction
caponent is only about 36 percent of the total sinkage and the lateral flow cauponent, the
sum of the longitudinal and transverse flow camponents, is unexpectively high to 76 perceat.
Furthermors, for a rectangular plate, limiting the transverse flow can more officisatly
increase the bearing capacity and reduce the sinkage than limiting the leagitudissl flem

Under the test condition, the effect of the aspect ratio of the plates eu the sisksge
coaupoaents was shown in Fig 10. The aspect ratio had nearly no influssce ca the capaction
caponent. Nevertheless, the transverse flow caapeneat iscreased with it and the leagita-
dinal flow component reduced with it. But the sum of thess twe kinds of flew campencats
basieally did not change with the aspect ratio of the plate, as shows ia Pig 10




pessured values without limit was shom in Tah 2

Tab. 3 The reducing perceat of the plate sinkage uader
different lateral limit conditions campared with
the value without lateral limit(q = 0.76+10°Pa).

reducing percent plate dimensions emeand
of sinkage 7272 108+72 160472 21673

limit transverse flow 41% 60. 5% 4. 5% 63. 1%
limit loogitudinal flow| 41% 36. 1% % 6.9
Iimit the lateral flow
in all the directions 7.9% | 76.2% 4. 6% . 8%

The above test results show that limiting the lateral flow of the sand beneath plate
is an effective path to incresse the bearing capacity and reduce the sinkage. It means
that to approach a new type of running gear which has the function of avoiding the lateral
flow of the sand beneath it is of fundamental importance to the development of the desert-
vehicle,

Furthermore, to the loose sand, as shown by above experiments, not all the plat sinkage
is caused by the sand ccmpaction. In fact, the sinkage component caused by the lateral fliom
of the sand benesth the plate holds a quite large part in the total sinkage, as showmn in
Fig 8 and Fig 9. So it is significant to determine quantitatively the sinkage components
caused by the compaction snd the lateral flow of the sand beneath the plate in different
directions. Based on the measured results, the values of sinkage components and its propo-
tion to the total sinkage were approximately estimated by following method

Assume the total sinkage of the plate is expressed as follows

b=lthth )
Yhere, Zo-- total sinkage of the plate;
Zc-- sinkage component caused by the sand campaction;
Zr-- sinkage camponent caused by the transverse flow of the sand;
Ip-- sinkage camponent caused by the longitudinal flow of the sand
From the above difinition, when the loagitudinal flow of the sand is limited it means

the Zy, in the equation (1) is equal to zero. If denote the sinkage measured under this
condition as Zom, then from the equation (1)

Ion*lc tln @

thus, the sinkage caused by the transverse flow of the sand is
bl ko @
In same way, when the tramsverse flew of the ssad is limited 32r is opual te sere



CONCLIBIONS

1. For the loose sand the plate sinkage can be divided into two parts. The first part
caused by the capaction is caly about 26 percent of the total sinkage and the second part
caused by the lsteral flow of the sand beneath the plate is near to 76 perceat.

9. Limiting the lateral flow of the sand can largely reduce the plate sinkage and in-
crease the bearing capacity. For a rectangular plate, to limit the transverse flow is more
effective than to limit the loagitudinal flow.

3. Tha work described in this paper indicates that as compared with merely increasing
the contacting ares, to develop a mew type of the rumning gear, which can, at same extent,
avoid the lateral flow of the sand bepeath it, may be a more effective way to improve the
tractive performance of vehicles on sand But it still needs to approach further, particu-
larly, the pepetrating depth of the limit plate into the sand on the bearing capacity of
sand and the plate sinkage. About this problem and the relative experiment results will be
discussed in another paper.
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ADVANCED STUDY ON THE PERFORMANCE OF LUG CONFIGURATION AND ARRANGEMENT FOR
POWERED WHEEL OF POWERED TILLER IN PADDYFIELD

Yao Jian Shao JXiwen Luo Hua Zhong Lu
(South China Agricultural University, P.R. China)

SUMMARY

The 2-3kw diesel powered tillers are now very popular in South China for farmers
who own very small plot area of paddyfield. A research project was conducted to
improve the performance of its single wheel. The effect of lug profile ( curved
or flat), lug height, lug angle, and lug number on wheel was investigated.It was
observed that the profile, height, lug angle, lug number on wheel, sinkage and
slip gave very strong effect on lug forces and performance of powered tiller.The
optimized design on lug configuration for powered wheel was developed.

INTRODUCTION

The 2-3kw diesel powered tillers are now very popular in South China for farmers who
own very small plot area of paddyfield. The population of the on farm powered tillers in
South China is growing to 300,000 sets. They are inexpensive and easy to fabricate. i
powered tiller worths the same price as a water bullalo but works double and needs only
half the feeding and managing costs. That is the reason why so many farmers buy them
instead of their water buffalos.

Most powered tillers have only one driven wheel of which its top diameter is so small
as 0.72m.

This research project 1s to design the lug wheel with optimum geometrical parameters
to meet the need of general flooded paddyfield with hard pan layer, dry state paddyfield
and very soft flooded paddyfield without hard pan layer near lakeshore or seashore.

The lug of a powered wheel is the basic element to interact with soll and its
geometrical parameters play most impoctant role to give better performance for powered
wheel.

The purpose of this paper is mainly on an advanced study of optimum selection on lug
angle, lug height, curved or flat lug, and lug number for powered wheel of this small
powered tiller based on the recent study and experiments on soil behaviours and wmeasured
lug forces.

PREVIOUS WORK

According to the Law of conjugate action between meshing profiles and the %“inematics
of lug, Shao (1) proposed nine equations for geometrical parameters of lug with respect to
slip. The dynamic perrormance of single lug was studied by Zhang and Shac (2). The soil
flow beneath lugs on sand and clay was studied by Shao and Wong (3) at Carleton university
Canada in 1983. The soil flow as well as soil reaction bebeath single lug and multi-lug
were studied by Lu and Shao (4). The interference between lugs was studied by Luo and shao
(5).The Phd dissertation thesis of Lu (8) supervised by Shao discusses and analyses the
soil behaviours, the measured soil reaction forces, the models of passive soil failure and
the prediction of pull and lift forces for single lug and multi-lug, curved and flat lug
of powered wheel at various slip from 10X to 100X on dry pure sand, saturated pure clay
and wet paddy soil with comparision to plain moving blade in 1991.

Gee-Clough and Chancellor (7) measured the lug forces developed by a single lug of a
cage wheel in Maahas clay loam soil. It was observed that soil moisture content,lug angle,
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lug width, lug shape, sinkage and travel reduction had a strong effect on lug forces.
Gee-Clough and later with Salokhe (8) in their studies on the effect of lug angle on
performance found that 30 degree obtained the best performance in Thailand paddy soil.
They also studied the soil behaviour under lug soil interaction at 50-100% slip for single
lug and found the elliptical soil wedge in contrast to the prismatic soil wedge assumed in
conventional theory (8). They studied the pull and lift forces acting on single lug of
cage wheel and found the measured lug forces when compared with those predicted by the
theory of conventional theory of passive soil failure did not suit accurately.

APPARTUS AND EXPERIMENTAL DETAILS

The experiments of soil behaviours and soil reacticn forces beneath lug of model
wheel were conducted in a specially designed set of apparatus. A 1200x600x125mam glass
sided soil box was filled with pure dry sand, or wet pure clay, or Guangzhou paddy
soil in different moisture content. The physical properties and mechanical parameters
of sand, clay and paddy soil are shown in Table 1 and Table 2.

Table 1 Physical properties of experimental soils

Particle size distribution:
Grain size Soil particle Pure seived sand Pure clay Paddy soil

0.001 Clay - 61.78% 19.57%
0.05-0.001 Silt - 32.82% 24.79%
0.25-0.05 Sand - 5.4% 55.64%
<0.01 Physical clay - 90.74% 33.92%
>0.5 Coarse sand 100% - -

Consistency limits (db):

Liquid limit - 31.40% 35.40%
Plastic limit - 33.80% 22.80%
Plastic index - 17.60% 12.60%

Table 2 Mechanical parameters of experimental soils

Soil type Unit weight Cohesion Internal Soil metal Adhesion Cone Moisture
c friction friction Ca index content
kN/m3 kpa angle o angle o kpa kpa %
Pure sand 14.7 - 28 18.5 - - -
Pure clay 16.8 14 5 2.5 2.8 - 56
Paddy soil 17.36 2.5 12 10 2.1 105 317
17.2 1.85 8 6 1.2 62.5 52

The rotation and plain motion of the model wheel was driven by a 1.5m long lathe and
so the wheel had various necessary speeds and slips. The desired speed was controlled by
the gear box of lathe and a pair of gear one of which rotated and moved along a splined
shaft clasmped on the chuck and spindle set of lathe. The desired slip was obtained by
controlling the selected feeding speed of apron on which a worm gear box and frase was
attached.
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The wmodel wheel had a steel disc (10em thick and 150sm diameter) on which attached
an octagonal transducer with different tested lugs. In this study, 25 and 30 degree
involute curved lugs, 12.6, 14.6, 20, 25, 30 degree flat lugs, all with a constant top
radius 250mm were compared on lug forces and dynamic performance, and found the optimum
lug height,lug angle,lug profile,lug nuaber,slip and sinkage for the powered wheel of
spall powered tiller. Figure 1 shows the experimental setup of soil box and model wheel.
The transducer was calibrated before use. The signals of measured torques and forces were
amplified by strain amplifier and recorded by magnetic recorder. All signals recorded were
entered into a microprocessor to take out the norsal, tangential forces and torques and
then calculated to obtain the pull and lift forces and efficiency of lug. The curves of
torques, pull and 1lift forces vs rotation angle of wheel are drawn by microcomputor and
printer. Figure 1 shows the experimental set up of scil box and model lug wheel.

Besides model lug studies, there were experiments of full size lug wheels on paddy
soil bin for tractive performance, and also plough work tests on paddyfield of Guangzhou
and Hunan Province. Figure 2 shows the soil bin experiment of full size lug wheel and
Figure 3 shows the tests of different lug wheels on paddyfield in Hunan Province. Figure
{ shows the penetration resistence with respect to the depth of experimental paddyfield.

Figure 1

Figure 2
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EXPERIMENTAL RESULTS

Effect of slip on measured forces

Figure 5 compares the curves of pull forces obtained at slips 10X, 15%, 20%, 35%,50%,
and 100%. Figure 6 compares the curves of lift forces obtained at above slips. It was
observed that the pull and peak pull forces were increased with the slip much higher than
lift and peak lift forces. The optimum slip in the experiment of model lug wheel was about
15% while the lug efficiency reached its maximum value. This was proved by the full size
wheel test in soil bin and in paddy field farm. It should be noted that in this paper the
definition of slip i is ratio of (Ro - R) over Ro, that is:

i =(Vo - V)/ Vo =(Ro - R)/ Ro (1)
where Vo,Ro are the top velocity and top radius:
V,R are velocity and rolling radius.

