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. \JThe Vehicle Mobility Section (VMS), Defence Research Establishment Suffield,
Canadian Department of National Defence, has entered into an agreement with NATO
Panel II/GPE6 to contribute a snow module to the NATO Reference Mobility Model
(NRMM). In this connection, VMS has contracted Vehicle Systems Development
corporation (VSDC) to examine the feasibility of adapting the Nepean Tracked Vehicle
Performance Model NTVPM-85 developed by VSDC to NATO requirements by accepting
terrain data obtained using manual penetrometers, such as the Swiss Rammsonde. If this
is proved to be successful, it will contribute substantially to NRMM by establishing a
snow module for it, thus providing NATO with an important analytical tool for evaluating
the over snow performance of tracked vehicles. This report describes the results of such

a feasibility stud%/f-\“v’
SV

The study swas performed by Vehicle Systems Development Corporation, under
contract (Serial No. W7702-9-R127/01-XSG) to the Canadian Department of National
Defence through the Department of Supply and Services. The Principal Investigator was
Dr. J.Y. Wong and the project team included Messrs. J. Preston-Thomas, S.T. Chen, and
C.S. Smith. The Scientific Authority for the Contract was Dr. G.J. Irwin, Vehicle
Mobility Section, Defence Research Establishment Suffield. The Science Contracting
Officer was Mr. Don Pickles, Alberta/Northwest Territories Region, Department of Supply

and Services.
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SUMMARY

// A study of the correlation between the measured and predicted vehicle performance
over undisturbed and preconditioned snow using the Nepean Tracked Vehicle Performance
Model NTVPM has been carried out.

It is shown that on undisturbed snow in Fernie, British Columbia, the performance
of a BV 206 predicted by NTVPM-85 correlates very well with measured performance
obtained in the field. On preconditioned snow, there is also a reasonable correlation

between the measured vehicle performance and predicted one using NTVPM-85.

It is found that predictions of vehicle performance made by NTVPM-85 using
pressure-sinkage data obtained with the Swiss Rammsonde and with the bevameter are
comparable. This indicates that the pressure-sinkage data obtained using the Rammsonde

can be used as input to NTVPM-8S5 for predicting tracked vehicle performance over snow.

It is shown that the latest version of the Nepean Tracked Vehicle Performance
Model NTVPM-86, which takes into account fully the characteristics of roadwheel
suspension systems, provides improved predictions of vehicle performance over snow

where track sinkage is significant.

It is proposed that the computer simulation model NTVPM-85, using pressure-
sinkage data obtained by the Rammsonde or the bevameter as input, be recommended to
the NATO Panel II/GPE6 as an additional module to the existing NATO Reference
Mobility Model for predicting tracked vehicle performance over snow/

/.

/
/



1. INTRODUCTION

The Nepean Tracked Vehicle Performance model NTVPM developed by Vehicle
Systems Development Corporation, which currently has two versions: NTVPM-85 and
NTVPM-86, is a comprehensive computer simulation model for predicting and evaluating
the tractive performance of tracked vehicles over unprepared terrain. Its basic features
have been validated over a variety of terrains including mineral terrain, muskeg and snow-
covered terrain (Wong, 1986a and 1989a; Wong and Preston-Thomas, 1986 and 1988).
NTVPM has been gaining increasingly wide acceptance by industry and governmental
agencies. It has been used to assist Hagglunds Vehicle AB of Sweden in the development
of a new generation of light armoured fighting vehicle (Combat Vehicle 90), in the further
improvement of the performance of the all-terrain vehicle BV 206, and in the evaluation
of competing designs for a proposed main battle tank (STRV 2000) for the Swedish
Armed Forces (Wong, 1986b and 1989b; Wong and Preston-Thomas, 1989). It has also
been used in evaluating the effects of design modifications on the mobility of the main
battle tank Leopard C1 for the Canadian Department of National Defence and in the
assessment of the mobility of a variety of container handling equipment used by the U.S.
Marine Corps (Wong, 1986c¢, d, and e; Wong and Preston-Thomas, 1987a and c¢). More
recently, it has been employed to assist an Asian company in the evaluation of competing

designs for a light armoured fighting vehicle.

Vehicle Mobility Section (VMS) of the Defence Research Establishment Suffield
(DRES) of the Canadian Department of National Defence has entered into an agreement
with NATO Panel II/GPES6 to contribute a snow module to the NATO Reference Mobility
Model (NRMM). It should be noted that currently NRMM can be used to evaluate the
tractive performance of off-road vehicles on mineral terrain only, and does not have the

capability of evaluating vehicle performance over snow.




The prime objective of the proposed snow module is to provide a user-friendly

method for predicting the over snow performance of tracked vehicles using terrain data
that can be conveniently obtained in the field. This would also serve, when combined
with a geographic snow information system, as a tactical decision aid in the prediction of

snow trafficability.

In the light of the objective noted above, VMS has contracted Vehicle Systems
Development Corporation to examine the feasibility of adapting the Nepean Tracked
Vehicle Performance Model NTVPM-85 to NATO requirements by accepting terrain data
obtained using manual penetrometers, such as the Rammsonde. It should be noted that
NTVPM-85 currently requires terrain parameters, including the pressure-sinkage and shear

strength parameters, obtained using a bevameter as input.

To examine the feasibility of using terrain data obtained with manual penetrometers
as input to NTVPM-85 for predicting the performance of tracked vehicles over snow, the

following investigations were carried out:

A. The pressure-sinkage relationships of undisturbed and preconditioned snow
covers in a test site in Fernie, British Columbia were measured using a
Rammsonde cone penetrometer, a bevameter, and Rammsonde cones
mounted on the bevameter assembly, and their characteristics were
compared. The results of this investigation are described in a report entitled
"Measurement and characterization of the pressure-sinkage relationships for
snow obtained using a Rammsonde and a bevameter” by Dr. J.Y. Wong,
October 1990 (Wong, 1990a).

B. The shear strengths of undisturbed and preconditioned snow covers in the
test site were measured using a bevameter shear device and a hand-held

shear device, and their characteristics were compared. The results of this




study are described in a report entitled "Measurement of the shear strength
of snow using a bevameter and a hand-held shear device," by Dr. J.Y.
Wong, November 1990 (Wong, 1990b).

C. To facilitate the processing of terrain data obtained using the Rammsonde
cone penetrometer, the bevameter and the hand-held shear device, a Terrain
Data Analysis Software (TDAS) was developed. A description of this
software package is given in a report entitled "User’s guide to the VSDC
Terrain Data Analysis Software (TDAS)," by C.T. Chen and Dr. J.Y. Wong,
November 1990 (Chen and Wong, 1990).

D.  Based on the pressure-sinkage data obtained using the Rammsonde cone
penetrometer, the bevameter and the Rammsonde cones mounted on the
bevameter assembly, as well as the shear strength data obtained using the
bevameter shear device, the tractive performance of an all-terrain carrier
BV206 over undisturbed and preconditioned snow covers in Fernie, British
Columbia was predicted using the Nepean Tracked Vehicle Performance
Model NTVPM-85. The predicted performance was compared with the
measured one obtained in the same test site by Mining Resource
Engineering Limited (MREL), under contract to Vehicle Mobility Section,
Defence Research Establishment Suffield. It should be noted that Vehicle
Systems Development Corporation did not participate in the field testing of
the BV 206 and the processing of vehicle test data.

This report presents the results of a correlation study of the measured tractive
performance of the all-terrain carrier BV206 over undisturbed and preconditioned snow
covers and the predicted one using NTVPM-85 with terrain data obtained by the

Rammsonde cone penetrometer and the bevameter. This study forms the basis for

with the Rammsonde cone

using terrain data obtained with the Ramms




penetrometer as input to NTVPM-8S5 for predicting the over snow performance of tracked

vehicles.




2. A REVIEW OF THE METHODS FOR PREDICTING
TRACKED VEHICLE PERFORMANCE

To provide a proper perspective for the Nepean Tracked Vehicle Performance
Model NTVPM-8S, upon which the proposed snow module is to be based, a review of
some of the methods currently available for predicting tracked vehicle performance is

given below.

The track was first conceived in the 18th century, as a "portable railway" and
tracked vehicles have been used on a large scale in agriculture, construction, off-road
transport, and military operations since the turn of this century. However, for a long
period of time, the development and design of tracked vehicles have been, by and large,
guided by empiricism and the "cut and try" methodology. As economic and social
conditions change with the rapid progress in technology, the "trial and error" approach to
off-road vehicle development has become extremely inefficient and prohibitively
expensive. Furthermore, new requirements for greater mobility over a wider range of
terrain, and growing demands for energy conservation and environmental protection have
emerged. This has led to the recognition of the necessity of establishing realistic
mathematical models for vehicle-terrain systems that will enable the development and
design engineer, as well as the procurement manager, to evaluate a wide range of options
and to establish a rational basis for the selection of an optimum vehicle configuration for

a given mission and environment.

To be useful to the development and design engineer and to the procurement
manager, a mathematical model for tracked vehicle performance should take into account
all major vehicle design and operational parameters as well as terrain characteristics. The
performance of a tracked vehicle, usually defined by its motion resistance, tractive effort

and drawbar pull as functions of slip, is directly related to the normal and shear stress




distributions on the track-terrain interface. A central issue in the mathematical modelling
of tracked vehicle performance is, therefore, the establishment of the relationship between
the interacting forces on the track-terrain interface and vehicle design parameters and

terrain characteristics.

A variety of mathematical models for predicting and evaluating tracked vehicle
performance, ranging from entirely empirical to totally theoretical, has been developed
over the years (Wong, 1989a). In the following a brief review of some of the methods

currently in use is presented.

2.1 Empirical Methods

The interaction between an off-road vehicle and the terrain is very complex and
difficult to model adequately. To circumvent this difficulty, empirical methods have been
developed.

One of the well-known empirical methods for evaluating off-road vehicle
performance is that developed by the U.S. Army Engineer Waterways Experiment Station
(WES). In developing the method, a series of vehicles of interest were tested in a range
of terrains considered to be representative and at the same time terrain conditions were
measured using a cone penetrometer. The results of vehicle performance testing and
terrain measurements were then empirically correlated, and a model, known as the WES
VCI model, was proposed for predicting vehicle performance on fine- and coarse-grained
inorganic soils (Rula and Nuttall, 1971). This model forms the basis for the subsequent
developments of the AMC-71, AMC-74 and NRMM mobility models.

In the WES model, an empirical equation was established to calculate the mobility

index (MI) of a vehicle in terms of certain vehicle design features. For instance, the




mobility index for a tracked vehicle is defined as:

Contact .
weight
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The mobility index (MI) was then empirically correlated to the vehicle cone index
(VCI), which is the minimum soil strength in the critical soil layer defined by the rating
cone index (RCI) for fine-grained soils for a specified number of passes of a vehicle, such

as 1 pass or 50 passes.