THE PULL FORCE AT VARIOUS SLIPS THE LIFT FORCES AT VARIOUS SLIPS
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Comparision of measured lug forces for curved Jug and flat lug

Figure 7,8, shows the measured pull forces and lift forces of model wheel at 6cm
sinkage, 15% slip and 37% moisture content paddy soil. The experiments were repeated three
times and the average values were plotted by computer and printer. As shown in figure,
the peak pull force of 25°curved lug is 35% larger than that of flat lug with 14.6° lug
angle at 95% level of significance. Another measured peak pull force of 30° curved lug
is 32.6% larger than that of flat lug with 12.6°1lug angle. It is necessary to point out
that the peak lift force of curved lug is 45-64.5% larger than that of flat lug, so that
the distributed weight on powered wheel should be larger in proportion.

THE PULL FORCE OF CURVED AND FLAT LUG
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EFFECT OF SINKAGE ON PULL FORCES EFFECT OF SINKAGE ON LIFT FORCES
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Effect of sinkage on lug forces ,

Figure 9,10 shows that the effect of lug sinkage on Jug forces. Three Ilug sinkages
(4cm,6cm,8cm) were compared in experiments. The lug slip and soil moisture cbntent were
kept constant at 15% and 37X respectively. The effect of sinkage on lug forces for curved
lug and flat lug had similiar results. It was observed that at 4cm, 6cm and 8cm sinkage
the peak pull forces were 146N, 215N, 270N and the peak lift forces were 150, 240N, 310N
respectively. All lug forces were increased in proportion with sinkage in test range. It
is evident that the lug sinkage in test range affects the lug force significantly at 95%
level of significance on statistical analysis.

The selection on lug angle

According to the conventional theoretical kinematic analysis on lug-soil interaction,
when the lug tip was at its lowest pointA(8=90°), the zero lift force would be presented,
and the instant point of vertically leaving of lug from soil should be at this instant
point. Based on our study of soil flow and passive failure under lug wheel,it was observed
that when the rotation angle of wheel was at 100-103 degree, the zero lift force was
presented as shown in Figure 6 for slips from 10X to 35%, so we took the instant of first
measured zero lift force as the instant point of vertically leaving of lug from soil.

Figure 11
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Figure 11 shows the geometrical relation to decide the lug angle using K as the
instant point of lug leaving for flat lug. An expression to determine the appropriate lug
angle is: :

Rp = Ro (1 - i)cosa= Ro cos (a+7)
(1 - i)cose= cos {ett7)
i 1-cos (ee+7)/ cosa (2)
where & and ¥ are the pressure angle and lug angle in degree respectively.

1f i = 0.15, and pressure angle takes 25 and 30 degree,the lug angle may be calculated
as 14.6 and 12.6 degree respectively.

Another simple expression for lug angle with respect to slip was developed on another
geometrical conception with sufficient accuracy as shown in Figure 12:

cosy =1 - i? (3)

The appropriate lug number

In order to determine the lug number on powered wheel, it is necessary to make use of
maximum rupture length of soil failure zone beneath lug. ‘

There are three principles to determine the appropriate lug number on powered wheel:

1. To ensure enough space and lenghth between two adjacent lugs b:.sed on the wmaximum
rupture length on soil failure experiments ben~ath single lug and wulti-lug. During the
special study on soil behaviour under single luy and multi-lug, photographic re: .lts
clearly showed that the maximum rupture length was fouud at a lug position of 65-72 degree
after entering into paddy soil. The sign of maximum rupture length was that the up heave
of soil reached its maximum value in continuous photographs.

2. To ensure the maximum soil reaction forces obtained.

3. To ensure that there would be no soil packing between adjac.nt li..s and that a self
cleaning of soil between lugs under lug-soil interaction.

The appropriate lug nuaber of powered wheel depended on the geomeirical paraemters of
wheel (top radius Ro, lug height h), working condition (slip i, sinkage z) and parameters
of soil. The soil bin experiments and on fara paddyfield tests of powered wheel are needed
to check the appropriate lug nusber of wheel. Figure 13 shows the geometrical relation of
soil failure zone, maximum rupture length, loop width of lacus for lug tip at optimum slip
for the determination of appropriate lug nusber of powered wheel.

An expression was developed to determine appropriate lug number n as follows:

2Ro{1 - i)/n = Lsmax ¢ B (4)
where Lsmax is the maxisum rupture length,
B is the width of loop of lug tip at given slip.
As shown in Figure 13, Lsmax may be calculated by conventional theory of passive soil
failure theory at trustable agreement with measured values.

Lsmax = 2 ry cos (45 - #/2) (5)
vhere rg = r, exp (¥ tan¢) (6)
r, = h / sing (1)
W =r-(%4-¢/2)-p (8)

The width of loop could be calculated by the kinematics analysis of lecus of lug tip
by the following expression using the XY cordinate with origin at instant center of a slip
wheel.

{x =Ro (1-1i)0 - Rosiné
yzRo (1-1)-RocosH (9)



B=2Ro(1-i)68y=o-2Rosin@y=o (10)
¥idth of loop could be calculated using the following experiance formula with enough

accuracy at optimus slip 15%:
= 0.1104 Ro (11)
Substitute (5).(8),(7).(8) into (4) at optimum slip 15%,A gencral expression could be

obtained:

21\'R-(:—1) (12)
B LT T ey
To enter Formula (12) with Ro=362.5am, h-mun.p-as - 727 ¢=12° ve obtained the
appropriate lug number of powered wheel for powered tlller n=9-11.

The appropriate lug height

From froemula (12) we know that the lug height decresed in proportion with increase of
lug number. According to calculation, while h = 100mm, n = 10 - 11, while h =125a%, n = 9
- 10. In general flooded paddy soil, 125am lug height was sufficient to give about 1300N
traction force at more than 50% tractive efficiency and good emough for single botton plow
work at 20mm width x 15am depth.

Ve design the 125mm height flat lug for flooded paddy soil with hard pan layer and dry
state paddy soil (n = 9), and design the 150mm height involute curved profile lug for soft
paddy soil without hard pan layer (n = 9).

8 I L smax . |

Figure 13

PERFORMANCE OF POWERED WHEEL ON PADDY SOIL BIN AND PADDY FIELD

We designed seven sets of lug wheels in which two sets with involute curved profile
lug for deep and soft paddy field without hard pan and five sets with flat lugs. All these
vheel were put into tests for performance on paddy soil bin and paddy field. Figure 14
shows the curves of traction force with respect to slip, velocity, traction power, fuel
consumption, and unit power fuel consumption. As the traction force of powered tiller
reached to a peak value at about 1700N to meet the need of traction forces for plough work
and a traction force about 13008 at a tractive efficiency of wore than 50% and slip 15% in
general flooded paddy soil with hard pan. This results seemed to be satisfied as better
performsance in paddy field.

CONCLUSION
1. This paper introduces the research to design the lug with appropriate geometrical

parameters such as lug angle, lug profile, lug height and lug number for powered wheel of
povered tiller based on our recent experiments on soil behavious, soil reaction forces
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seasuresents and performance tests in soil bin and paddy field.

2. Based on the effect of slip on lug forces in experiments and the perforsance tests,
the optimuam slip 15% is recommended in designing the geometrical parameters of lug.

3. Based on the experiments of soil flow and soil reaction forces beneath sxnsle lug,
we found the instant point K for vertical leaving of lug at 100-103° but not 90° when zero
1ift force was presented. This paper developed 2 methods in using the instant point Kk to

determine the lug angle of flat lug and involute profile curved lug.
4, The pull and lift force

Vikwh) 9r of the involute curved lug KG (
6 Vy (M) 25° or 30° pressure angle) are
4 — o 35% and 32% significantly higher

&l /T [ than those ~f the flat lug KF.

T 09 .
3 4 5. Based on the wmaxisum
Nt i’// rupture length of passive soil
Clow) /,/ //r“‘ failure beneath single lug and
-4 multi-lug, this paper developed a

general expression to determine
the appropriate- lug number and
lug length for powered wheel.

6. The field tests on the
perforaance of powered wheel with
the appropriate lug parameters
gave satisfactory tractive effi-
ciency and fara work.

7
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Figure 14
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NUMERICAL PREDICTION OF SOIL BEHAVIOR
UNDER A RIGID WHEEL

A. Jarzebowski® , Y. Nohse** , K. Uchiyama**, K. Hashiguchi*** ,
M. Ueno**** , M. Kamei***** , F. Koyama**

Abstract

A new finite element method program was developed to enable the precise prediction of stress
and strain distribution beneath a rolling wheel as well as the mechanical properties concerned
with the tractive performance of off-road vehicles, e.g., drawbar pull, axle torque, slip and
sinkage. In order to describe the elasto-plastic deformation of soil, the extended Subloading
Surface Model was introduced into the program. Some new algorithms using the Corrected
Euler Method and the Conjugate Gradient Method were formulated to improve the accuracy of
predictive quantities. Some results for the stress and the strain distribution in the soil beneath
the wheel and the tractive performance of the wheel are compared subsequently with the ones
from laboratory mode] tests.

INTRODUCTION

An elucidation of the deformation of soils under a rolling wheel is required to improve
the tractive performance of off-road vehicles and also a soil compaction performance of road
construction machinery, whereas the soil compaction beneath wheels of farm vehicles causes
a damage of soil structures which influences the growth of plant roots. This study aims at
developing an effective numerical solution which is capable of describing the behavior of the'
soil, i.e., the stress and the strain distribution beneath the rigid rolling wheel and its tractive
performance.

As the numerical solutions to predict the soil deformation behavior, several finite element
method programs have been developed. Such programs have not been satisfactorily accurate
as yet. First of all, most of constitutive equations incorporated in the programs have been
inadequate and able to predict only the simplest phenomena of soils [1] or the monotonic
loading [2]. Although more advanced constitutive equations for soil under monotonic and cyclic
loadings were developed [3,4), they have been hardly applied to the finite element analysis of
the soil deformation under the wheel. Recently, an attempt at using the initial Subloading
Surface Model was presented [5]. A more accurate prediction of some engineering problems by
incorporating the extended Subloading Surface Model for sand [4] is one of the purpoees of the
present study.

A proper description of the boundary condition is also a difficult problem, and even the
most advanced studies for the numerical solution treat the boundary friction problems with a
great simplification, though it has a direct influence on the accuracy of calculations [6,7). In

*Polisk Academy of Sciences, Warsaw, Paland, preseatly visiting researcher
ot Teck. Laboratory, Sakai Heavy Industries, Japea
**Tech. Laboratory, Sakai Heavy Industries, Kurihashi, Saitama, 349-11, Japax
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****Dept. Agr. Exg., Ryskyu Ualv., Nishikara, Okinawa, 503-01, Japan
##44*Kyushu Agr. Exp. Sta., Isumi, Chikugo, Fukuoka, 833, Japaa 49
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the present paper considerable attention was paid to the modelling of the friction boundary
conditions between the rigid wheel and the soil.

The numerical calculations were conducted under the plane strain condition and their results
were compared with the experimental ones from the laboratory model tests realized under the
same condition.