Finally, the values of performance parameters of a tracked vehicle, such as the
maximum drawbar pull coefficient, maximum slope negotiable and towed motion
resistance coefficient, were empirically determined as functions of vehicle type, number
of passes to be completed, and the excess of RCI over VCI (i.e., RCI-VCI) for fine-

grained soils (or the cone index (CI) for coarse-grained soils).

Another empirical method for evaluating the mobility of tracked vehicles was
suggested by Rowland (1972). He proposed the "mean maximum pressure (MMP)",
which is defined as the mean value of the maxima occurring under all the roadwheel
stations, as a criterion for evaluating the soft ground performance of off-road vehicles.
Empirical equations were derived from vehicle test data for calculating the MMP for
different types of track system.

He proposed that for link and belt tracks on rigid roadwheels,

126 W
2n A, b/t D

MMP -

kN/m? (2.2)

and for belt tracks on pneumatic tired road wheels,

05 W

MMP - -~
2n_byDf

kN/m? (2.3)
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W - vehicle weight, kN

n, - number of wheel stations in one track

A, - rigid area of link (or belt track cleat) as a proportion of track pitch
multiplied by wheel width

b - track or pneumatic tire width, m

t. - track pitch, m

D - outer diameter of roadwheel or pneumatic tire, m
f. - radial deflection of pneumatic tire under load, m

To evaluate whether a vehicle with a particular value of MMP will have adequate
mobility over a specific terrain, Rowland proposed a set of desired values of the mean
maximum pressure for different terrain conditions. Table 2.1 shows the desired values of
MMP suggested by Rowland.

Within the context of their intended purposes, the empirical models developed by
WES and Rowland are useful in certain types of application. It should be pointed out,
however, that strictly speaking, empirical relations are only valid within the specific
conditions under which the tests were carried out. Thus, it is by no means certain that
empirical relations can be extrapolated beyond the conditions under which they were
originally ‘obtained. It appears uncertain, therefore, that an entirely empirical approach
could play a useful role in the evaluation of new vehicle design concepts or in the
prediction of vehicle performance in new operational environments. Furthermore, an
entirely empirical approach is only feasible where the number of variables involved in the
problem is relatively small. If a large number of parameters are required to define the

problem, then an empirical approach may not be cost-effective.

To provide a more general approach to the prediction and evaluation of tracked
vehicle performance, other methods of approach have been developed.

12




Table 2.1 Desirable Values of Mean Maximum Pressure

Mean Maximum Pressure (kN/m?)

Terrain Ideal Maximum Acceptable
(Multipass Satisfactory (Mostly Trafficable
Operation) at Single-Pass Level)

Wet fine grained soils

Temperate 150 200 300
Tropical 90 140 240
Muskeg 30 50 60
Muskeg floating mat and
European bogs 5 10 15
Snow 10 25-30 40
13 |




2.2 Theoretical Methods

In recent years, attempts have been made to apply the theory of plastic equilibrium,
finite element technique, critical state theory and others to the analysis of vehicle-terrain
interaction. Among them, the theory of plastic equilibrium is, perhaps, the most
developed. One of the examples is the application of the theory of plastic equilibrium to
the prediction of the draft of a two-dimensional soil cutting blade. The solution

procedures have now been well documented (Hettiaratchi and Reece, 1974).

In the late sixties, an extensive experimental investigation into the physical nature
of vehicle-terrain interaction under various operating conditions was carried out by Wong
and Reece (1966) and Wong (1967). From the study, it was clearly established that
failure zones were developed in dense soils under the action of a vehicle running gear and
that there was a close correlation between the failure behaviour of soil and the
performance of vehicle running gear. As a result of these findings, attempts have been
made to apply the theory of plastic equilibrium to the evaluation of the performance of
off-road vehicles (Karafiath and Nowatzki, 1978). The prediction procedure involves the
solution of differential equations for the plastic equilibrium of the soil mass in the failure
zones, based on the Mohr-Coulomb yield (failure) criterion. To initiate the solution
process and to obtain unique solutions to particular problems, certain information on the
vehicle-terrain interface, such as the interface friction angle or more generally the direction
of the major principal stresses on the interface, must be specified or assumed at the outset.
This is one of the most important issues and yet one of the most uncertain parts of the
whole methodology.

The application of the theory of plastic equilibrium could provide a better insight

into the physical nature of some aspects of the complex phenomenon of vehicle-terrain

interaction and could establish a theoretical reference with which the actual performance

14



of cross-country vehicles may be compared under certain idealized conditions. It should

be recognized, however, that there are severe limitations to the application of the theory
to the prediction and evaluation of vehicle mobility in practice (Wong, 1979).

Firstly, the theory of plastic equilibrium as presently applied is based on the
assumption that the terrain behaves like a rigid, perfectly plastic material. This means that
the terrain does not deform significantly until the stresses within certain boundaries reach
a certain level at which failure occurs. Beyond this point, the strain increases rapidly,
while the stress remains constant. Although dense sand and the like may exhibit
behaviour close to that of a rigid, perfectly plastic material, a wide range of natural
terrains encountered in cross-country operations, such as snow and muskeg, have a high
degree of compressibility, and their behaviour does not conform to that of a rigid,
perfectly plastic material. Consequently, failure zones in these terrains under vehicular
loads do not develop in a manner similar to that assumed in the theory, and the sinkage
of vehicle running gear is primarily due to the compression of the terrain and not due to
the plastic flow of the terrain material. From a vehicle mobility viewpoint, terrains with
a high degree of compressibility are of greater concern to vehicle designers and users than
dense sand and the like. Thus, the usefulness of the methodology based on the theory of
plastic equilibrium in vehicle mobility study is severely limited in practice. Furthermore,
the theory of plastic equilibrium is mainly concerned with the prediction of the maximum
load that the vehicle can exert on the terrain without causing failure. Consequently, the
deformation of the terrain as a result of the application of load by the vehicle, which is

of importance to the evaluation of vehicle performance, cannot be predicted.

Secondly, as mentioned previously, to initiate the numerical procedures to predict
the performance of vehicle running gear based on the theory of plastic equilibrium, certain
information on the vehicle running gear-terrain interface, such as the interface friction
angle, must be specified at the outset. The approaches to specifying the required boundary
conditions as presently developed are primarily empirical in nature (Karafiath and

15




Nowatzki, 1978). Thus, even though an elaborate numerical procedure has been
formulated for the evaluation of vehicle mobility, the solutions to any particular problem
still heavily rely on either empirical inputs or assumed boundary conditions on the vehicle-

terrain interface, some of which do not necessarily have any justifiable theoretical basis.

Because of the problems mentioned above, current methods based on the theory of
plastic equilibrium are not capable of providing a practical engineering tool for the

evaluation of cross-country vehicle mobility in the field.

Another theoretical approach to the prediction of vehicle performance over
unprepared terrain is based on the finite element method (Yong and Fattah, 1976).
Applications of this method to the solution of vehicle-terrain interaction problems require
either the stress or displacement boundary conditions on the interface to be specified at
the outset. As pointed out by Wong (1977), when the stress boundary conditions on the
vehicle running gear-terrain interface are specified, the performance of the running gear
is completely defined, since performance parameters, such as drawbar pull, motion
resistance and input torque to the sprocket or wheel can readily be computed from the
specified normal and tangential stresses at the interface using simple integration.
Consequently, there is no need whatsoever to follow these approaches to determine the
terrain response and then to predict the performance of the running gear. If, on the other
hand, displacement boundary conditions at the vehicle-terrain interface are used to initiate
the solution process then detailed information on the deformation pattern of the terrain
adjacent to the vehicle-terrain interface must be known at the outset, usually through
experiments. Thus, in essence, this solution process begins with acquiring terrain
deformation data for specifying the displacement boundary conditions as input, then
proceeds to the manipulation of the numerical approximation procedures based on the
finite element method, and ends up with providing information on terrain response and
vehicle performance that could have been directly obtained during the data acquisition

noa N
1OV Qi
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In a method developed by Karafiath (1984) for predicting the sinkage and motion

resistance of tracked vehicles using the finite element technique, the normal pressure
distribution on the track-terrain interface is again required as input. This indicates that in
general current methods based on the finite element technique do not provide a complete
and self-contained procedure for predicting off-road vehicle performance. They do not
address the central issue of vehicle performance modelling and the major concern of the
development and design engineer, that is, predicting vehicle performance using vehicle
design parameters and terrain characteristics as direct inputs. Also, in these models, the
design features of the vehicle system, such as, track system configuration, roadwheel
arrangements, track design and initial track tension, are not directly taken into account in
the analysis of tack-terrain interaction. Furthermore, in many of these theoretical models,
the stress-strain relationship and the strain hardening behaviour of the terrain are assumed
to be similar to those of metals (Karafiath, 1984). However, very little experimental
evidence has so far been produced to support the validity of these assumptions for natural
terrains, particularly for marginal terrains where vehicle mobility is of major concern. It
appears, therefore, that the usefulness of the theoretical models for off-road vehicle
performance developed so far is rather limited in practice, particularly in the development

and design processes.

2.3 Methods for Parametric Analysis

One of the better known methods for parametric analysis of tracked vehicle
performance is that originally developed by Bekker (1969). In this method, the track in
contact with the terrain is assumed to be similar to a rigid footing. If the centre of gravity
of the vehicle is located at the mid-point of the contact area, the normal pressure
distribution may be taken as uniform, as shown in Fig. 2.1. On the other hand, if the
centre of gravity of the vehicle is located ahead or behind the mid-point of the contact

area, a sinkage distribution of trapezoidal form may be assumed. Based on the

17




z=f(p)

S=f(P,i)

Fig. 2.1

j

A conventional method for predicting
tracked vehicle performance
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assumptions mentioned above, and making use of the pressure-sinkage relationship

obtained from the bevameter, the sinkage of the track can be predicted.

For a track with uniform contact pressure p, the sinkage z, is given by

/n /n

_ p _| W/bl

z —_ —_— 2.4
° |k/b +k, k. /b +k, G5

where b and / are width and contact length of the track, respectively, W is the normal load
on the track, and k., k, and n are the pressure-sinkage parameters in the Bekker pressure-
sinkage equation (Bekker, 1969).

The motion resistance R, of the track due to terrain compaction can then be derived

from the work done in compacting the terrain and making a rut of depth z,

1 W n+1)/n
R = —_— 2.5
 (+ )b~ (k. /b + kq,)““ (1 ] (2:3)

In very soft ground with noticeable sinkage, Bekker suggested that a bulldozing
resistance should be taken into account and that it may be estimated using the retaining

wall theory of soil mechanics.

To predict the tractive effort, use is made of the shear stress-displacement
relationship of the terrain obtained using a bevameter (Fig. 2.1). If the ground pressure
is uniformly distributed and the shear stress-shear displacement relationship is described
by the simple exponential equation, the tractive effort F of a track can be defined as
(Bekker, 1969)

19




1 W .
F = bl: (c + -E)-l-tanq)}(l - e-K) dx
(2.6)
- (Ac + Wtanq))[l - El(l - e—il/K)]
1

where A is the contact area of the track, c, ¢ and K are cohesion, angle of shearing

resistance, and shear deformation modulus, respectively.

From the predicted tractive effort and motion resistance, the drawbar pull as a

function of slip and the overall tractive performance of the vehicle can be determined.

Experimental evidence has shown that in general the assumed ground pressure
distribution described above is not realistic, particularly for tracked vehicles with high
ratios of roadwheel spacing to track pitch designed for high speed operations, such as
military vehicles. Ground pressure under these vehicles is usually concentrated under the
roadwheels and is far from uniform. Consequently, performance predictions using the
method described above will be unrealistic, particularly with respect to sinkage, motion

resistance and tractive effort in soft terrain.

In an attempt to improve the prediction of ground pressure distribution under a
track, Bekker performed a pioneering theoretical study more than three decades ago
(Bekker, 1956). The analysis is intended for the prediction of static ground pressure
distribution when the vehicle is at rest. The effect of vehicle weight, track width,
roadwheel spacing and the pressure-sinkage relationship of the terrain were taken into
account. The study was, however, limited to the analysis of the shape of the track span
between two roadwheels, simplified as knife-edge supports, in a terrain with a linear
pressure-sinkage relationship. The effect of roadwheel diameter, suspension characteristics

and other design factors was not inciuded in ihe analysis.

20




In 1981, an improved method for predicting the static ground pressure distribution
was developed by Garber and Wong (1981). In the analysis, the major design features
of a tracked vehicle, such as the dimensions, spacing and number of roadwheels, vehicle
weight, track dimensions, initial track tension, and characteristics of the suspension and
track tensioning device, were taken into consideration. The analysis can accommodate
terrain with a linear or non-linear pressure-sinkage relationship. Based on a detailed
examination of the interaction between the track and the terrain, the interrelationships of
vehicle design parameters, terrain conditions, and static ground pressure distribution under
a track were established. Figure 2.2 shows the predicted static ground pressure of various
tracked vehicles on different types of terrain, obtained using the analytical method
developed by Garber and Wong (1981).

It can be seen that the analytical method for predicting the static ground pressure
developed by Garber and Wong can serve a useful purpose in differentiating the potential
performance of vehicles of different designs and in determining the relative significance
of the effects of various vehicle design parameters on ground pressure distribution. It
should be pointed out, however, that when a tracked vehicle is in straight line motion, a
terrain element under the track is subject to the repetitive loading of consecutive
roadwheels. The response of the terrain to repetitive loading should, therefore, be taken
into account in predicting the ground pressure distribution under a moving vehicle.
Furthermore, for a moving tracked vehicle, shear stresses will be developed on the track-
terrain interface. To develop a comprehensive model for predicting the tractive

performance of tracked vehicles, these factors should be taken into consideration.

Based on the brief review given above it can be seen that a number of the methods
developed so far are either empirical or based upon assumptions that are not necessarily
realistic. Therefore, there is a need for the development of a prediction method that
takes into account all major factors of vehicle-terrain interaction in a realistic manner.

To satisfy this need, a comprehensive mathematical model has been developed

21




PRESSURE DISTRIBUTION UNDER THE TRACK
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by Wong et al (Wong, 1986a, 1989a; Wong, Garber and Preston-Thomas, 1984; Wong
and Preston-Thomas, 1986, 1988).
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3. BASIC FEATURES OF THE NEPEAN TRACKED VEHICLE
PERFORMANCE MODEL NTVPM

Based on the review given in the preceding section, it appears that most of the
methods developed previously for predicting the performance of tracked vehicles are either
of empirical nature or based upon assumptions that are not necessarily realistic. With a
growing demand for improved mobility over a wider range of terrains in resource and
transportation industries and in military operations, there is an increasing need for a
comprehensive and yet realistic mathematical model to guide the development and design

of tracked vehicles to meet new requirements.

To be useful to the development and design engineer, as well as the procurement
manager, a mathematical model for tracked vehicle performance should take into account
all major vehicle design parameters and terrain characteristics. A model, referred to as
the Nepean Tracked Vehicle Performance Model NTVPM, that satisfies these requirements
has been developed (Wong, 1986a, 1989a; Wong and Preston-Thomas, 1986, 1988). It
takes into account all major design parameters of the vehicle, including the track system
configuration, number of roadwheels, dimensions of roadwheels, roadwheel spacing, track
dimensions, initial track tension, track longitudinal elasticity, suspension characteristics,
location of the centre of gravity, vehicle belly (hull) shape, and sprocket, idler and
supporting roller arrangements. Terrain characteristics, such as the pressure-sinkage and
shearing characteristics and the response to repetitive loading, are also taken into
consideration. The model can be used to predict the normal and shear stress distributions
on the track-terrain interface, and the external motion resistance, tractive effort, drawbar
pull and tractive efficiency of the vehicle as functions of track slip. It can be employed
to evaluate the tractive performance of single unit tracked vehicles as well as two-unit

tracked vehicles with articulated steering. The basic features of the model have been
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verified by means of full-scale tests made with instrumented vehicles on various types of

terrain, including mineral terrain, muskeg and snow.

The model is particularly suited for the evaluation of competing designs and for the
examination of the effects on performance of design modifications and changing operating
environment. It can play a significant role in the following:

A) optimization of tracked vehicle design;

B)  evaluation of tracked vehicle candidates for a given mission and

environment;

C)  proper interpretation of vehicle test results.
The basic approach to the development of the model is outlined below.

3.1 Terrain Input for the Simulation Model

To develop a realistic model for tracked vehicle performance, the mechanical
behaviour of the terrain, which forms an integral part of the input, should be measured
under loading conditions similar to those exerted by a tracked vehicle. Among the various
terrain measuring techniques cdrrently available, the bevameter technique pioneered by
Bekker (1969) appears to provide a close approximation to the loading conditions of a
tracked vehicle. Accordingly, in the development of the simulation model NTVPM terrain
data measured with a bevameter was used. The bevameter is designed to perform two
basic types of test. One is the plate penetration test and the other is the shear test. To
reduce the uncertainty in extrapolating terrain data measured by the bevameter to the
prediction of the performance of full-size vehicles, the size of the test piece used in the
plate penetration test should be comparable to that of the contact area of a track link.
Also, the shear ring used to perform the shear test should be made as large as practicable.

Based on the pressure-sinkage relationship obtained from plate penetration tests, vehicle
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sinkage and motion resistance can be predicted. On the other hand, based on the results
of shear tests, the tractive effort-slip characteristics and the maximum traction of a vehicle
may be estimated. Since an element of the terrain under a moving track is subject to the
repetitive loading of consecutive roadwheels, the responses of the terrain to repetitive

loading are also taken into account in the simulation model.

In summary, the Nepean Tracked Vehicle Performance Model NTVPM requires
the following terrain data as input:

A.  pressure-sinkage relationships;

B. shear strengths and shear stress-shear displacement relationships;

C. responses of the terrain to repetitive loadings.

3.2 Approach to the Development of the Simulation Model

When a tracked vehicle rests on a hard surface the tracks lie flat on the ground.
In contrast, when the vehicle travels over a deformable terrain the normal load applied
through the track system causes the terrain to deform. The track segments between the
roadwheels take up load, and as a result they deflect and have the form of a curve, as
shown in Fig. 3.1. ‘The actual length of the track in contact with the terrain between the
front and rear roadwheels increases in comparison with that when the track rests on a firm
ground. This causes a reduction in the sag of the top run of the track and a change in
track tension. Furthermore, the passage of each consecutive roadwheel will usually cause

additional sinkage, and the vehicle may assume a nose-up attitude.

It should also be pointed out that when a tracked vehicle is travelling in a straight

line, an element of the terrain beneath the track is first subject to the load applied by the
leading roadwheel. When the leading roadwheel has passed, the load on the terrain

element is released. Load is reapplied as the second roadwheel rolls over it. A terrain
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element under the track is thus subject to the repetitive loading of consecutive roadwheels.
The loading-unloading-reloading cycle continues until the rear roadwheel of the vehicle
has passed over it. To predict the normal pressure distribution under a moving tracked
vehicle, the pressure-sinkage relation and the response to repetitive loading of the terrain,

as discussed in the preceding section, must be known.

When the terrain characteristics are known, the prediction of the normal pressure
distribution is reduced to the determination of the shape of the deflected track in contact
with the terrain. To achieve this, the mechanics of track-terrain interaction has to be

examined.

In an initial model known as CTVPM developed under the auspices of the
Canadian Department of National Defence in 1984, the following assumptions were made
in the analysis of track-terrain interaction (Wong, Garber and Preston-Thomas, 1984):

A.  The track is equivalent to a flexible belt. This assumption is considered to
be reasonable for rubber-belt type tracks and for link tracks with relatively
short track pitch designed for high-speed operations, such as those used in
combat vehicles;

B. The track is inextensible;

C. In determining the sinkage of the track under the roadwheels, the effects of
the independent suspension of the roadwheels are neglected. This means
that the roadwheels are rigidly connected to a common bogie frame and that
the sinkage of the first roadwheel together with the attitude of the track
system defines the sinkages of subsequent roadwheels. The vehicle body is
assumed to be suspended by springs attached to the bogie frame.

In 1985, under the auspices of Vehicle Systems Development Corporation, Nepean,
Ontario, Canada, an improved computer simulation model known as NTVPM-85 was
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is no longer assumed to be inextensible, and the track longitudinal elasticity, which is
defined as the tension per unit longitudinal strain of the track, is taken into account. The
track longitudinal elasticity affects the tension distribution in the track and as a result

influences the performance of the vehicle to a certain extent over marginal terrain.

Over highly compressible terrain, such as deep snow, the track sinkage may be
greater than the ground clearance of the vehicle. If this occurs, the belly (hull) of the
vehicle will be in contact with the terrain surface and will support part of the vehicle load.
This will reduce the load carried by the tracks and will adversely affect the traction of the
vehicle. Furthermore, the belly contact will give rise to an additional drag component -
the belly drag. The problem of belly contact is of importance fo vehicle mobility. Quite
often the reduction in traction and the increase in the total drag due to belly contact will
lead to immobilization of the vehicle. In NTVPM-85, the characteristics of belly-terrain

interaction are taken into account.