Although a number of studies investigating soil deformation by markers in soils [8,9] or the
simultaneous measurement of stresses in soils have been reported [10), the precise measurment
of the stress distribution have not been accomplished yet. Thus, the measurement and the
analyzing systems for stress and strain beneath the wheel were developed {11, 12] and used in
the present study.

FINITE ELEMENT ANALYSIS

Based on the displacement method of the FEM [13), the computer program was formulated
and developed under the plain strain condition. The 4-noded finite elements with a 4-point
integration rule [14] were adopted. The finite element mesh and the boundary conditions
assumed for the walls and the bottom of the soil bin are shown in Fig.1.

Fig.1. Finite element mesh and boundary conditions.

The mechanical property of soil was assumed to be an elasto-plastic one described by the
extended Subloading Surface Model [4]. Since the constitutive equation has an incremental
form, the incremental method was applied in the FEM program. When the sinkage stage of the
wheel was executed, increments of vertical displacement were given to the centre of the wheel.
Further, in the rolling stage the increments of rolling angle and of horizontal displacement were
given to the wheel to realize a desired slip, while the increments of vertical displacement were
additionally given to keep the contact load between the wheel and soil within the range of

_ %0.2% of the assigned value.

The total stiffness matrix for the whole task was actualized after each step. Within each
incremental step the so-called initial value problem [15) was solved using the Corrected Euler
Method to improve the accuracy of calculated results. As the stress state components and their
increments have to be calculated after each step, all components of the constitutive stiffness

matrix for each integration point also have to be known. Thus, the Corrected Euler Method
was realized according to the proposed formulae

[+ .= (D, + D12 (1
(B (B, + [B2)/2 @
s [K)* = /[B]"“T[D]"“[B]"“JV (3)



where [D]*! and [B]*! are the constitutive stiffness and the shape function matrix in ev-
ery integration point at the actual step number i + 1, [D]},, and [B]},, denote their values
computed in the predictive part according to the stress and the strain state after the step
number i, while [D}i} and [B]i}} denote their values used in the corrective part of the actual
step according to the stress and the strain state after the predictive part of the step number
i+1,and [K]* is the total stiffness matrix in the actual step number i+ 1. The total stiffness
equation :

Af = [K]HAu (4)
was solved by C.G.M. [15], where A f and Au denote the increment vectors of load and displace-
ment, respectively, of the finite element system. At the initial stage of the calculation process,
the stresses caused by the weight of the upper layers were superposed on every integration

oint.
d The Coulomb friction law was applied to the interface nodes between the wheel and the
soil after the incremental displacement was given. Whenever the friction law was violated at
any node, the calculations were repeated until that law was satisfied in all nodes on the wheel
surface.

In the sinkage and the rolling stage some nodal points newly came into contact with the
wheel surface, and furthermore some nodal points separated from the wheel surface in its rear
in the rolling stage. To detect new contact points the geometrical condition was applied, while
to detect separating points from the wheel surface, the normal component of the nodal contact
force was considered in addition to that condition. Thus, the whole number of contact points
was not always kept constant during the calculation.

RESULTS AND COMPARISON WITH EXPERIMENTS

Calculations were carried out for the rigid wheel of 300 mm diameter x 410 mm width and -
weight 215.6 N on the Toyoura sand (mean density 1578.0 kg/m?®, internal friction angle 38
degrees ). The friction coefficient between the wheel and the sand was 0.63. All dimensions
listed above were specified from the conditions of experiment. The apparatus and the testing
procedure were described in detail elsewhere [8], together with the initial laboratory test results
[8,12]. The size of the finite mesh was 60 mm height x 370 mm width.

The relation between the contact load and the sinkage (the displacement of the centre of the
wheel) during the sinkage stage is presented in Fig.2. As the number of nodes contacting with
the wheel gradually increased during the calculations, the resultant relation is not smooth.

Calculations at various slips 5, 15 and 41% were performed in the rolling stage after the
sinkage one. Results in the initial part of the rolling stage at various slips are presented in
Fig.3, where the predicted values of sinkage and drawbar pull are compared. The significant
influence of slip on the above-mentioned quantities in the initial stage of rolling is observed
clearly, which coincides with the experimental one ( cf. [8]).

The calculated displacement field and the stress and the strain distribution in the soil after
the sinkage stage are shown in Figs.4 and 5. The corresponding strain distribution obtained
from the laboratory test is presented in Fig.6. In these figures, to enable a direct comparison
between theoretical and experimental results, the same isolines are drawn and the calculated
displacements are magnified 16 times (cf. Fig.4.2). In the upper layer between 0 and 5 mm
depth the strain field distribution were not available experimentally since it was technically
difficult to put polyester film markers (8] in the soil close to the free surface. Both theoretical
and experimental results (Fig.5 and 6, respectively) show similar sones, although it is sometimes
difficult to detect their boundaries, especially in case of test results. 51
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Because of the lack of space for the detailed comparison herein, only some theoretical and

experimental results in the initial stage of rolling at 41% slip are presented in Fig.7 and 8,
respectively. The predicted boundaries of the stress and the strain isolines tended to develope
nonsymmetrically (cf. corresponding Figs.4.b, 5.c and Figs.7.a, b). In case of experimental
data the same tendency was also observed (cf. Fig.6.c. and Fig.8). At the high slip value the

sone of the compressive horizontal stress tended to move backwards the travelling direction.
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Fig.2. Contact load change during Fig.3. Drawbar pull and sinkage during
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CONCLUDING REMARKS

The theoretically predicted results coincide qualitatively and quantitatively with the ex-
perimental ones, although differences b.«ween some values are observed. For the more precise
comparison additional laboratory tests under the same test conditions should be performed to
investigate the repeatability of experimental data. The theoretical results presented above are
those in the initial stage. Comparisons for the more advanced rolling stage and for various

travelling conditions, i.e., slip, weight of wheel, friction coefficient between a wheel and soil and
mean density of soil will be presented in the further study.
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CALCULATION OF SOIL COMPACTION BY THE VEHICLE'S ACTION

Dr.A.V.Miroshnichenko

Mathematical model of soil deformation was worked out, which
allows to describe the soil-vehicle interaction process and

to estimate parameters of this process. It also allows to
estimate the soil compaction, caused by the vehicle's action.
With the help of this model the process of the plate penetration

was studied and the deformation performance was established.

At the present time a special emphasis is being placed on the
study of the vehicle's action on the soil with the view to investi-
gating into the distruction of the top layer and compaction of soil.
This is important for solving ecological problems and agricultural
ones, where the land cultivation and good crop capacity are of con-
cern. |

To evaluate the vehicle‘s action both experimental methods of &c¢-
tual measuring of the soil density before and after passage of the
vehicle, working under the field conditions, and laboratory meesu-~
rements made in the soil bin where the action is simulated by using
plates or a single wheel,were used.

In the present work a problem is posed to work out & method of
calculation enabling investigation into the influence of the system's
basic parameters, i.e. the vehicle-soil, on the compaction of soil,
an attempt being made to give a close consideration to the mechanism.
of soil distruction.

Let's dwell upon the simplest task of interaction: penetrating
of the flat plate into soil. This problem is traditional for terrame-

chanics and is convinient for checking up adequacy of models designed.
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Also, it showld be pointed out that thia.problem is actual for the
development of walking vehicles too; their application for the work
on the soil is being studied.

" Let a flat rectangular plate with dimensions of sides @ and
& penetrate into soil at a velocity’lﬁ,(t). Then the consumption
of soil Qg for its penetration, displaced by the plate, equals:

Qslt) = SYp(t) (1)
where S=aB igthe plate's area , t is the time.
Then, in penetrating %f the plate by a quantity ZP
2p(t) = JUp(t)t (2)
the volume of the soil displaced Vs equals
| Vg(t) = Szplt), (3)

In this case two marginal variants of the soil behaviour are possible.

A first variant.Penetration of the plate goes along with displacement

of soil in the lateral directions and density 9 is practically
initial 9= §fo throughout the whole process of deformation. This
distruction occurs according to the general shear failure scheme.

A second variant.Here the deformation process takes place only at

the expence of the variation in the density Q and no soil displa-
cement in the lateral directions occurs. This is the deformation
according to the local shear failure sacheme. We'll touch upon
this case because it is for these soils that the compaction problem
is really actual.,

Shown in Pig.1 is en initial condition of the soil layer dx ,
with the coordinate X of the soil layer and time t being inde~
pendent variables. In penetrating the plate by a quantity 2p the
80il layer 1i8. be displaced by a quantity W (x,t) but then it
will have a different thickness dx+ du . Besides, if at the
initial point the soil density equaled the quantity Qo » then by
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the time t , the density equals @ (t) . Assuming that no displace-

ment of the soil in lateral directions occurs one can write down

?odac = 9(6x+6u).—= 9(*\ + du/dx)dax

or
Po = P (4 + du/dx). (4)
Now consider balance of the soil layer by using a second Newton's

law (the product nf soil mass by acceleration equals acting forces):
2(a+6

9.3x 2 S =-0q+ T(xt) (3x +du) (5)

T (x,t) are reactions occurring on the lateral surface of the soil
layer.
If we are to assume that displacement of the soil layer occurs
slowly and an inertia éomponent of reasistance to the deformation of

goil is low, then an equation (5) takes the form:

aq -=-g-(ar+'bu)‘[; ﬂ=2(a1~5)7 (6)
or a

9 -+ Dyyow |

,é';c—t S(1+rox). (7

Thus,we have obtained an equation (7) that shows that a drop in
pressure q in the soil is coﬁpletely determined by the friction of
‘the displaceable soil coiumn relatively to the whole s0il mass.
In this connection, one can consider several presentations of
tangential reactions T .
The simplest case is where a quantity T does not depend on the

quantity of soil layer displacement and
T=6P(q)+c (8)

where \p(q) is lateral pressure i.e. a funotion of pressure on this
soil layer; © is a tangence of tha angle of internal frictionm,
¢ 1is cohesion of soil .

A series of experimental studies have shown that in the range

of pressures, real for transport vehicles » laterel pressure qs
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can be presented by & linear function

=~{>(Q)=’{o+‘i¢1' (9)

Phen (7) takes the form

ER AR DR O &

S dq = 1 S(1+ Jdx . (11)
039+ 6.+ c |

Having integrated the left term of the equation one obtains:

(10)

or

(12)

" Q | i .
= Un|B% g+ B3.+c|= ¢
63 n|B%q +B3.+c|= ¢ Y
By holding the functions 9“ (x) and ? (x) we determine a
function of q (x) from the soil depth or by holding the function
q (x), we determine the function 9 (x) .
If the function q- f-( «31 ’ 9“ ) is given

q4=9(9,%) | (13)

say from the testing results, on the given soil, one can determine,
from equation (10), the distribution of density 9 (x) from the
s0il depth

Pepde 1(d. o
0.{803.+39(p,p)]+c} SSd S

It should be noted that the advantage of the dependence ob~-

tained (13) 1ies in the possibility of giving S)o (x) , that is in
giving the initial distribution of density from the soil depth.