Further developments in the modelling of track-terrain interaction have been carried
out by Vehicle Systems Development Corporation since 1986, resulting in the formulation
of a new model known as NTVPM-86 (Wong and Preston-Thomas, 1988, Wong, 1989a).
In this model, the roadwheels are no longer assumed to be rigidly connected, and the
characteristics of the indepéndent suspension of the roadwheels are fully taken into
account. Furthermore, the non-linear tension-elongation characteristics of the track link
have been taken into consideration. Figure 3.2 shows the measured relationships between
the tension and elongation of the track links of a US main battle tank, a European main
battle tank, a US military logistic vehicle, a European light armoured fighting vehicle, and
a US armoured personnel carrier. The inclusion of the non-linear tension-elongation
relationship of the track makes NTVPM-86 even more realistic. Furthermore the
algorithms that implement the mathematical model on computers have been greatly
improved, as compared with CTVPM and NTVPM-85.
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Based on the assumptions for the respective models, the mechanics of track-terrain

interaction is analyzed, and a set of equations for the equilibrium of the forces and
moments acting on the track system, and for the evaluation of the overall track length are
derived. They establish the relationship between the shape of the deflected track in
contact with the terrain and vehicle design parameters and terrain characteristics. The
solution to this set of equations defines the sinkages of the roadwheels, the trim angle of
the vehicle, the track tension and the track shape in contact with the ground. From these,

the normal pressure distribution under a moving tracked vehicle can be determined.

To predict the shear stress distribution under the track, the shear stress-shear
displacement relationship of the terrain and its response to repetitive shearing are used as
input to the analysis of the characteristics of track-terrain shearing. The shear
displacement developed under a flexible track as a function of slip can be determined
through a kinematic analysis of the track based on the concept of slip velocity (Wong,

1978). From these, the shear stress distribution under a moving track can be predicted.

After the normal pressure and shear stress distributions have been determined, the
external motion resistance, thrust and drawbar pull as functions of slip can then be
predicted. The external motion resistance is calculated by integrating the horizontal
component of the normal pressure over the contact area, while the thrust is determined by
integrating the horizontal component of the shear stress over the entire track-terrain
interface. The drawbar pull is obtained by subtracting the external motion resistance from
the thrust.

In should be reiterated that in NTVPM-85, the roadwheels are assumed to be
rigidly connected with a common bogie frame and that the vehicle body is assumed to be
suspended with springs attached to the bogie frame. This type of arrangement is similar
to that in some tracked vehicles used in construction industry and agriculture. NTVPM-

86, on the other hand, takes into account the characteristics of the independent suspension
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of the roadwheels. Torsion bar, hydropneumatic and other types of independent

suspension systems can be modelled.

A detailed description of the Nepean Tracked Vehicle Performance Model NTVPM,
including both NTVPM-85 and NTVPM-986, is presented by Wong (1989a).

3.3 Experimental Substantiation of the Basic Features of the Simulation Model

To validate the basic features of the model, the normal pressure and shear stress
distributions and the drawbar pull-slip characteristics of a tracked vehicle (an M113A1
armoured personnel carrier) were predicted over a variety of terrains, including sandy,
organic (muskeg) and snow-covered terrains (Wong, 1989a). The tractive performance

of the test vehicle over these terrains was also measured (Wong, 1989a).

Figure 3.3 shows a typical record of the parameters monitored during a test, which
include ground contact pressure on various locations of the track link, distance as
measured by the fifth wheel, sprocket revolutions, vehicle body and roadwheel
displacements, time and drawbar pull.

The measured normal pressure on the rubber pad of the track and the drawbar pull-
slip curves of the test vehicle over various types of terrain are shown in Figs. 3.4-3.7 and
Figs. 3.8-3.10 respectively. The predicted normal pressure on the rubber pad of the track
and the predicted drawbar pull-slip curves of the vehicle are also shown in the figures.

A comparison of the measured performance of the test vehicle and the predicted
one using the simulation model NTVPM is made and described below.
1. Comparisons between the predicted normal pressure distributions obtained

using the computer simulation model NTVPM-85 and the measured ones
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over various types of terrain are shown in Figs. 3.4-3.7. Over a sandy
terrain (LETE Sand), the normal pressure distributions predicted using
NTVPM-85 are very close to those measured, as shown in Fig. 3.4. The
maximum normal pressure measured under the track pad over this sandy
terrain is about 430 kPa, which is approximately ten times the nominal
ground pressure of 43.7 kPa. The nominal ground pressure is obtained by
dividing the vehicle weight by the track contact area. Over a muskeg
(Petawawa Muskeg A), a good agreement exists between the predicted
normal pressure distribution and the measured one as shown in Fig. 3.5.
The measured maximum normal pressure under the track pad over this
muskeg is approximately 130 kPa, in contrast with the nominal ground
pressure of 43.7 kPa. This means that the nominal ground pressure is only
about 34% of the measured maximum pressure. Over two types of snow-
covered terrain (Petawawa Snow A and B), good-to-excellent agreement
again exists between the measured and predicted normal pressure
distributions, as shown in Figs. 3.6 and 3.7. The nominal ground pressure

of 43.7 kPa is only about 12% of the measured maximum normal pressure.

The generally good agreement between the measured and predicted
normal pressure distributions using NTVPM-85 is due primarily to the
inclusion of the response of the terrain to repetitive normal load and to the
detailed analysis of the track-terrain interaction. As mentioned previously,
an element of the terrain under the track is subject to the repetitive loading
of consecutive roadwheels. The terrain, after being compacted by the first
(or preceding) roadwheel, becomes much stiffer than in its virgin state.
Consequently this promotes the concentration of normal pressure under the
roadwheels, and significant pressure peaks are always observed, even on a

terrain like muskeg which is relatively soft in its virgin state.
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Furthermore, the behaviour of the terrain during the unloading-
reloading cycle also explains why it is possible that the pressure at a point
on the track segment between two adjacent roadwheels can be as low as
zero, while the sinkage at that point, measured from the original terrain

surface, is not zero.

The good agreement between the measured and the predicted normal
pressure distributions also indicates that the assumption that the track may
be modelled as a flexible belt is reasonable for the type of track system

examined.

As mentioned previously, in the simulation model NTVPM-86, the
characteristics of the independent suspension have been fully taken into
consideration. Figure 3.11 shows the normal pressure distribution under the
track pad of an M113A1 armoured personnel carrier over LETE sand
predicted using NTVPM-86. It shows that the peak pressures under the
front and rear roadwheels are lower than those under the middle roadwheels.
This is due to the effects of independent suspension of the roadwheels. The

vertical component of the tension in the track segment in front of the front

roadwheel and that in the‘ segment behind the rear roadwheel tend to relieve

the loads exerted on the terrain by the front and rear roadwheels,
respectively. The effects of the independent suspension of the roadwheels
are correctly predicted by NTVPM-86, as can be seen in Fig. 3.12.

Comparisons between the measured drawbar pulls and the predicted ones
using NTVPM-8S5 at various slips over different terrains are shown in Figs.
3.8-3.10. As can be seen from the figures, there is a good-to-excellent
agreement between the measured drawbar pulls and the predicted ones using
the simulation model NTVPM-85.
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The good agreement between the measured and predicted drawbar

pulls is primarily due to the inclusion of the terrain response to repetitive
shear loading and the shearing characteristics of terrain under varying
pressure in the prediction of shear stress distribution under the track. The
behaviour of the terrain under repetitive shearing has a significant effect of
the development of tractive effort, particularly at low track slips.
Furthermore NTVPM-85 gives a reasonable prediction of sinkage and
motion resistance. This results in a fairly accurate prediction of drawbar
pull. Figures 3.13 and 3.14 show that there is also a good-to-excellent
agreement between the measured drawbar pull and the predicted one using
NTVPM-86. Results of a detailed study have shown that over soft marginal
terrain, NTVPM-86 gives more accurate prediction of ground pressure
distribution and drawbar performance of a tracked vehicle with independent
suspension than NTVPM-85. NTVPM-86 represents the latest computer
simulation model for parametric analysis of tracked vehicle performance and

design.

The close agreement between the predicted and measured normal
pressure distribution and drawbar performance shows that the basic features
of the computer simulatidn model have been substantiated. Thus, the model
can be an extremely useful tool for the development and design engineer,

as well as the procurement manager.

Since the model takes into account all major design parameters of the
vehicle as well as terrain characteristics, it is particularly suited for the
evaluation of competing designs and for the examination of the effects on
performance of design modifications and changing operational environment.

This provides a rational basis for the selection of the most promising design
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for a given mission and environment, prior to expensive hardware

construction.
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4. CORRELATION STUDY OF THE MEASURED AND PREDICTED
VEHICLE PERFORMANCE USING NTVPM-85

As shown in the preceding chapter, the basic features of the computer simulation
model NTVPM-8S5 have been validated over a variety of terrains, including snow-covered
terrain. However, originally the simulation model requires terrain data obtained using the
bevameter as input. To examine the feasibility of using terrain data obtained with the
Rammsonde as input to NTVPM-85 for predicting tracked vehicle performance, it is
necessary to carry out a detailed correlation study. The field performance of an all-terrain
vehicle BV 206 over two types of snow, undisturbed and preconditioned, in Fernie, British
Columbia was measured. The measured performance was then correlated with the
predicted one using NTVPM-85 with terrain data obtained by the Rammsonde as input,
and compared with that obtained by the bevameter as well as by the Rammsonde cone
mounted on the bevameter assembly. It should be noted that the Rammsonde is an
instrument originally designed for use in the Swiss Alps and later adapted by the U.S.
Army to characterize snow behaviour. It is to provide a measure of resistance to
penetration of snow at various depths, based on the penetration of a cone under impact
of known energy input. The resistance to penetration of the cone can be converted to
pressure by dividing it by the projected contact area of the cone. As a result, a pressure-
sinkage relationship for snow can be derived from the Rammsonde data (Wong, 1990a).
It should be pointed out that following the standard procedure to calculate the Rammsonde
resistance, the energy loss during impact is completely ignored. It has been reported that
this may lead to an overestimate of the actual resistance under certain circumstances. To
examine this problem, the pressure-sinkage data with the Rammsonde cone mounted on
the shaft of the bevameter, in place of the sinkage plate, at a constant penetration speed
were obtained. The data were also used as input to NTVPM-85 for predicting vehicle

performance over snow (Wong, 1990a).
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4.1 Measured Drawbar Performance of the Test Vehicle on

Undisturbed and Preconditioned Snow

The test vehicle was a BV 206, which is a two-unit tracked vehicle with articulated
steering. Its general layout is shown in Fig. 4.1.1. The weight of the front unit of the test
vehicle was 28.06 kN, and that of the rear unit was 17.95 kN. The initial track tension
for the front unit was estimated to be 3.53 kN and that for the rear unit was estimated to

be 4.69 kN, based on the measured sags of the upper runs of the tracks in the test vehicle.

The drawbar performance of the test vehicle over undisturbed and preconditioned
snow in Fernie, British Columbia was measured by Mining Resource Engineering Limited
(MREL). The preconditioned snow referred to herein was a snow cover which was
compacted by the passage of the tracks of a BV 206 prior to testing. It should be
mentioned that the preconditioned snow for February 15, 1990 was allowed to age for 21
hours before measurements were taken. The test results are described in a report entitled
"Validation of a model for track performance in a variety of snow conditions as a module
to NATO Reference Mobility Model” by MREL (1990). It should be noted that Vehicle
Systems Development Corporation did not participate in the field measurement of the

performance of the test vehicle and in the processing of the vehicle test data.

Figures 4.1.2 - 4.1.7 show the measured relationships between drawbar pull and slip
of the test vehicle over undisturbed snow obtained on February 8, 12, 13, 16, 20 and 21,
1990, respectively. The measured drawbar performance of the test vehicle over
preconditioned snow obtained on February 14, 15 and 19, 1990 was shown in Figs. 4.1.8 -

4.1.10, respectively. It can be seen that the measured data scatter in a wide range.
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Fig. 4.1.8 Measured vehicle performance on preconditioned snow
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Vehicle Test
Fernie, 8.C. 15 February 1990

4.1.9 Measured vehicle performance on preconditioned snow
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Farmie, 8.0 '3 Fsbruary 1390

Fig. 4.1.10 Measured vehicle performance on preconditioned snow
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4.2 Correlation of the Measured and Predicted Vehicle Performance on

Undisturbed Snow

The measurement and characterization of the properties of the snow covers,
including both undisturbed and preconditioned snow, in Fernie, British Columbia, over
which the performance of the test vehicle was measured, are described in detail in two
previous reports, "Measurement and characterization of the pressure-sinkage relationships
for snow obtained using a Rammsonde and a bevameter” and "Measurement of the shear

strength of snow using a bevameter and a hand-held shear device" (Wong, 1990a and b).

Owing to the limited scope of the field test program and limitations of the
equipment and manpower available, the amount of terrain and vehicle test data collected
is rather limited. For instance, for pressure-sinkage tests, the Rammsonde was used on
February 7, 12, 16, 20 and 21, 1990, as shown in Table 4.2.1 (Wong, 1990a); the
bevameter was employed on February 8, 12, 13, 20 and 21; and the Rammsonde cone
mounted on the bevameter assembly was used on February 9, 12, 13, 20 and 21. On the
other hand, the shear strength data were only collected on February 9, 12, 13, 19, 20, as
shown in Table 4.2.2 (Wong, 1990b), while, as mentioned in the previous section, the
performance of the test vehicle over undisturbed snow was measured on February 8, 12,
13, 16, 20 and 21, 1990. Because of these, not all the relevant terrain data and the
corresponding vehicle test results are available for a particular date over the test period.
Also, on a given date, the measurements of terrain parameters and vehicle performance
were not necessarily carried out at the same time. Therefore, the terrain conditions under
which the vehicle performance was measured may differ from those when the pressure-
sinkage and shear strength data were taken, because of possible changes in atmospheric
conditions during the day. As a result, it appears more meaningful and appropriate to
conduct the basic correlation study based on the average conditions for the undisturbed

snow and the average measured vehicle performance over the test period. However, as
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Table 4.2.1 Pressure-Sinkage Parameters for Undisturbed Snow (Using Equation
p = (k/b +k,) 2%
Rammsonde
Bevameter Rammsonde Cone
Cone on
Bevameter
Date Diameter, cm 4 10 4 10 4 10
Fitting Range, cm 0-80
Feb. n 1.10
7 k. , kKN/m™D -1.38
k, , kN/m®™? 116.00
Fitting Range, cm 0-50
Feb. n, 1.25
8 k. , kN/m™" -2.77
k, , kKN/m™? 224.22
Fitting Range, cm 0-50
Feb. n, 1.28
9 k. , kN/m®™D -1.03
k, , kKN/m®*? 96.04
Fitting Range, cm 0-30 0-17 0-30
Feb. n, .84 1.00 .901
12 k. , kN/m™? 2.53 8.95 -.78
k, , kN/m™? 149.47 194.48 22222
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Table 4.2.1 (Continued)

Rammsonde
Bevameter Rammsonde Cone
Cone on
Bevameter
Date Diameter, cm 4 10 4 10 4 10
Fitting Range, cm 0-15 0-15
Feb. n 41 41
13 k. , kN/m™?P -.37 24
k, , kN/m®™? 162.29 128.68
Fitting Range, cm 0-35
Feb. n, 1.08
16 k. , kN/m®" 12.27
K, , kKN/m®™? 349.85
Fitting Range, cm 0-50 0-575 0-50
Feb. n, 1.51 1.44 1.45
20 k. , kN/m™D -21 8.68 -7.44
K, , KN/m™? 518.03 722.67 582.35
Fitting Range, cm 0-50 0-595 0-45
Feb. n, 1.45 1.52 1.75
21 k. , kKN/m™? -4.90 7.67 78
k, , kKN/m®™? 659.00 534.64 480.72
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Table 4.2.2 Shear Strength Parameters for Undisturbed Snow Obtained Using

a Bevameter

Date Internal Rubber-Snow
Shearing Shearing

Feb. 9 c, kPa 0

9, deg. 10.04
Feb. 12 c, kPa 0 0

¢, deg. 23.86 10.31
Feb. 13 c, kPa 0 0.82

¢, deg. 28.62 11.52
Feb. 19 c, kPa 7.86

o, deg. 17.8
Feb. 20 ¢, kPa 0 0

9, deg. 29.63 13.65
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L

a supplement to the basic correlation study, comparative study of the measured and
predicted performance of the test vehicle on specific dates has also been carried out, with
a view to further substantiating the findings of the basic correlation study.

To determine the average conditions for the undisturbed snow over the test period,
all the pressure-sinkage data obtained using the same device were combined and the
Bekker pressure-sinkage equation shown below was fitted to the combined data:

p = (kJ/b + k,)z*
where p is pressure, b is the smaller dimension of a rectangular contact area or the radius

of a circular contact area, z is sinkage, and n, k, and k, are pressure-sinkage parameters.

The average values of the pressure-sinkage parameters, n, k. and k,, derived from
the combined data obtained using the Rammsonde, the bevameter and the Rammsonde
cone mounted on the bevameter assembly, with 4 and 10 cm diameter sensing elements

(cones or plates), in undisturbed snow are shown in Table 4.2.3.

Table 4.2.3 Average Pressure-Sinkage Parameters, n, k_ and Ky»
for Undisturbed Snow

Measuring Device
Pressure- Rammsonde Cone
Sinkage Rammsonde Bevameter on
Parameters Bevameter
n 1.006 0.588 0.712
k. (kKN/m™?") 12.13 -0.57 -0.12
k, (kN/m™?) 45.62 178.14 145.01

As pointed out in a previous report "Measurement and characterization of the

pressure-sinkage relationships for snow obtained using a Rammsonde and a bevameter"

(Wong, 1990a), over undisturbed snow, the small size sensing element (cone or plate) with
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diameter of 4 cm could not provide consistent pressure-sinkage data, particularly with the

Rammsonde. This is because the resistance to penetration of the small sensing element
is very low in the upper layer of the fresh snow cover, and as a result it cannot provide
meaningful data for a considerable depth. The pressure-sinkage data obtained using the
sensing element with diameter of 10 cm were found to be more consistent and reliable.
However, to characterize the pressure-sinkage relationship based on data obtained using
a single size sensing element, the following simplified Bekker pressure-sinkage equation
containing only two parameters, n and k, has to be used:
p=kZ

where p is pressure, z is sinkage, and n and k are pressure-sinkage parameters.

Table 4.2.4 shows the pressure-sinkage parameters, n and k, derived from data
obtained using various devices on different dates during the test period. To determine the
average snow conditions, a procedure similar to that described previously was followed.
All the pressure-sinkage data obtained using the same device were combined, and the
average values of the pressure-sinkage parameters, n and k, derived from the combined

data obtained using 10 cm diameter sensing element (cone or plate) are shown in Table
4.25.

Table 4.2.5 Average Pressure-Sinkage Parameters, n and k, for Undisturbed Snow

Measuring Device
Pressure- Rammsonde Cone
Sinkage Rammsonde Bevameter on
Parameters Bevameter
n 0.721 0.710 0.717
k (kPa/m") 221.12 192.89 143.59

Similar approach was followed to derive the average values of the shear strength

parameters from the combined shear data for the undisturbed snow over the test period.
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Table 4.2.4 Pressure-Sinkage Parameters for Undisturbed Snow
(Using Equation p = k z")

Bevameter Rammsonde Rammsonde
Cone Cone
on
Bevameter
Date |Diameter 4 10 4 10 4 10
Feb. |Fitting Range, cm 0-90 |0-78
7 n, 1.04 1.02
k , kPa/m" 4394 | 87.50
Feb. |Fitting Range, cm{0-44.5| 0-50
8 n, 1.26 1.10
k , kPa/m™ 81.41 |138.33
Feb. |Fitting Range, cm 0-50 | 0-77
9 n, 1.11 1.18
k , kPa/m" 37.14 | 73.97
Feb. [Fitting Range,cm| 0-30 (0-33| 0-18 |0-16| 0-36 | 0-27
12 n, 94 74 1.47 1.47 .96 96
k , kPa/m" 279.74 | 172.35| 1497.7 | 1101.1 | 283.02 | 204.33
Feb. |Fitting Range, cm| 0-22 | 0- 35 0-2710-15 | 0-15
13 n, 47 48 42 40 43
k , kPa/m" 191.78 | 227.23 309.38 | 136.24 | 137.96
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Table 4.2.4 (Continued)

Bevameter Rammsonde Rammsonde
Cone Cone
on
Bevameter

Date |Diameter 4 10 4 10 4 10
Feb. |Fitting Range, cm 0-3510-36
16 n, 1.28 1.27

k , kPa/m" 1248.7 | 803.98
Feb. |Fitting Range, cm|{ 0-26 [ 0-29.7| 0-55 |0-62| 0-44 | 0-55
20 n, 1.46 1.45 1.21 1.44 1.24 1.43

k , kPa/m" 257.28 | 169.18 | 1041.9 | 895.25| 159.44 | 419.81
Feb. |Fitting Range, cm|{ 0-45 | 0-54 | 0-655 | 0-585| 0-55.5 | 0-50
21 n, 1.49 1.49 1.48 1.44 1.46 1.43

k , kPa/m" 452.41 | 533,90 | 876.83 | 649.64 | 396.10 | 330.15

65




The average values of the shear strength parameters, c and ¢, derived from the combined

shear data obtained using the bevameter shear device are shown in Table 4.2.6 (Wong,
1990b). It should be pointed out that a hand-held shear device provided by the Defence
Research Establishment Suffield was also used to collect shear data. However, it was
found that this device could not provide consistent and reliable data (Wong, 1990b). The
data obtained by the hand-held shear device, therefore, were not used in the correlation

study.

Table 4.2.6 Average Shear Strength Parameters ¢, ¢ and K, for Undisturbed Snow

Shear Strength Internal Rubber-Snow
Parameters Shearing Shearing
c (kPa) 1.96 0.21
¢ (degrees) 24.98 11.38
K (m) 5.50 0.39

It should be noted that data on the response of the undisturbed snow to repetitive
normal load and on the shear deformation modulus were also required as input to the
simulation model. The response of terrain to repetitive normal load may be characterized
by the average slope of the unloading-reloading line in a repetitive loading cycle, which
can be assumed to be proportional to the unloading sinkage with a constant coefficient of
A, (Wong, 1989a). The value of A, for the undisturbed snow was not available and an
estimate value of 33,333 kPa/m’, based on data for similar terrain stored in our data bank,
was used in the simulation. The shear deformation module K for internal and rubber-
terrain shearing for the undisturbed snow were also unavailable. Estimated values, as

shown in Table 4.2.6, based on data for similar terrain, were used in the simulations.