If the dependence of tangential reactions T has the form of
Janosi -~ Hanamoto
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T= [eq(q) +c] [1~exp(- ‘%t)] . (15)

then we write down the (€) 23 having the form:

d

or

(% -9)d qc- | |
9?[99\'@1]: '5'5 [1-exp- £)]du D

The dependence (17) enables us to determine the variation
in the soil density 9 (x) , allowing for (13), depending on the qua-
ntity of displacement u and on the depth of the penetration of

the deforming plate z.= u (x = 0).

Therefore, we havePan opportunity to obtain a deformation
characteristic q = q (zP ) allowing for the soil parameters c¢ ,
8 , Kt and to make an analysis of their influence on compactibi-
lity and on the dietribution function 9(1) over the soil depth.

Besides one can determine the magnitude of the soil layer in
which compaction has occurred, induced by the action of a technical
system, as well as relate the parameters of the action (kinematics,
geometry and pressure on the interaction interface) with the densi-
ty distribution’in the soil,

The presented model of interaction enables treatment of a set

of processes occurring in the vehicles' action on the soil.
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A MODEL OF VEHICLE - SOIL INTERACTION

Dr.A.V.Miroshnichenko,dr.V.V.Gromov,V.P.Grushin,V.N.Mehanuk

The process of vehicle-soil interaction was studied taking
into account the influence of tangential reactions on the
bearing capacity of soil. Mathematical model of the process

was worked out and we made comparisons between experimental and

calculated performances of multiwheeled vehicle.

The fundamental problem in the study of vehicle mobility is the
development of methods to predict drawbar pull capacities and energy
losses on vehicle motion.

Consider the interection of a multiwheeled vehicle with
a non-cohesive soil. We sssume that the vehicle moves linearly over
deformable soil at a constant velocity and the soil breaks down ac-
cording to the general shear failure scheme (Fig.1).

' In accordance with this scheme, soil failure precludes rigorous,
one-to-one correspondence between the kinematics of the soil partic—
les and that of the wheel's rim while a the vehicle's action on the
80il specific weight § and on the internal friction angle of soil

3 is insignificant. 4

" In this case classical approach to the Prediction of normal and
shear stresses distribution under the wheel is not applicable here.
On non~cohesive soil, displacements of each particle are caused by

not only the rim's diaplacqmcnt but by mutual integral influence
of the entire soil mass. Boolgne this is so, normal and shear stres-
ses achieve maximum values at a point Bj » with a.ndmj angular co-
ordinate (Pig.2). The loocation of the point Hj depends upon the
value of wheel slip 1 .
The locftion,of Baxinum stress on the wheel - soil interface

reaction distribution corresponds to the position where the two slip-
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ping surfaces meet (Pig.2); these surfaces arise from the wheel's

action on the soil. ' '
This failure mode allows us to consider the soil deformation

by the wheel as a penetration process of some equivalent plate

"into the soil. Using the approach based on the limit equilibrium

theory and comparing a failure pattern beneath the plate and the
wheel, one can show that the plate's sizes & and 8 , which

are equivalent to the wheel equal to the following

a=8;8=XD; M)
D=2R ’f =D (cos(,(oj - coso(mj)thj -sndm; + SLhdoj]Ct‘]Y,

if %—),j and

| 3=%XD, 6=8, (2)
if gc} ; where qr-={+g ’ TJ = £(doj y¢mj, © ) -characterize
the failure geometry; R and B are a radius and a width of the
wheel.

Then maximum normal stress 9m; can be considered as a sinkage
function of the equivalent plate p = f (3) at the 8n; depth cor-
responding to the point of the wheel's rim with the coordinate dAmj
(Fig.2).

Since the sizes of the equivalent plate @ and B depend on
the wheel's geometry, soil performance and on the 8lip value i ,
it is necessary to have a pPressure~-sinkage dependence of the plate
sizes to determine p analytically.

Basing on the pre#ious works on the oubjbct as well as on thﬁ
research done by the authors with plates of various sises, with dry
sand, 1t was found, that pressure-sinkageflependence can in its gene-
ral form be presented allowing for the plate's sises

.SKR .z-.n
P=Ky .\(fE) R (3)
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where R, =ab/ 2(a=b); F=ab ;;Kygand n are an empirical
coefficient and a sinkage exponent optained from the experimental
results,

In addition to the given experiments, the investigations were
carried out into the influence of the wheel's action on the defor-
mation characteristic on the non-cohesion s~il (Pig.3) under diffe-
rent loads Vlj = var on the vehicle and under different slip values
ij = var . -

Taking into account the vehicle's action , pressure-sinkage

characteristic of the non-cohesive s0il can be presented as follows:

for j =1
n :
P=K?Rh1 (é) (4)
‘
for J > 1 .
KPhj[Z J;z 1. 2<Za;
= _— ¢ - H n
P V‘FJ J . k()1 J J (5)
Z; \N : . '
peryin (E)", 12
2)

waere z,. is the rut depth after (j-1) wheel passage, Ky is an
empirical coefficient.

Then, allowing for the condition Q.= P (a,b,%,,) we'll obtain:
for j = 1

?-m1‘ ;
gms = Ky R'H(TE:) R (6)

for 3§51
J-1

Ky, _s .
Qmj = Ky ﬂ:‘J (sz 2-12 k(‘)), Z2m| <2h3 )

*=

2

. ; X} n (7)

Gmj = K Rn; ( fﬁ,) ) Zmj? 2y

Now, consider the effect of tangential reactions on the
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bearing capacity of soil. We have performed two types of testing:
1) the plate was penetrated through applying o constant, vertical
force followed by a displacement in tangential (horizontal) di-
rections
-2) the plate was penetrated vertically with simultaneous displace-
ment in horizontal direction.
The experimental resulte enabled the effect of tangential re-

aqtions on the soil bearing capacity to be described by the formula:
2 g ,
e pl= P| cos” p§ (8)

where f) is the angle of friction, § is a parameter of soil;
these are shown in Fig.4. -

Then, allowing for (8) , reductiop in G mj to magnitude .‘-lmJ
will take place, which corresponds to - quantity of T and to a sin-
kage value 2 .

When _qmj is known,a real normal stress distribution can he

approximated by using the functions with sufficient accuracy:

s d-“—-2—°i9~’ .
(4) mi ~ , oo & AL Am; ° (9)
2
ol -
Sin k"zd
CI'U)"'Ei—m' Ay € A € Aes
J J . Lo IMp Y TS Tk 10
cin %Ki~ dmj (10)
2

The condition of the soil flow distribution from the contact
zone Tj (Pig.2)
Qg =¥VB(2Zy - Zmj)=VBR(1=sindmj) (49

which is proportional to the areas of geometry failure beneath the
wheel in the crossection with the coordinate olmj '
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ij S'kj (12)
. - . 12
Qg;j Skj + S2j + Shj

where ij is the soil flow for rut recovery,

allows determination the coordinate
: : R : . L
sindg; =Sivem; ~ -B-d’sq)'(% Sindm; )[(Cos&o“

Cosdimy )4g T - Sindmy + Sinde; ]

(13)

: , Sk =1-
under the conditions: 84, = Sj; 3 Sk + 1] * Sn;
[(mg-ioJ .-co%elmJ )+3 3J - Smdw+ Siv tloJ ]C"QV—

Preliminary exitation of the soil flow particles of the entire

mass, at the beginhing of the contact with the wheel, makes the pat-
tern of the shear displacement fomatio%i%ore complicated. An analy-
sis of experimental distribution of stresses showed that with non -
cohesive soil the relationship between shear and normal stresses

T/ q remained constant over the contact surface, including the
frontal zone, with the slip coefficient remaining constant. The T/q
ratiio changes as a function:

() = tg6[1- oxp(- m”)] (1)

it etmj is assumed as a mean integral shear displacement over the

wheel-soil interface for H point
oLmJ

Etmj =RS [1—(4-i5)sm¢]d¢. (15)

doj
Given the assumption that the reactions over the width of the

wheel are uniform then a vertical load on the wheel , free drawbar
Pull and moment will correspondingly equel:

“x;j oK)
Wj -RB[ S qJ (o, L) sinddy. + S'C (cL L )eosd del] (16)
d.J MJ
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B i (4, W5) £ (j,W;)
pJ. a -RB[ S Cij(ol.i_‘)cogddol - jt.d(‘x, LJ‘)sir\J.duL]; a7
doj (&5, W) agj (L) Wj)

o (L5 W)

R’ZB[ StJ (ol'l':l')d‘i]‘ (18)
oloj (1,W; )
For j wheel, specific free drawbar pull \QJ- is determined as:

i

M;

P.
=
- = 57 » (19)
\?J J .
while energy losses on x_not:lon equal :
M; P
-
= - = .t 20)
.FWJ W (4-1j)R W, (

Integrated solution of equations (18),(16) and the relation
determining the position of the maximal reaction Emj permit evalu-
ation of the quantities olo,<{m and ok allowing for a preceeding
action (j-1) of wheels on deformable soil. It also allows finding
quantities P; ,Mj, ¢; and f,;j , which characterize the interacti-
on process. A

Substitution of (16),(17),(18) in the equilibrium equations
for a multiwheeled vehicle enables detemining force and power pa-
rameters of motion over non-cohesive soil and subsequently making
an analysis of the distribution of twisting momenta and of the we-
ighing on the interaction process of the wheeled vehicle with the
given type of soil.
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EFFECT OF AGRICULTURAL MACHINERY ON OXYGEN DIFFUSION RATE
IN LOAMY SANDY SOIL.

Dr. Nozdrovicky,L. Associate Professor

Mihal,P. Research Fellow

Department of Mechanization of Crop Production
University of Agriculture, Nitra

Czechoslovakia

SUMMARY

High intensity agricultural production is accompanied by ne-
gative effects on the entire soil system, namely soil compaction,
from tractors and other field machinery. Changes of oxidation-reduc-
tion soil regime in loamy sandy soil are analysed in the present pa-
per in relation to tractor passes and soil cultivation.

An electronic measuring device equipped with a set of platinum
and calomel microelectrodes was used to measure the soil oxygen di-
"ffusion rate (ODR).

During field experiments we investigated the effect of multiple
passes of wheel-type tractor, Zetor 12 011, on the ODR in different
depths of soil. After a statistical analysis of the field experimen-
tal data a functional relationship between compaction factors, ODR
and soil properties (soil bulk density, porosity and soil penetra-
tion resistance) was obtained. .

. We analysed also the effect of two types of tillage tools

(conventional chisel and arrow-shape deep-cultivator tyne both belon-
ging to the Alform 290 chisel plough designed for deep ripping) on
ODR.

INTRODUCTION

By the characteristic feature of the field tasks related to
the technological process in plant production are multiple passes
of tractors, machines and means of transport. These passes are rela-
ted to displacement of machines at main operations and also at secon-
dary operations (rotation on the dead center). Field machines affect
the whole set of soil regime defined by BEDRNA,Z. and coll. (1).
Oxidation-reduction regime has important place in the category of
soil regime characterizing the energetic state of soil. The oxyda-
tion-reduction soil regime is considered as a result of function of
the complicated complex of factors. SOTAKOVA,S. in (4) describes the
ways of dynamics measurement of oxidation-reduction processes in soil.
MALICKY,M. (3) gives the method for the ascertainment of potential in-
tensity of oxygen diffusion in soil ODR (Oxygen Diffusion Rate) on
the basis of current amperometric measuring of electrode reaction
at partial oxygen reduction. This reaction is proceeding in soil so-
lution on the surface of platinum electrode pushed into the soil.
The practical results obtained on the basis of the applying of this
method gives CZYZ,E. (2).