Using the terrain parameters described above as input, the tractive performance of

the test vehicle, BV206, over undisturbed snow was predicted using NTMPV-85. The
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vehicle parameters used as input to NTVPM-85 are given in Table 4.2.7 and sample

output from the simulation model is given in Appendix A. Figures 4.2.1 - 4.2.3 show the
relationships between the drawbar pull and slip for the test vehicle over undisturbed snow
predicted using NTVPM-85 with the pressure-sinkage data shown in Table 4.2.4 as input,
obtained by the Rammsonde, the bevameter and the Rammsonde cone mounted on the
bevameter assembly, respectively. The pressure-sinkage parameters were derived from
data obtained using sensing elements with diameters of 4 and 10 cm. The shear strength
parameters used in the predictions were those shown in Table 4.2.6. In the figures, the
measured drawbar pull at various slips of the test vehicle, expressed in terms of the mean
value * standard deviation derived from the experimental data shown in Figs. 4.1.2 -4.1.7,
is also presented. Using the mean value and standard deviation of the measured drawbar
pull to represent the experimental data gives a more meaningful statistical description of
the measured vehicle performance than the scatter plots shown in Figs. 4.1.2 - 4.1.7. It
can be seen that in general the predicted performance, based on pressure-sinkage data
obtained using the three devices, all lies within the limits defined by the mean value *
standard deviation of the measured performance. Table 4.2.8 shows a comparison of the

measured and predicted drawbar pull at slips of 20, 30 and 40%.

Figures 4.2.4 - 4.2.6 show the relationships between the drawbar pull and slip for
the test vehicle over undisturbed snow predicted using NTVPM-85 with the pressure-
sinkage data shown in Table 4.2.5 as input, obtained using the three devices. The
pressure-sinkage parameters were derived from data obtained with sensing elements with
diameter of 10 cm. The shear strength parameters used in the predictions are the same
as those shown in Table 4.2.6. In the figures, the measured drawbar pull at various slips
of the test vehicle, expressed in terms of the mean value * standard deviation derived
from the experimental data shown in Figs. 4.1.2 - 4.1.7, is also presented. It can be seen
that again there is a reasonable correlation between the measured performance and the
predicted one using NTVPM-85. Table 4.2.9 shows a comparison between the measured
and predicted drawbar pull at slips of 20, 30 and 40%. Figures 4.2.7 - 4.2.9 show a
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Table 4.2.7 Vehicle input parameters for NTVPM-85

FREDICTION OF TRACKED VEHICLE FERFORMAMCE
¢MODEL: NTVYPM-B8%)
VEHICLE SYSTEMS DEVELOFMENT CORFORATION
MEFEAM, ONTARIO. CANADA

SEFTEMRER 11, 1996

VEHICLE TYFE (Expt.) |
YEHICLE FARAMETERS FOR THE FRONT UNIT:
WEIGHT 28.86 KN
CENTRE OF GRAVITY X-COORDINATE 131.58 CM - |
CENTRE OF GRAVITY Y-COORDINATE -14.49 Cm |
SFROCKET RADIUS 19.86 CM
SPROCKET CENTRE X-COORDINATE .80 Cm
SFROCKET CENTRE Y-COORDINATE .86 CM
TENSIONING WHEEL RADIUS 19.08 Cm
TENSIONING WHEEL CENTRE X-COORDINATE 232.13 Ch
TENSIONING WHEEL CEMTRE Y-COORDINATE 38.58 Cm
ROADWHEEL RADIUS 19.88 oM
INITIAL TRACK TENSION 3.53 KK
DOURLE FIVOT JOINT X-COORDINATE (AT THE REAR OF THE UNIT) 273.68 CH
DOUBLE FIVYOT JOINT Y-COORDINATE (AT THE REAR OF THE UNIT) 3.88 Cm
LENGTH OF THE INTERCONNECTING LINK 76.89 A
SUSFENSION HEAVE STIFFNESS L69 KM/CH

KKK KA KKK IR KKK K KKK KKK KKK A KKK KKK KKK K K

¥ FRONT UNIT -- FROADWHEEL GEOMETRY x
KRR AOKKRRK KRR AR KKK A KKK KKK AR IOK KKK KKK
X X-COORDINATE Y~-COORDINATE X
X OF WHEEL CENTRE OF WHEEL CEMTRE «
X (CM) (Crm) X
X XKKRKORKR KX KKK K KROKKKKRKKKRKRKK X
X 34.049 38.508 X
X 86.28 38.58 X
X 129.28 38.58 X
X 173.2 38.56 X
L2000 0 038020808028 300080 008ttt sted .

KRR AR AOKAOKR K KKK IR KKK KKK KK 3K 0K K K KKK KK KKK KKK XOK K O K KKK 40K KOO K K E K -

X BELLY SHAFE XXSUFFORTING ROLLERSXxX TRACK LINK CONTACT AREAH X
HCKROKORKORAORHOK K KKK KKK KKK KK XK XK KK KKK KKK KK 0K K KK SO 0OK XK KKK KKK K K K KK 3 0K KK K 3K 0K S KK K AOK K
% WIDTHs 61.6 CM %x RADIUS: 1@8.8 CM xx INCRE- FERCENTAGER
3 XX xK SINKAGE MENTAL CAUSING «
* COORDINATES (CM) %% COORDINATES (CMm) xx (CM) AREA RUBBER «
X X Y XX X Y XX FROM 70 (CMXX2) SHEARING x
¥ OKKKKK OKKKK KK XOOKKK KXXKX XK HROKKKK AXRKKX RICKKEK OO K ¥
¥ -726.08 -3.8 %*x 128.8 2.8 Xxx .68 .80 76.88 106.6 X
X 6.9 11,8 XOKKKKOOKOKKKKKK KKK KKK .86 1.49 64.08 .8 ¥
£ 260.8 11.8 x X 1.48 2.78 71.08 .8 X
EXRKICRRIOOK ORI ¥ X 2.78 .50 551.08 .3 ¥

KROKOR KK KKK KOKCK KKK KKK KK KKK KKK 0K 3 400K 4 KO0 0K K

MOTE: COORDINATE ORIGIN IS AT THE CENTRE OF THE SPROCKET. FOSITIWE #~ AND ¥ -
COORDINATES ARE TO THE REAR AND DOWN, RESFECTIVELY.
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Table 4.2.7 (continued)

(Expt.) SEPTEMRER 11, 1990

TRACK FARAMETERS FOR THE FRONT UNIT:

WEIGHT FER UNIT LENGTH

WIDTH

FITCH

HEIGHT OF THE GROUSERS

FERCENT RUEHRER FOR COHESIVE SHEARING

LONGITUDINAL ELASTICITY CONSTANT TE (FROM T=TEXE)

VEHICLE PARAMETERS FOR THE REAR UNIT:

WEIGHT

CENTRE OF GRAVITY X-COCRDINATE

CENTRE OF GRAVITY Y-COORDINATE

SPROCKET RADIUS

SFROCKET CENTRE X~-COORDINATE

SFROCKET CENTRE Y-COORDINATE

TENSIONING WHEEL RADIUS

TENSIONING WHEEL CENTRE X-COORDINATE

TENSIONING WHEEL CENTRE Y~COORDINATE

ROADWHEEL RADIUS

INITIAL TRACK TENSION

DOUBLE FIVGT JOINT X-COORDINATE (AT THE FRONT OF THE UNIT)
DOUERLE PIVOT JOINT Y-COORDINATE (AT THE FRONT OF THE UNIT)
DRAWRAR HITCH X-COOKDINATE

DRAWBAR HITCH Y-COORDINATE

SUSPENSION HEAVE STIFFNESS

KK KK KKK AOK JOK KK KA KKK SOK KK KKK XK KKK KOO K KKK 0K
X REAR UNIT -- ROADWHEEL GEOMETRY X
KKK KKK KKK KK KKK A KKK AOK KKK KKK RO OKK KKK XK
X X~-COORDINATE Y-COORDINATE X

¥ OF WHEEL CENTRE OF WHEEL CENTRE %
X (CM) (Cm) X
X KRR X KKK KKACKKAKKKIKKKKKK K
X 34.84 56.58 X
X 86.28 S58.56 X
X 131.97 3€.50 X
X 177.84 38.58 X
AOKKCKOK KKK KKOKOKOICKOK KKK K XK K KKK OIOKROOKIOROK KR KK

COORDINATES ARE TO THE REAR AND DOWN, RESFECTIVELY.
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Table 4.2.7 (continued)

{(Expt.) SEFTERMRER 11, (5%8@ Fernie “pow RSF-1.00)

FROKKIORK KKK KKK K KKK K AOKKOKOK KOOI O ACKIOK K KKK KORIOK OO RO KKK K

X RELLY SHAFE ¥XSUFFORTING ROLLERS®X

TRACK LINK CONTACT AREA X

FOKAOK KKK IR HOKI0OKKOK K KKK KK KKK KK AR IO KOR KKK AOK KO KKOOK KK AOKICKKKOK K KKK ORIORKK KKK

¥ WIDTH: 61.6 CM xx RADIUS: 18.8 CM XX

INCRE- FERCENTAGEX

¥ XX X SINKAGE MENTAL CAUSING «x
¥ COORDINATES (CM) %% COORDINATES (CM) xx (Cr) AREA RUBBER X
X X 1 XX X Y X% FROM 70 (CMxx2) SHEARING X
X OKKKEX KEKKK KK OKKKKX XEKKK XK OKKKKX XEXKKXK KKIRKRK O X
x -28.6 -3.8 %x 128.8 2.8 xx .70 .08 76.809 108.96 X
X ~6.8 11.8  REKKRKRRRKKKKKKRIKKK KK .80 1.4@ 64.060 .8 *
X 260.9 11.8 x X 1.40 2.7 71.88 .2 X
FORKKIOKKKKKKKK KK KKK KK X 2.79 5.58 391.66 .8 X

AR K AOK AR KK KKK K AOK OO KO KKK KOKKORK K

TRACK FARAMETERS FOR THE REAR UNIT:
WEIGHT FER UNIT LENGTH
WIDTH
FITCH
HEIGHT OF THE GROUSERS
FERCENT RUERBER FOR COHESIVE SHEARING
LONGITUDINAL ELASTICITY CONSTANT TE