From the mentioned analysis follows that variable ODR can serve
as the reference indicator for the evaluation of oxygen accessibili-
ty for plant roots.

MATERIAL AND METHODS

The observation of the effect of field technique on changes of
oxidation-reduction regime in soil was intented on two aspects:
- effect of multiple passes of wheel-type tractor Zetor 12 011 (en-
gine power Po = 88 kW, weight G, = 4 820 kg, front types 7.50/20
72




inflation pressure 250 kPa, rear tyres 18,4/ 15 - 34, inflation pres-
sure 140 kPa/. _ .
- effect of two types of tools for deep loosenlng of soil
(conventional chisel and arrow-shape deep-cultivator tyne)
on OOR.

The measurements were analyzed on loamy sandy soil. For this
soil was found out its granular composition and content of humus.
At .every measurement were determined these basis soil parameters:
soil moisture, specific and bulk density of soil, porosity, penetra-
tion resistance. The information about characterization and kind of
soil gives the table 1.

Table 1. Granular composition and content of humus in the
individual depths of soil profile.

grain size Depth, m :
( mm ) 8,05-0,10 0,15-0,20 0,25-0,30
0,25 6,21 5,29 5,78
0,25-0,05 32,44 33,78 31,64
0,05-0,01 47,78 49,67 49,38
0,01-0,001 8,79 5,66 4,94
0,001 4,78 5,60 8,27
0,01 13,57 11,26 13,21
Content of
humus, % 3,09 3,01 3,18

For the observation of the effect of wheel-type tractor
/-12 011 on the change of oxidation-reduction scil regime were reali-
zed the repeated passes in the experimental field and it in range
0,2x,4x passes. The mentioned tractor wasn t loaded by tractive fogie
during the experiments. It moved by travelling speed 1.58-1.72 m.s
at the simulated pressing of soil surface. The experimental plot was
pressed down by way: "trace close by trace".

In the depth of the observed profile 0 - 30 cm were determined
the following gean characteristics of soil: humidity 17.6 %, bulk den-
sity 1.44 g/cm”, porosity 47.5 %. Both types of shares that were at
field experiments are the part of ALFARM 290 trailed chisel plough.
This type of plough serves for autumn deep soil loosening into the
depth 0.4 m. Its construction consists of sizeable square frame which
carries 17 working shares (chisel respectively arrow-shape tynes).
The total working gear of this tool is 3.8 m and at work is used in
aggregation with tractor K-700 (effective engine power 170 kW). With
regard to it, that this tool has considerable weight and size we used
in our measuring only two operating organs which we have fastened on
a frame of carrying plough from which were dismantled the original
ploughing bodies. The axial distance of arrow-shape resp. chisel
shares was 70 cm after this adjustment.

The electronic measuring device was used for the observation
of changes of oxidation-reduction soil regime by the effect of affec-
@ing of passes of the choice tractor and using tool. On the figure 1
is shown the scheme of this device. Its function consist in curent
amperometric measuring of electrode reaction of partial oxygen on
the surface of platinum electrode. The apparatus consists of the set
of ten indicating platinum electrodes (cathode) and one saturated
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calomel electrode, that has the function of reference element. Fgrt-
her metal electrode (anode) serves as donor of electrons. The.us1ng
of this device facilitates to de}grminglthe value of oxygen diffu-
sion that is expressed inmg . m . 8 ~. By this way in substance
is expressed oxygen accessibility for plant roots.

650 mv
- &
o ”n
ANODA KATODA
ﬂ
1
'
[
KOV 1] Pt NEK
- .

Fig. 1. Scheme for -connection of device for oxidation-reduction
s0il regime determination.

RESULTS AND DISCUSSION
In accordance with methodology was realized the series of mea-

‘surements intented on determination of the effect of the repeated

passes of wheel tractor Z - 12 011 on changes of oxygen diffusion in
soil. The observed variable was determined in three different dept::s
of soil profile with triple repeating. The measured values were sta-
tistically evaluated, what facilitated to determine the functional

- dependence of inffusion variable on numerousness of passes. As folows

from table 2 this relation is possible to describe with high exact-
ness by means of linear functional dependence. That claim is proved
by high values of regression coefficient.

The measuring andstatistically elaborated data we have compared
with limiting values of oxygen diffusion which relate to growth con-
ditions of sugar beet. As CZYZ,E (2) gives the optimal vg}ues QQR for
sugar beet would be in the interval from 35 to 55/59 . m . in
dependence on kind of soil.

At the observation of the affecting of two different types of
deep cultivators was the main task to determine the distribution of -
oxygen diffusion values in whole cross profile cultivated by two sha-
res. At the measurement was used ten platinum electrodes with spa- .
cing 17 cm, what facilitated to register the profile about width 153
cm. Because the working engagement of two shares was 140 cm the perip-
hersl electrodes facilitated to measure the observed variable of oxy-
gen diffusion in uncultivated part. The choice method gave the possi-
bility to determine that what level participates soil cultivation by
chisel resp. duckfoot share on values of oxygen diffusion in soil.
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On the figures 2 and 3 is possible to see the explicit diffen-
ce between cultivated and uncultivated soil as between individual
types of working shares.
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Fig. 2 The cours= of the oxygen diffusion rate in transversal
profile zfter soil cultivation by chisel tynes
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Fig. 3 The course of the oxygen diffusion rate in transversal
profile after soil cultivation by arrow-shape tynes
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From the figures 2,3 follows that places which aren't affect
at the cultivation by chisel plough (the electrodes 1,2 an929,}?)
were marked by mean level of O0DR, which didn t lap 30 #«g.m .

We consider for the important zones in the cultivated profile
the places in vicinity of electrodes 5,6 where occurr to cumulation
of soil tension. By the result is the increased soil pressing,what
we consider for negative effect.

On the whole is possible to claim that using of duckfoogzshgie
facilitates more intensive mean oxygen diffusion 55 - 90 4g.m s .
Further from the mentioned figures is possible to calculate, that
the highest values of oxygen diffusion were achieved in the places
immediately affected by shares (electrodes number 3,4 and 7,8). The
main meaning of these measurements therefore is the possibility to
determine the aptimal spacing of operating elements - shares on the
frame as well as geometry of the active surfaces. '

The mentioned method facilitates objectively and by quick way
to determine the effects of machinery, tractors and the like in the
concrete conditions on soil properties, that are conclusive for fa-
vourable growth of plants,.
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ADAPTIV HYDROACTUATOR
FOR SOIL TESTBEXCH

Dr. Sergey L. Sitnikov

In the testing machines with a hvdroactuator it is necessary
to provide high precision of laws of soil loading. However, due to
the instability of the hydroactuator parameters and incomplete
determination of the soil deformation characteristics this
requirement cannot always be implomented without using new methods
of dynamic objects control. Hydroactuator parameters instability
is associated with a few factors such as the imperfection of the
actuator circuit and elements design, the influence of
technological errors, a variations in temperature and pressure in
the working enviroument etc. The incomplete determination of the
Soil deformation characteristics may be caused both by
insufficient information abhout the soil properties and the change
of its properties during dynamic and repeated tests in particular.

One of the current methods of the instabilitv compensation of
the dynamic system parameters in the oconditions of its
characteristics incomplete determination iz hased on the adaptive
control [ 1,2 1. The zelf-tuning system (3T3) with the model
reference is characterised by good adaptivity to considerable
changes in internal and external operation conditions, hish
performance of the parametrs accomodation chanels and a relatively
simple hardware implementation. It was that type of the STS that
was used for a better control of the ‘testing machine
hydroactuator.

The diagram in Fig. 1 shows the hydroactuator wnich consists
of a servo valve ( SV ) and an operating hydrocilinder ( HC ). The
input is the electric signal &n, the output is the displacement
of slide Xy of the servo valve and the effort on the HC rod which
is equal to the product of the stress hardness € and the rod
displacement g{ for the whole hydroactuator. ( For the research of
the adaptive actuator control system the hardness of the soil is
taken as a linear dependance P=C-4 .) In the diagram Wiv,

We . K are the transfer functions of direct circuit elements and
hydroactuator reverse communication coefficient. The effect of the
diverse factors which cause the actuator characteristics
instability is shown as parameter errors # (¢ = 1,3).

The mathematical model of the actuator under consideration



can generelly be presented by a differential equation of the
eighth order [ 31, Such a model is too complicated for designing
a model reference. In order to simplify the model reference the
mathematical description of the hydroactuator was reduced the
eguation of the second order. The approximation of the simplified
mathematical model of the hydroactuator to the source one is
implemented by means of the functional [ 4 1:

f[l«/x//w) W(J"’)]c/( w),
J =77

_dw

where

W, (jw) = .f/):[an (o) +a,1 -

is an amplitude-phase frequency characteristic ( APFC.) for
the source hydroactuator mathematical model of the eighth order (
Q, = const, @, = const, 4, = const ); / -y-1; w- is a circular
frequncy:

M/z(jw)::c/,/{czwﬁ/'g,w.pc,) -

is a APFC for the simplified mathematical hydroactuator model
of the second order,

the functional J allows to determine the coefficients [',,
C,, C: which minimize the difference at d. - 6,

The transfer function of the source model W, corresponds to
APFS W (jw).

In determining the STS structure first of all there appears a
question about the type of the correcting links and their location
in the system, as the efficiency of the actuater control and the
complexity of the STS depend on this. You can answer this question
if you estimate the influence of unstable hydroactuator parametrs
on the output quantity change and if you choose the adaptive
parameters o , which compensate the instability only of _RA
hydroactuator parameters which exert the greatest influence on the
output quantity. If the adapted parametrs are chosen to compensate
the instability of all hydroactuator parametrs, the structure of
the SIS will be extremely complicated.

The degree of the influence of the hydroactuator unstable
parameters on its static and dynamic characteristics was evaluated
by means of sensitivity functions ( SF ), which are found from the

79




b g e - medd

AU s < - oy e s

linear differential equation system with variable coefficients
named sensitivity equations [ 1,5 ]):

% = - 0¥ PXZ
i = — - LU4; _— (1)
e 4§ og K T o

where U;;j is SF of the { - variable of the j - unstable
parameter ¢ = 1,n; ¢ is the right parts of the system
differential equations, presented in the Koshi form; y,( is the
system variables , £ = 1,n; J3j is unstable parameters; ) - is the
variables number in the differential equations, describing the
dynamic system; } = 1,m ( m - is the number of the system unstable
parameters).

For determining the sensitivity function the mathematical
description of the hydroactuator according to the diagram shown in
Fig.1 is used Wty is taken equal to the aplification coefficient
/(_w, and the whole closed loop of the hydroactuator is presented
by the equation system [ & J:

y.{:[(U;-,z“Ky.s C)KSV "afyz-‘%,a,]/a;‘ ; (2

Y224, ; (3)

L4

Fs= &> (4)

where a,='/7/,' @’=Zﬁ'7;'7;,' q;=7;{7;5 P-"—'Cé(.s-

The parametrs Ky K , @5 Qg are considered as unstable. The
sensitivity function for the coefficient has not beeh determined
as it has a very small value compared with other coefficients.

The joint solution of the sensitivity equations, which are
derived from the equation (1) for the unstable parametrs Ksv, K
, Q; and A with the hydroactuator model equations allous to
analyze the influence of the parameters instability on the
hydroactuator output quantity very quickly. Fig.2 shows the
computer calcullations of the sensitivity function plots, In order
to make the SF plots of the same dimentions the standardization
was carried out by means of the relation
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where _Pof is a stationary value of the J parametr of the

hydroactuator; Pwax iS the maximum effort at the hydroactuater
outlet.

" The plots show that the output value of the hydroactuator is
more sensitive to the parameter instability Qy and az; the
parametr instability can lead to a strong oscillation of the
processes. The hydroactuator is less sensitive to the parameters
Ksyand K , and the change of the parameter K leads to the set
error. Analysing the SF particular attention should be paid to the
system response time while changing the parameter, as the velocity
of self-tuning in very impotant for STS control. ,

The Q¢ coefficient has been chosen as adapted parameter due
to the greatest influence on the output quantity, its change
velocity and the process stability. Considering ¢y parameter an
adapted orne, let us write down the hydreactuator equations (2)-(4)
as one equation:

[03.5"?*025'3*/&, "'011)5']/0:/(;(, [/Z(uz "KP), (5)

where oy is an adapted parameter of STS hydroactuator
control: §=d/dt- is a differention operator.

In the hudroactuator it is rather simple to regulate the ofy
parameter by means of on electric 1link, which is part of the
reverse connection of the differentiating link. The quantity oly Ps
in the equation (9) can be transfered to the right hand side:

(8% 2,8%+a,8)P =Koy C(Uen~-KP-, PS). (6)

After choosing the adapted parameter let us consider the
operation algorithm of nonsearch STS of the hydroactuator control
with the model reference using the gradient method [ 1,2 1. If the
functional Q is taken as a factor of the self-tunation quality,
then the adapted parameter change velocity o¢¢ will be

98 _ 28 €

Dol o0& Doty ’
wvhere A is a coefficient of the self-adaptation velocity;
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& = By — P—in a dynamic error between the output signal of the
model reference An and hydroactuator P .

By means of the partial derivative 2&,/904 the auxiliary
operator is determinel, as the variable FPw does not depend on the
main system parameters, then

25 _ 2P
Doty 0oty

Let us introduce the operator Si%y of the main system (6)
which depends on the arbitrary changing parameters and the
" self-tuning parameter ol; . We get

P=Ry lin. (9)

After the insertion of the equation (9) in to the expression

(8) we get |
Doz, (_' D oL, /a‘"’

The partial derivative 9%.!//90/( is the auxiliary operator,
which can be implemented by a device (evaluator) with an operator
We - Using the gradient method [ 2 ] the evaluator is formed as

W - \A/ ? W % -Sy (10)
e — ad CZJ’!‘" ffj."' (; 2

where W, = S.

It should be pointed out that the equation (10) is derived in
view of the change of the signal [[z,z , fed at the evaluator
output, into the signal P from the hydroactivator output [ 2
according to the equation (9).

The exponent of thr self-adaptation quality of the system
under consideration is the disagreement square minimum between the
outputs of the model reference and the hydroactivator:

QUE) =E/2 —— min.

. (8)

If we substitute the transfer function of the evaluater (the
signal P from the hydroactuater output is fed to the evaluator
input) and the chosen quality exponent &(€) to the expression (7),




after the cancellation of the differentiation operator S we get

. oo
Ly ==AC o b

The resultant correlation determines the structure of the
control STS with the model reference (Fig.3).

It should be pointed out that it is possible to feed the
signals n, A, and € to the evaluater input. It will cause the
structure change of the STS, and what is very important, it may
complicate the transfer function of the evaluater.

The computer calculations confirmed high efficiency of the
adaptation algorithm proposed. During the computations we used a
nonlinear mathematical model wvhich simulates the practical
hydroactuator and takes into consideration the instability .of the
hydroactuator and soil parameters. The computation result are shown
in Fig.4, where P(?) is a transient process in the hydroactuator
without the STS with a reverse effort connection at the output link
of the hydrocilinder: F%,{t) is a signal from the model reference
output; Fﬁvx{f) is a transient precess in the hydroactuator with
the control 5TE.  In the considered case the force 4 kH is a hained
when the plate moves 90 mm in Lhe 201l. The diagrams show that
having a st2poed output 1ofluence, the transient effort process,
which the hydroactuator evelops, is aperiodic. The time of the
transient process, when 5TS in available, is twice less as compared
with the hydroactuator without the STS.

The competence of the oy parameter selection as an adapted
parameter was extimated by means of a computer. We have calculated
the transient processes in the hydroactuator with the control 7TS
while adaptivy various parameters in the correction links, which
are included both into the direct and the reverse connection. These
transient processes have long duration and tend to oscillate and
the STS structure in the diagrams considered turned out to be more
complecated than was shown in Fig. 4.

Conclusion

A simple STS for the hardware support can be obtained on the
basis of the simplified hydroactuator mathematical model. The
application of the sensativity function allows to distinguish those

SIS parametrs, which, when adapted, allow to get mininum
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disagreement between the output signal of the model reference and
the hydroactuator. ‘

' The nousearch gradient hydroactuator control STS with the
model reference provides the improvement of dynamic characteristics
of the testing machines.
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SESSION 2

SOIL - VEHICLE INTERACTION,
TIRES AND TRACKS
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THE INFLUENCE OF WHEEL CONFIGURATION ON
GROUND PRESSURE OF AGRICULTURAL VEHICLES

F.G.J. Tijink
Institute of Agricultural Engineering (IMAG),
P.O. Box 43, 6700 AA Wageningen, The Netherlands

Abstract

Agricultural vehicles have a wide variety of wheel configurations
(number of wheels, wheel loads, tyre sizes, number of axles, axle loads,
central tyre inflation systems, etc.). During field traffic there must be
a sound balance between the ground pressures exerted and the bearing
capacity of the soil. A general rule of thumb is given for permitted
average tyre contact pressure. The ground pressure of many vehicles is too
high. The main problems are listed. Wheel configuration strongly influences
contact pressure. This has been worked out for agricultural vehicles
available in the Netherlands. The analyses show that trailers up to 30 Mg
gross vehicle weight can be equipped to have an average contact pressure of
100 kPa.

1. PERMISSIBLE SOIL PRESSURES

Stresses occur at the tyre-soil interface during field traffic. The
soil reaction to these stresses depends on soil parameters (soll type, bulk
density, organic matter content, soil moisture, etc.) and technical
parameters (wheel load, contact area, tyre inflation pressure, tyre
construction, size and direction of stresses, driving speed, etc.). The
interaction between all these parameters is very complex.
In developing a traffic system, sustainability of a good soil structure for
plant growth must be the point of departure. Two parameters are important
when considering the untilled subsoil: soil moisture and the vertical
pressure on the soil.
Fig. 1 gives a pressure-sinkage relationship for an untilled soil sample.
Hooke's Law holds in part a of the curve [1]. This means that soil behaves
elastically in this range. If the load is removed, the soil will recover to
its original height. Irreversible sinkage will occur when the critical
pressure is exceeded.

vertical pressure [kPa)
10 00 1000

s

0 o~ critical pressure -

sinkage [%]

Fig. 1. Pressure-sinkage relationship
for an untilled soil sample
(schematized).




Soil moisture is a major soil physical factor in the pressure-sinkage
relationship [2]. This is illustrated schematically in Fig. 2. At pF2.5
(matric potential of -30 kPa) this soil has a critical pressure of 100 kPa.
At pFl.8 (matric potential of -6 kPa) the critical pressure is less: 60
kPa. In the literature [3,4] critical pressures between 20 and 300 kPa are
mentioned. A shift from pF2.5 to pFl.8 can easily result in a 50 kPa
decrease of the critical pressure value.

e affic s

Vertical soil pressure is a major engineering factor. Fig. 3 gives a
schematic presentation. A ’'soil-friendly’ traffic system (e.g. all tyres at
an inflation pressure of 40 kPa) achieves the critical pressure at a much
higher moisture content than a 'soil-unfriendly’ system (with all tyres at
250 kPa). A ’'standard’ traffic system (all tyres at 100 kPa) scores in
between. Special vehicles (such as a gantry) do not touch the production
zone and consequently do not affect this zone.

vertical pressure [kPa]

10 100 1000
— ol N —
g0
£
pF1.8 pF2.5

Fig. 2. Influence of pF value on the pressure-sinkage relationship and
critical pressure (schematized).

0 a

sinkage

pF23 pF20 pFL7

Fig. 3. Influence of traffic systeam on the relationship between pF and
sinkage (schematized). -
4 = gantry,;
b = ‘soil-friendly’ traffic system;
¢ = ‘standard’ traffic system;
d = ’'soil-unfriendly’ traffic system.




R ot o 7 S o T

average contact pressure

The average contact pressure is the load divided by the contact area.
A load of S0 kN on a contact area of 1 m® means an average contact pressure
of 50 kPa.
At IMAG, we use the following rules of thumb for the maximum permissible
average contact pressures:

normal conditions: 100 kPa

in spring on arable land: 50 kPa

The ‘100 kPa rule’ aims at preventing compaction of the untilled subsoil.
It is important that field operations on arable land in spring do not
compress the topsoil unduly, and therefore permissible ground pressure for
these operations is half the pressure permitted during other times of the
year. At IMAG extensive trials have been done using these rules of thumb
{5,6,7,8}.

2. PERMISSIBLE WHEEL AND AXLE LOADS

An average contact pressure of 100 kPa is equivalent to a load of 10
Mg (=10 Metric tons) on a contact area of 1 m?. The biggest agriculture
tyre (with a width of 1.10 m and an overall diameter of 1.86 m) has a
contact area of 0.5 m® at proper settings of load and inflation pressure.
This means that using the ‘100 kPa rule’ results in a maximum wheel load of
5 Mg and a maximum axle load of 10 Mg.
EC legislation (74/151/EEC) also stipulates a maximum axle load of 10 Mg
for wheeled agricultural tractors.

3. VEHICLES CAUSING PROBLEMS

Many agricultural vehicles have contact pressures that are much higher
than the permissible contact pressures. The agricultural vehicles that pose
greatest problem for Dutch conditions are presented in Table 1.

Table 1. Common average contact pressures of agricultural vehicles.

...................................................................

Transport vehicles 200 - 600 kPa
Front wheel of Two-Wheel-Drive tractors 200 - 300 kPa
Combine harvesters 200 - 300 kPa
Selfpropelled sugarbeet harvesters 200 - 300 kPa

...................................................................