228 KN/M
62.8 Cm
7.1 Cm
9.5 Cm
13.9% %
{(FROM T=TEXE) 18916. KN

NOTE: COORDINATE ORIGIN IS AT THE CENTRE OF THE SFROCKET. FOSITIVE X- AND ¥-
COORDINATES ARE TO THE REAR AND DOWN, RESPECTIVELY.
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Fig. 4.2.1 Measured and predicted vehicle performance using NTVPM-85 on undisturbed snow
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Fig. 4.2.2 Measured and predicted vehicle performance using NTVPM-85 on undisturbed snow
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Fernie Snow - Fresh
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Fig. 4.2.3 Measured and predicted vehicle performance using NTVPM-85 on undisturbed snow




Table 4.2.8 Comparison of the Measured Vehicle Drawbar Pull with the Predicted

Ones for Undisturbed Snow (Using Equation: p = (k/b + k,) z")

Slip (%) Drawbar Pull (kN)
Measured Predicted
Mean Standard Using Using Using
Deviation |Rammsonde| Bevameter | Rammsonde
Bev:rrrlleter
20 11.93 5.06 11.74 16.09 13.68
30 16.92 2.99 13.96 18.01 15.96
40 17.82 2.92 15.62 19.39 17.54
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Fernie Snow - Fresh
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Fig. 4.2.4 Measured and predicted vehicle performance using NTVPM-85 on undisturbed snow
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Fig. 4.2.5 Measured and predicted vehicle performance using NTVPM-85 on undisturbed snow




Fernie Snow - Fresh
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Fig. 4.2.6 Measured and predicted vehicle performance using NTVPM-85 on undisturbed snow




Table 4.2.9 Comparison of the Measured Vehicle Drawbar Pull with the Predicted
Ones for Undisturbed Snow (Using Equation: p = k z7)

Slip (%) Drawbar Pull (kN)
Measured Predicted
Mean Standard Using Using Using
Deviation |Rammsonde| Bevameter | Rammsonde
Bev;)rI;eter
20 11.93 5.06 15.68 15.16 13.62
30 16.92 2.99 17.67 17.32 15.90
40 17.82 2.92 19.08 18.72 17.48
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Fig. 4.2.7 Measured and predicted vehicle performance at 20% slip on undisturbed snow
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Fig. 4.2.8 Measured and predicted vehicle performance at 30% slip on undisturbed snow
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comparison between the measured drawbar pull and the predicted ones, using pressure-
sinkage data obtained with the three devices, at slips of 20, 30 and 40%, respectively.
The terms (1 Coeff.) and 2 (Coeffs.) shown in the figures represent predictions obtained
using pressure-sinkage parameters n and k (Table 4.2.5) and n, k, and k, (Table 4.2.3),
respectively.

It can be seen from the figures and tables that on undisturbed snow there is, in
general, a reasonable agreement between the measured tractive performance and predicted
ones using NTVPM-85 with pressure-sinkage data obtained using the three devices. It
appears, however, that predictions based on pressure-sinkage data obtained using a single
sensing element with diameter of 10 cm and characterized by parameters n and k are less
sensitive to the type of device used (Rammsonde, bevameter or Rammsonde cone mounted
on bevameter assembly) than those obtained using two sensing elements with diameters

of 4 and 10 cm and characterized by parameters n, k. and k,.

To further substantiate the findings described above, additional comparative study
was performed. The comparative study was to examine the correlation of the predicted
vehicle performance based on the pressure-sinkage data obtained on a specific date with

the corresponding measured vehicle performance.

As shown in Figs. 4.1.2 - 4.1.7, measured data on vehicle performance over
undisturbed snow were available for February 8, 12, 13, 16, 20 and 21, 1990. Therefore,
the performance of the test vehicle was predicted using NTVPM-85 based on the pressure-
sinkage data obtained on these dates as shown in Table 4.2.1. The average values of the

shear strength parameters shown in Table 4.2.6 were used in the predictions.

Figures 4.2.10 - 4.2.22 show the correlations between the measured vehicle

performance, expressed in terms of the mean value + standard deviation of the drawbar

pull, an icted one using pressure-sinkage parameters, n, k. and k,, obtained with
P &P c ®

cu
o
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Fig. 4.2.10 Measured and predicted vehicle performance using NTVPM-85 on undisturbed snow
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Fig. 4.2.12 Measured and predicted vehicle performance using NTVPM-85 on undisturbed snow
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Fig. 4.2.13 Measured and predicted vehicle performance using NTVPM-85 on undisturbed snow




[ . . .

Fernie Snow 13/2/90

- Drawbar pull (kN)

20

15

10

L8

Measured Mean Value * Standard Deviation

——O— Predicted using Bevameter (D)

5 ! 1 I 1 \ |
0 10 20 30 40 50 60 70
Slip (%)

Fig. 4.2.14 Measured and predicted vehicle performance using NTVPM-85 on undisturbed snow
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[y
1 » "




68

Fernie Snow 16/2/90

Drawbar pull (kN)

25

20

15

10

Measured Mean Value * Standard Deviation

—&— Predicted using Rammsonde (D)

i | 1 1 1 1

Fig. 4.2.16 Measured and

20 30 40 50 60 70
Slip (%)

predicted vehicle performance using NTVPM-85 on undisturbed snow




Fernie Snow 20/2/90

50 Drawbar pull (kN)

25

20

15

06

10

5 Measured Mean Value * Standard Deviation
—-{— Predicted using Rammsonde (D)
0
-5 /\/ ] | 1 I ] 1
0 10 20 30 40 50 60 70
Slip (%)
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Fig. 4.2.18 Measured and predicted vehicle performance using NTVPM-85 on undisturbed snow
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Fig. 4.2.19 Measured and predicted vehicle performance using NTVPM-85 on undisturbed snow
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Fig. 4.2.20 Measured and predicted vehicle performance using NTVPM-85 on undisturbed snow
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various devices and shown in Table 4.2.1, for February 8, 12, 13, 16, 20 and 21, 1990.
Tables 4.2.10, 4.2.11 and 4.2.12 show comparisons between the measured and predicted

drawbar pulls for various dates at slips of 20, 30 and 40%, respectively. Figures 4.2.23 -

4.2.40 show comparisons between the measured drawbar pulls and predicted ones, using
pressure-sinkage parameters, n, k. and k,, obtained with various devices and shown in
Table 4.2.1, at slips of 20, 30 and 40% for February 8, 12, 13, 16, 20 and 21, 1990.

Figures 4.2.41 - 4.2.53 show the correlations between the measured vehicle
performance and the predicted one using pressure-sinkage parameters, n and k, obtained
with various devices and shown in Table 4.2.4, for February 8, 12, 13, 16, 20 and 21,
1990. Tables 4.2.13, 4.2.14 and 4.2.15 show comparisons between the measured and
predicted drawbar pulls for various dates at slips of 20, 30 and 40%, respectively. Figures
4.2.54 - 4.2.71 show comparisons between the measured drawbar pull and predicted one,
using pressure-sinkage parameters, n and k, obtained with various devices and shown in
Table 4.2.4, for February 8, 12, 13, 16, 20 and 21, 1990.

It can be seen from the figures and tables that in most cases, the predicted
performance lies within the range of the mean value * standard deviation of the measured
performance. Thus, the results of the comparative study further substantiate the findings
that on undisturbed snow, there is a reasonable correlation between the measured vehicle
performance and predicted one using NTVPM-85, with pressure-sinkage data obtained by
the Rammsonde, the bevameter and the Rammsonde cone mounted on the bevameter

assembly.
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Table 4.2.10 Comparison of Measured and Predicted Drawbar Pull at
20% Slip on Undisturbed Snow (Using Equation:
p = (kJb + k,) 2
Measured Predicted Predicted Predicted
Mean Value + Using Using Using
Date Standard Bevameter Rammsonde Rammsonde
Deviation Data Data on Bevameter
(kN) (kN) (kN) Data
(kN)
Feb. 8 16.10
11.54
+ 7.63
Feb. 12 14.86
13.09 13.45 13.44
+ 6.14
Feb. 13 19.31
16.87 16.50
+5.12
Feb. 16 16.05
14.77
+ 10.56
Feb. 20 15.34
12.49 13.92 12.73
+7.43
Feb. 21 16.26
13.17 12.77 11.71
+ 5.58
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Table 4.2.11 Comparison of Measured and Predicted Drawbar Pull at 30%
Slip on Undisturbed Snow (Using Equation: p = (k/b + k,) z")
Measured Predicted Predicted Predicted
Mean Value + Using Using Using
Date Standard Bevameter Rammsonde Rammsonde
Deviation Data Data on Bevameter
(kN) (kN) (kN) Data
(kN)
Feb. 8 18.60
13.73
+12.04
Feb. 12 17.33
15.40 15.66 15.67
+12.71
Feb. 13 21.00
18.43 18.29
+ 15.58
Feb. 16 18.43
16.91
+ 15.42
Feb. 20 19.61
14.64 16.06 14.96
+15.38
Feb. 21 17.67
15.30 14.90 13.82
+ 15.45
98
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Table 4.2.12 Comparison of Measured and Predicted Drawbar Pull at 40%
Slip on Undisturbed Snow (Using Equation: p = (k/b + k,) z")
Measured Predicted Predicted Predicted
Mean Value * Using Using Using
Date Standard Bevameter Rammsonde Rammsonde
Deviation Data Data on Bevameter
(kN) (kN) (kN) Data
(kN)
Feb. 8 17.58
15.29
+ 11.97
Feb. 12 19.99
16.96 17.27 17.28
+ 15.68
Feb. 13 21.52
19.57 19.44
+ 18.23
Feb. 16 19.82
18.33
+ 16.87
Feb. 20 22.40
16.19 17.56 16.43
+ 14.47
Feb. 21 17.91
16.85 16.46 15.34
+ 16.38
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Fig. 4.2.23 Measured and predicted vehicle performance at 20% slip on undisturbed snow
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Fig. 4.2.24 Measured and predicted vehicle performance at 30% slip on undisturbed snow
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Fig. 4.2.25 Measured and predicted vehicle performance at 40% slip on undisturbed snow
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Drawbar Pull (kN)

Fernie Snow 12/2/90
(at 20% slip with two coefficients)

R
NN \\ N
N

Il

measured

Mean Value
t Standard

Dewviation

Predicted Predicted Predicted

using using using Rammsonde
Bevameter Rammsonde on Bevameter
Data Data Data



Fernie Snow 12/2/90
(at 30% slip with two coefficients)

Drawbar Pull (kN)

15 b
b
o
-
5 oo
0 . :
measured Predicted Predicted Predicted
Mean Value using using using Rammsonde
t Standard Bevameter Rammsonde on Bevameter
Deviation Data Data Data

Fig. 4.2.27 Measured and predicted vehicle performance at 30% slip on undisturbed snow
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Fig. 4.2.28 Measured and predicted vehicle performance at 40% slip on undisturbed snow
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Fig. 4.2.29 Measured and predicted vehicle performance at 20% slip on undisturbed snow
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Fig. 4.2.30 Measured and predicted vehicle performance at 30% slip on undisturbed snow
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Fig. 4.2.31 Measured and predicted vehicle performance at 40% slip on undisturbed snow
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Fig. 4.2.32 Measured and predicted vehicle performance at 20% slip on undisturbed snow
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Fig. 4.2.33 Measured and predicted vehicle performance at 30% slip on undisturbed snow
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Fig. 4.2.34 Measured and predicted vehicle performance at 40% slip on undisturbed snow
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Fig. 4.2.35 Measured and predicted vehicle performance at 20% slip on undisturbed snow