4. REDUCTION OF CONTACT PRESSURE
The ground pressure exerted by agricultural vehicles can be reduced in

one of two ways:

- reducing the total load (at a constant contact area)

- enlarging the contact area (at a constant load).
In this paper I will consider the latter option only. There are sov.ral
ways of enlarging the contact area between vehicle and soil:

a. using bigger tyres

b. using more tyres: duals or more axles

¢. reducing tyre inflation pressure

(Note: this affects load or speed)
d. using rubber tracks.

?gg?on: a-c are discussed below. For a discussion of option d, see [9) and
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5. TRANSPORT VEHICLES :

Tipping trailers and slurry tankers have particularly high contact
pressures.
Wheel load can be calculated if the vehicle’s payload capacity, empty
vehicle weight, and vertical load on the trailer hitch are known. These
specifications are available in the AGRIMACH database [11], for 35 tipping
trailers (with a payload capacity of 6-25 Mg) and 40 slurry tankers (with a
payload capacity of 4.2-30 n®). The wheel load at rated payload for all 75
vehicles was calculated, assuming that the vehicle weight was uniformly
distributed over the wheels. The results are shown in Fig. 4, in which the
influence of the number of axles is very clear. 4

Average contact pressures were calculated for the same vehicles. In
all vehicles, using a standard tyre size (16/70-20) results in a ground
pressure far above 100 kPa. Fig. 5 also gives the contact pressures when
using the biggest tyre size (73x44.00-32). This shows the tremendous
influence of tyre size and number of axles.
It is not yet common to use the biggest tyre sizes on vehicles with tandem
and triple axles. Usually a 24R20.5 is the biggest tyre size for these
vehicles. Further reduction of ground pressure can be achieved by using a
central tyre inflation system (CTIS) and a weight transfer facility (WTF).
In the Netherlands some tandem and triple axled trailers are equipped with
these features.
CTIS and WIF will now be explained in more detail. Tyres have to meet
different requirements for field traffic and road travel: driving on the
road requires a high inflation pressure, but inflation pressure should be
low in the field. It is common for road travel and field traffic to
alternate, and therefore tyre inflation pressure is generally a compromise
between the conflicting requirements of the two driving surfaces involved.
Tyre manufacturers provide tables of tyre loading capacity and inflation
pressure at 30 and 40 km/h. A considerable increase of tyre load is
permitted at lower speeds. Table 2 illustrates this.

Table 2. Change in tyre loading capacity of tractor rear tyres in relation
to driving speed (according to ETRTO standards [12]).

--------------------------------------------------------------------------

Tyre marking®: PR A6 A8
40 km/h 80X 90% 1002
35 km/h 90% 95% 103%
30 km/h 100% 1002 1072
25 km/h 107% 111% 1112
20 km/h 120% 123% 1232
8 km/h 1502 1502

*: PR~Ply Rating; A6=30km/h; A8=40 km/h

It is also possible to change tyre inflation pressure (at constant tyre
lodd) instead of changing tyre load (at constant inflation pressure). This
is an interesting option for reducing ground pressure. With a CTIS it is
possible to change inflation pressure on the go. In practice the change
will be made between two extremes: high inflation pressure on the road and
low inflation pressure in the field.

As an example, consider a 650/75R34 tractor rear tyre with a load of 4500
kg. The tyre manufacturer specifies an inflation pressure of 140 kPa at 40
ka/h. An inflation pressure that is 30 kPa higher is needed when much road
travel is done. Tyre specifications allow an inflation presure of 80 kPa at
8 ka/h in the field. With a CTIS the inflation pressure will be 80 kPa in
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Fig. 4. Wheel load «* tipping trailers and slurry tankers.
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Fig. 5. Influence of wheel configuration on average contact pressurs of
agricultural trailers.
QO = standard tyres (16/70-20; 0.42 m wide and 1.08 m diameter)
O = biggest tyres (73x44.00-32; 1.10 m wide and 1.86 m diameter
A = single axle; B = steered tandem axle; C = stesred triple axle.
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Fig. 6. Influence of wheel configuration on average contact pressure of
trailers with steered tandem axle.
O = tyres: 16/70-20 (0.41 m wide and 1.08 m diameter)
0 ~ tyres: 24R20.5 (0.60 m wide and 1.37 m diameter)
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Fig. 7. Influence of wheel configuration on average contact pressure of
trailers with steered triple axle.
Q= tyres: 24R20.5 (0.60 m wide and 1.37 m diameter)
0O« 24R20.5 tyres + CTIS + WIF.
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the field and 170 kPa on the road. This provides traffic without
compromises between field and road. A proper use of CTIS can result in
soil-friendly field traffic and less tyre wear on the road.

Using a WIF as well as CTIS can reduce ground pressure further. With a VTF,
on the road almost all the payload will be supported by the trailer. In the
field the WIF shifts part of the payload (e.g. 5 Mg) on to the tractor. The
tractor tyres have an additional loading capacity at low speeds (see Table
2), which is used by the WIF. The WTF also provides better traction in the
field. The lighter load on the trailer allows the inflation pressure of the
trailer tyres to be reduced further. An inflation pressure of 60 kPa is
possible for all tyres of a well designed combination of tractor and 16 m?
slurry tanker, equipped with CTIS and WTF. Inflation pressures of 80 kPa
are possible for a 22 m® combination .

The influence of using CTIS and WIF is also presented in Figs 6 and 7.

From Figs 5-7 it can be concluded that trailers up to 30 Mg gross vehicle
weight can be equipped to have an average contact pressure of 100 kPa.
Maximum loads for single, tandem and triple axled trailers are summarized
in Table 3.

Table 3. Maximum permitted vehicle loads at an average contact pressure of
100 kPa. (1 Mg= 1 Metric ton= 1000 kg)

single axle steered steered
tandem axle triple axle
Maximum payload 8.5 Mg 15 Mg 22 Mg
Maximum gross vehicle weight 10 Mg 20 Mg 30 Mg
Maximum axle load 10 Mg : 10 Mg 10 Mg
Maximum wheel load 5 Mg 5 Mg 5 Mg

6. CONCLUDING REMARKS

wheel configuration strongly influences the average contact pressure
of agricultural vehicles;

- the parameter 'average contact pressure’ 1s very useful in selecting
wheel equipment;

- agricultural trailers up to 30 Mg gross vehicle weight can be
equipped to have an average contact pressure of 100 kPa.

LITERATURE

[1} Hartge, K.H. und Horn, R., 1984. Untersuchungen zur Giltigkeit des
Hooke'’'schen Gesetzes bei der Setzung von Bdden bei wiederholter

Belastung. Zeitschrift fir Acker- und Planzenbau 153:200-207.

[2] Tijink, F.G.J., 1988. Load-bearing Processes in Agricultural Wheel-
Soil Systems. Doctoral thesis Agricultural University, Wageningen,173 pp.
(3] Koolen, A.J. and Kuipers, H., 1989. Soil deformation under compressive
forces. In: W.E. Larson, G.R. Blake, R.R. Allmaras, W.B. Voorhees and S.C.
Gupta (Editors), Mechanics and related processes in structured agricultural
soils. NATO ASI Series, E: Applied Science 172:37-52. Kluwer, Dordrecht.
{4] Lebert, M., 1989. Beurteilung und Vorhersage der mechanischen
Belastbarkeit von Ackerbdden. Doctoral Thesis University Bayreuth,131 pp.
{5] Vermeulen, G.D., Arts, W.B.M. and Klooster, J.J., 1988. Perspective of
reducing soil compaction by using a low ground pressure farming system;

selection of wheel equipment. Proceedings 1lth Int. Conf. ISTRO, Edinburgh,
Scotland, Volume 1:329-334,

95




- I i < - W i

[6] Chamen, W.C.T., Vermeulen, G.D., Campbell, D.J. and Sommer, C., 1990.
EEC cooperative projoct on roduction of soil conpaccion

ASAE paper 90-1073,28pp. .

{7] Vermeulen, G.D. and Klooster, J.J., 1991. Lagedruk berijding.
Landbouwnechanisatie 42(1):9-12.

(8] Vermeulen, G.D., 1991. Topsoil and crop responses to a low ground
pressure farming system on a marine loam in the Netherlands.

Paper to be presented at the 12th Int. Conf. ISTRO, Ibadan, Nigeria.

{9] Tijink, F.G.J., Koolen, A.J. and Arts, W.B.M., 1990. Banden tussen
voertuig en grond. In: F.G.J. Tijink (ed.), Themadag Management

Bodemstructuur, IMAG, Wageningen:9-23.
{10] Tijink, F.G.J., Arts, W.B.M. and Koolen, A.J., 1990. Rijden over land,

deel 2: ontwikkelingen op voertulggebied. Landbouwmechanisatie 41(12):7-9.
(11] Mengmestverspreiders, Agrimach Databank. Nota 471, IMAG, Wageningen,

1990:117 pp.
{12} ETRTO standards manual 1990. The European Tyre and Rim Technical

Organization, Brussels: Al-A3l.

et s



THE EFFECT OF TYRE-SOIL INTERFACE SHAPE ON THE PREDICTION OF
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ABSTRACT
Three two-dimensiona!l models were developed to predict the tractive performance of a tractor

driving wheel, by integrating the forces over the interface with the soil. Each model used a different
assumed shape for the interface; a horizontal plane plus part of the undeflected circumference, a
sloping plane joining the frontmost and rearmost points of contact between the tyre and the soil
and part of the circumference of a circle larger than the tyre. Results predicted from the three
models were compared with data from experiments using a single wheel tester to measure the
tractive performance of three different sizes of tractor driving wheels in the field. The best
agreement between measured and predicted results was obtained with the model which assumed
a sloping plane interface. It would be necessary to take account of torsional deformation of the
tyre to improve the accuracy of the prediction method.

1-INTRODUCTION
There have been many attempts in the past to describe a realistic deflected tyre-soil model to

enhance the accuracy of predicting the performance of off-road vehicles. However,nothing is yet known
about the exact shape of the tyre-soil interface because of the complicated nature of the soil as well as
of rubber tyres. Bekker [1,2] suggested a mathematical model for wheeled vehicies to predict sinkage
and rolling resistance of tyres. Wong and Reece [3,4] produced mathematical models for predicting the
performance of rigid wheels in both driven and towed conditions. Karafiath [5] proposed tyre-soil
models for both driven and towed wheefs. The deflected portion of the tyre was assumed to consist of
a flat portion and a logarithmic spiral portion. A mathematical model of tyre-soll interaction has been
derived by Baladi and Rohani [6]. The deformed boundary of the tyre was assumed to be an arc of a
larger circular wheel, Fig.3. A similar tyre-soll interface shape was used to develop a mathematical
model for predicting tyre performance on solt by Steiner [7). Qun et al [8] suggested two different tyre-
soll interface shapes, depending on the relative stifiness between the tyre and the soll. One of them is
as described above, Fig.3, and the other Is formed by a horizontal plane connected to a spiral. Okello
{9] also used this latter assumption.

Different shapes of the interface between the tyre and the soll have been suggested in developing
mathematical models for tyre performance prediction on soll. However, nothing is known about the
sensltivity of the prediction of tyre performance In different soll conditions to the assumptions made
regarding the shape of the interface. The work described here examines the effect on the prediction of
assuming different shapes for the tyre-soll interface.

- | = ATICA

Three different wheel-sol geometries have been chosen for tyre off-road tractive performance
prediction. The first model considers the interface to be formed by a rounded section and a flat
part,Fig.1. The second considers the interface simply as a straight line which connects the entry and
rear points of contact, Fig.2. The third assumes the interface to be formed by an arc of a circle larger
in diameter than the original wheel, Fig. 3. The forces generated at each point on the tyre-soll interface
have been caiculated using a method described by Okelio[9],by determining the path of each point on
the interface and the soll deformation at that point. Bekker's pressure-sinkage and shear stress-
deformation relationships:
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have been used to calculate vertical and tangential forces acting in the tyre-soll contact zone, by
Integrating these stresses along the contact patch.
Horizontal and vertical equilibrium equations have been formulated to calculate normal load,W,

drawbar pull,Dp and rolling resistance.R.
The equilibrium equations for model No.1 are: (referring to Fig.1)

7/2-a,
W =20 B r sing+ J (e(8)sin(8) ++(#)cos(8)) B r de ()
%/2-a,

where:

o = knZg

o(6) =ky,z"=ky, (rsin(8)-rcos(a,))"
and;
ko =kc/b+kq
7/2-a, w/2+a,

op- | (r(0)sin(e)-o(6)cos(e)) B r do+ s;f,‘(’;)r,,ado @
1/2-a, 7/2-a,

where I is axde height
1/2-a,
R= J o()cos(#) B r dd (5)
¥/2-a,

The equilibrium equations for model No.2 are given by: (referrlng.to Fig.2)
¥/2+a,
W= J (o(8)cos(s) +r(8)sin(g)) B r, do (6)
1/2-a4

where:
B =(aq-ar)/2
and;

. oy Cool(ea*e)/2)
' S +(ege)/2)

w/2+a,

Dp= ,J (r(0)cos(s)-s(0)sin(s) B ry do ™
w/e-a,
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FIG. 2 TYRE-SOIL INTERACTION MODEL NO.2




The equilibrium equations for model No.3 are given by: (referring to Fig.3)
1/2+a,
W~ J (a(8)sin(y) ++(¢)cos(v)) B r, d8 | )
1/i-a, :

where r, s the radius at any point on the interface, given by:

= | £Os(¥+8)
[ n—_cos #+0)
w/2+a,
Dp = J {r(6)sin(y) ~o(6)cos(¥)) B r, do (10)
1/2-a,
1/2+a,
R = J o(f)cos(y) B r, db (11)
1/2-a,

Using the above equilibrium equations, tyre performance parameters in terms of coefficient of
traction, coefficient of rolling resistance, and tractive efficlency in relation to tyre slip, for each model
were calculated.

CT = Dp/W,and CR =R/W

—-—— o~

¢ R -2 T -

FIG. 4 SILSOE RESEARCH INSTITUTE SOIL PROPERTIES RIG.
o .-
>

A set of experiments has been conducted in the field, on sandy clay soll, to measure the tractive
performance of tyres of sizes 12.4-36, 16.9-34, and 18.4-38 carrying loads of 15, 20, 20 kN using a single
wheel tester [10]). Traction characieristics were measured and the coefficient of traction and coefficlent
of rolling resistance caiculated. mmmcdproponbsdnwsolhtmdc,o.k,kc,k‘,and
n were measured in situ using a soll properties rig shown in Fig.4.
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Soll measurements were taken at four different sites along the test section of the field used. Shear
strength and piate-sinkage tests were carried out to determine strength parameters ¢ ,¢, k and pressure-
sinkage parameters k., ko, and n,respectively.

TMshwteubmdonnedbypmhhgmshaarheadhomosdaMmuprmmd
applying torque to k. Torque and anguilar displacement are recorded, through torque and displacement

‘transducers and a tape recorder and shear stress versus sheer deformation characteristics at different

normal pressures were determined.

Figures 5 and 6 show exampies of the relationship between shear stress and deformation and the
corresponding meximum shear stress versus normal stress respectively.

Plate-sinkage tests were done using four different plate sizes: 50, 70, 100, 150 mm diameter. The
test was performed by pushing the plate-sinkage ram into the soll while simultaneous recordings of
normal load and vertical displacement were made. Pressure-sinkage characteristics as a plot of
pressure versus sinkage for each piate size were obtained, Fig. 7.

In determining pressure-sinkage parameters a log-log plot for each pressure-sinkage curve was made
and a line was fitted to the experimental data using linear regression to obtain the pressure-sinkage
constant k,, and soll exponent n.

Having done that, aplotofk,,vduesversusl/b(b-platomdhs)mobtalmdam by fitting a line
to k, values, using linear regression, the soll values k. and k, were determined, Fig.8. Soll parameters
ofbothshearandplate—dnkageteasaregivenhtablel 'fhesovesdtsmﬁmmedashpmtoa
computer program for each model and the predicted perfomance parameters, for the three tyre sizes,
were compared to the measured vaiues oblained from the single whee! tester. It was found that the
values of soll shear deformation modulus, k, calculated from the soll shear tests were too low to give
good agreement with the measured results. it was necessary to assume a value of 0.03 m to obtain
good agreement. This was considered to be due to the torsional deflection of the tyres adding to the
effect of the deformation of the soll. Typical results are given in Figs.9, 10, and 11 and table ll, assuming
a value of 0.03 for k.

m
%

1 11.95 32.2 18.5 - - 0.51 37.7

2 10.52 33.0 22.7 18.23 274.20 0.52 333

3 - - 17.8 21.35 286.60 0.51 262

4 8.87 34.0 20.3 15.68 298.24 0.50 340

average 10.40 33.0 20.0 18.42 285.68 0.51 3.6
_ JR A TIT T2

R e |[c™ |l g [ e | cr

Model 1 | 0451 | 0558 | 0.073 ] 0.436 | 0545 | 0.076 ] 0480 | 0571 | 0.063
| Modei2 | 0508 | 0507 | 0128 | 0491 | 0581 | 0.131 ] o526 | 0611 | 0.119
| Modeia | 0578 | 0643 | 0.085 | 0563 | 0631 | 0.0es | 0582 | 0.653 | 0.080

Measurod | 0476 | 0.624 | 0.119 ] 0378 | 0.400 | 0.141 ] 0.400 o587 [ 009/ |

*AL 20% slip  **At 50% slip ***At 45.5% slip

Al tiwee mathematical models predicted the general shape of the coefficient of traction-slip
relationship In accordance with the measured resuits and values of coefficient of rolling resistance of the
right order.
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FIG. 9 PREDICTED AND MEASURED COEFFICIENT OF TRACTION-SLIP CHARACTERISTICS
FOR 16.9-34 TYRE. :
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Model No.3
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FIG. 10  PREDICTED AND MEASURED COEFFICIENT OF TRACTION-SLIP CHARACTERISTICS
FOR 12.4-3¢ TYRE.
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The best all round agreement between measwed and predicted results was achieved with the
second model, which assumed that the shape of the Interface between the tyre and the soll was a
sloping plane joining the frontmost and rearmost points of comact.

The exact shape of the coefficlent of traction-slip relationship could only be predicted correctly if the
soll shear deformation modulus, k, was increased from its calculated value of approximately 0.02 m to
0.03 m. This was belleved to be because the theory assumes that all longitudinal deformation occurs
in the soll, whereas, in practice, there Is also torsional deformation of the tyre, which contributes to slip.
Further research will be carried out to include this effect in the models and to compare the results with
these predicted using Okello's assumed shape for the interface [9].
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ﬁ NOTATION
b plate radius, m

B tyre section width, m

¢ soil cohesion, kPa

CT coefficient of traction

CR coefficient of rolling resistance

d tyre diameter, m

Op drawbar pull, kN

j soil deformation, m

k soil shear deformation modulus (rate constant), m

k, Bekker's pressure-sinkage constant,kN/m"*2

k. soil cohesive modulus in Bekker's pressure-sinkage eq., kN/m"*!

ko soll frictional modulus in bekker’s pressure-sinkage eq., kN/m"*2

m  soil moisture content, %

n soil exponent in Bekker's pressure-sinkage equation

p normal pressure on piate, kPa

r tyre radius, m

A radius of a circle containing the deflected portion of the tyre, m

R rolling resistance, kN

s tyre slip

v torward speed, m/s

: W  whesl load, kN

z sinkage at any point on the interface, m

Z, maximum wheel sinkage, m

e, entry angle (angle between front point of contact and vertical centre kine), deg.
a, rear angle (angle between vertical centre line and rear point of contact), deg.
¢ soll angle of internal friction, deg.

¢ angle between horizontal centre line and any point on the interface, deg
w wheel angular speed, rad./sec

r soll shear stress, kPa

o soll normal stress, kPa
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FRICTION BETWEEN RUBBER TRACK PADS AND GROUND SURFACE WITH REGARD
TO THE TURNING RESISTANCE OF TRACKED VEHICLES

St. Pott

University of the Federal Armed Forces Hamburg, Germany
Institute of Automotive Engineering

SUMMARY

The turning resistance of tracked vehicles has been described in several analytical models.

They use the principle of isotropic Coulomb’s friction between a rubber track pad and the ground
surface or the so-called turning resistance coefficient as an auxiliary. So far, the turning re-
sistance coefficient has been obtained from measurements with the total tracked vehicle. It de-
pends on the radius of the curve.

However, friction really does not depend on the turning radius. Therefore the physical pheno-

mena, which result in the dependance of the turning resistance coefficient from the radius, are to

be explored. Among those the lateral elasticity of the track pad was identified to be of great im-
portance.

At the Institute of Automotive Engineering a test stand was built to examine lateral deforma-

tion and friction behaviour of a track pad. The following factors are changed during a test:
ground pressure, slip angle, slip velocity, slip length and ground surface.

Some results will be presented in this paper. The friction coefficient does not clearly depend

only on the ground surface but also on ground pressure, velocity and direction of slip. In the ran-
ge of elastic pad deformation it also depends on slip length.

These results will be built into the analytical models describing the turning resistance.

1. INTRODUCTION THE TURNING RESISTANCE OF TRACKED VEHICLES

During driving a curve with tracked vehicles the turning resistance is added to the motion re-

sistances of straight ahead motion. The turning resistance is of special interest, because it is
exacting to the propulsion system to realise high propulsion and braking forces at the tracks.

EHLERT (5,6,7]has improved analytical models of the turning resistance {1,2,3,4].These mo-

dels base either on the principle of isotropic Coulomb’s friction between the rubber track pads
and the ground surface or on empirical results, which are found by field measuremeats [5,6).So0
the turning coefficient (fig. 1) is used as an auxiliary to determine the turning momentum of a
tracked vehicle. It depends on the radius of a curve. It covers all the effects between the tracks
and the ground surface.
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Figure 1: The turning coefficient of a 26-t-tank founded by EHLERT [6]

At the Institute of Automative Engineering a test 