- < * v . .
¢ v



Data

7

20/2/90

(at 30% slip with two coefficients)

Fernie Snow

Predicted
using Rammsonde
on Bevameter

using
Data

R L L A e
& dedidd/diiidds (i

Predicted
Rammsonde

Data

Predicted
using
Bevameter

Standard
Deviation

Drawbar Pull (kN)

Measured
Mean Value

*

20
15
10

113

Fig. 4.2.36 Measured and predicted vehicle performance at 30% slip on undisturbed snow
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Fig. 4.2.37 Measured and predicted vehicle performance at 40% slip on undisturbed snow
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Fig. 4.2.40 Measured and predicted vehicle performance at 40% slip on undisturbed snow
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Fig. 4.2.41 Measured and predicted vehicle performance using NTVPM-85 on undisturbed snow
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Fig. 4.2.42 Measured and predicted vehicle performance using NTVPM-85 on undisturbed snow
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Fig. 4.2.43 Measured and predicted vehicle performance using NTVPM-85 on undisturbed snow
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Fig. 4.2.44 Measured and predicted vehicle performance using NTVPM-85 on undisturbed snow
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Fig. 4.2.45 Measured and predicted vehicle performance using NTVPM-85 on undisturbed snow
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Fig. 4.2.46 Measured and predicted vehicle performance using NTVPM-85 on undisturbed snow
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Fig. 4.2.47 Measured and predicted vehicle performance using NTVPM-85 on undisturbed snow
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Fig. 4.2.48 Measured and predicted vehicle performance using NTVPM-85 on undisturbed snow
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Fig. 4.2.49 Measured and predicted vehicle performance using NTVPM-85 on undisturbed snow
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Fig. 4.2.50 Measured and predicted vehicle performance using NTVPM-85 on undisturbed snow
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Fig. 4.2.51 Measured and predicted vehicle performance using NTVPM-85 on undisturbed snow
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Fig. 4.2.52 Measured and predicted vehicle performance using NTVPM-85 on undisturbed snow
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Fig. 4.2.53 Measured and predicted vehicle performance using NTVPM-85 on undisturbed snow
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Table 4.2.13 Comparison of Measured and Predicted Drawbar Pull at 20%
Slip on Undisturbed Snow (Using Equation: p =k z")
Measured Predicted Predicted Predicted
Mean Value * Using Using Using
Date Standard Bevameter Rammsonde Rammsonde
Deviation Data Data on Bevameter
(kN) (kN) (kN) Data
(kN)
Feb. 8 16.10
11.39
+ 7.63
Feb. 12 14.86
14.06 14.73 12.77
+ 6.14
Feb. 13 19.31
18.06 18.4 16.43
+5.12
Feb. 16 16.05
15.09
+ 10.56
Feb. 20 15.34 ,
11.06 14.23 12.32
+7.43
Feb. 21 16.26
12.61 13.34 11.86
+ 5.58
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Table 4.2.14 Comparison of Measured and Predicted Drawbar Pull at 30%
Slip on Undisturbed Snow (Using Equation: p =k z")
Measured Predicted Predicted Predicted
Mean Value + Using Using Using
Date Standard Bevameter Rammsonde Rammsonde
Deviation Data Data on Bevameter
(kN) (kN) (kN) Data
(kN)
Feb. 8 18.60
13.66
+ 12.04
Feb. 12 17.33
16.35 16.69 15.05
+ 12.71
Feb. 13 21.00
19.65 19.95 18.39
+ 15.58
Feb. 16 18.43
17.20
+ 1542
Feb. 20 19.61 ‘
13.19 16.32 14.50
+ 15.38
Feb. 21 17.67
14.75 15.47 14.03
+ 15.45
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Table 4.2.15 Comparison of Measured and Predicted Drawbar Pull at 40%
Slip on Undisturbed Snow (Using Equation: p = k z")
Measured Predicted Predicted Predicted
Mean Value + Using Using Using
Date Standard Bevameter Rammsonde Rammsonde
Deviation Data Data on Bevameter
(kN) (kN) (kN) Data
(kN)
Feb. 8 17.58
15.19
+11.97
Feb. 12 19.99
17.87 18.17 16.62
+ 15.68
Feb. 13 21.52 _
20.69 20.77 19.41
+ 18.23
Feb. 16 19.82
18.57
+ 16.87
Feb. 20 22.40
14.71 17.81 16.07
+ 14.47
Feb. 21 17.91
16.31 17.02 15.58
+ 16.38
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Fig. 4.2.54 Measured and predicted vehicle performance at 20% slip on undisturbed snow
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Fig. 4.2.55 Measured and predicted vehicle performance at 30% slip on undisturbed snow
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Fig. 4.2.56 Measured and predicted vehicle performance at 40% slip on undisturbed snow
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Fig. 4.2.57 Measured and predicted vehicle performance at 20% slip on undisturbed snow
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Fig. 4.2.58 Measured and predicted vehicle performance at 30% slip on undisturbed snow
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Fig. 4.2.59 Measured and predicted vehicle performance at 40% slip on undisturbed snow
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Fig. 4.2.60 Measured and predicted vehicle performance at 20% slip on undisturbed snow
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Fig. 4.2.61 Measured and predicted vehicle performance at 30% slip on undisturbed snow
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Fig. 4.2.62 Measured and predicted vehicle performance at 40% slip on undisturbed snow
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Fig. 4.2.63 Measured and predicted vehicle performance at 20% slip on undisturbed snow
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Fig. 4.2.64 Measured and predicted vehicle performance at 30% slip on undisturbed snow
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Fig. 4.2.65 Measured and predicted vehicle performance at 40% slip on undisturbed snow
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Fig. 4.2.66 Measured and predicted vehicle performance at 20% slip on undisturbed snow
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Fig. 4.2.68 Measured and predicted vehicle performance at 40% slip on undisturbed snow
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Fig. 4.2.69 Measured and predicted vehicle performance at 20% slip on undisturbed snow
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Fig. 4.2.70 Measured and predicted vehicle performance at 30% slip on undisturbed snow
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4.3 Correlation of the Measured and Predicted Vehicle Performance on

Preconditioned Snow

The preconditioned snow covers were those that had been compacted by a single
passage of the test vehicle prior to measurements. The measurement and characterization
of the properties of the preconditioned snow were described in detail in two previous
reports (Wong, 1990a and b).

Similar to the situation for undisturbed snow, the basic correlation study of the
measured and predicted performance of the test vehicle over preconditioned snow was
performed based on the average snow conditions and the average measured vehicle
performance over the test period. As mentioned previously, this is because the amount
of terrain and vehicle test data collected is rather limited. Not all the relevant terrain data
and the corresponding vehicle test results are available for a particular date. Furthermore,
on a given date, the measurements of terrain properties and vehicle performance were not
carried out at the same time. For instance, owing to the limitations of equipment and
manpower available, on February 15, 1990 vehicle performance testing was carried out
in the morning between 9:09 to 10:04 a.m., while the measurement of the shear strength
of the preconditioned snow cover was taken in the afternoon between 4:13 to 4:49 p.m.
The terrain conditions under which the vehicle performance was measured may, therefore,
differ noticeably from those when the pressure-sinkage and shear strength data were taken,
because of the possible aging effect on the properties of the preconditioned snow and
changing atmospheric conditions during the day. As a result, it would not be meaningful
to examine the correlation between the measured and predicted performance of the test

vehicle for individual cases on specific dates.

Table 4.3.1 shows the pressure-sinkage parameters, n, k_ and k,,, for preconditioned

snow derived from data obtained using various devices with sensing elements of diameters
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Table 4.3.1 Pressure-Sinkage Parameters for Preconditioned Snow (Using Equation
p = (kJb + k,) 2"
Rammsonde
Bevameter Rammsonde Cone
Cone on
Bevameter
Date Diameter, cm 4 10 4 10 4 10
Fitting Range, cm 0-45&0-5 0-12
Feb. n .93 .98
14 k. , kN/m®™*" 70.66 -19.06
k, , kKN/m®™? 1927.7 2546.2
Fitting Range, cm 0-4 0-10 0-6
Feb. n, 1.00 .93 .90
15 k. , kKN/m™? 86.14 11.42 -23.61
k, , kKN/m*™? 1632.2 2330.3 2297.5
Fitting Range, cm 0-4&0-35 0-10 0-14
Feb. n, .94 .99 98
16 k, , kKN/m®™*D 4.05 56.73 13.76
k, , kN/m™? 3555.0 1445.5 1198.9
Fitting Range, cm 0-6 0-85 0-6
Feb. n, .98 79 1.01
19 k. , kN/m™? 29.70 -3.10 -1.87
k, , kKN/m®™? 1585.2 1383.1 1889.4
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of 4 and 10 cm on different dates (Wong, 1990a). To determine the average conditions
for the preconditioned snow over the test period, all the pressure-sinkage data obtained
using the same device were combined and the Bekker pressure-sinkage equation (Wong,
1990a) was fitted to the combined data. The average values of the pressure-sinkage
parameters, n, k_ and k,, derived from the combined data obtained using the three devices,
with 4 and 10 cm diameter sensing elements (cones of plates), in preconditioned snow are
shown in Table 4.3.2.

Table 4.3.2 Average Pressure-Sinkage Parameters, n, k. and k,,
for Preconditioned Snow

Measuring Device
Pressure- Rammsonde Cone
Sinkage Rammsonde Bevameter on
Parameters Bevameter
n 0.772 0.708 1.020
k. (kKN/m™") 3.74 17.98 14.27
k, (KN/m™?) 1371.70 927.80 1401.10

Table 4.3.3 shows the pressure-sinkage parameters, n and k, for preconditioned
snow derived from data obtained using the three devices with sensing element of 10 cm
in diameter on different dates (Wong 1990a). Similar to the situation for undisturbed
snow described previously, the simplified Bekker equation containing only two parameters,
n and k, was also fitted to the combined pressure-sinkage data obtained using the three
devices with 10 cm diameter sensing element (cone or plate). The average values of n
and k derived from the combined data for preconditioned snow over the test period are
given in Table 4.3.4,
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Table 4.3.3 Pressure-Sinkage Parameters for Preconditioned Snow (Using Equation:

p=kz)
Bevameter Rammsonde Rammsonde
Cone Cone
on
Bevameter

Date |Diameter 4 10 4 10 4 10
Feb. |Fitting Range,cm| 0-53 | 0-3 | 0-12 | 0-12
14 n, .98 98 .99 0.97

k , kPa/m" 6592.9 | 5241.5| 1645.2 | 2103.8
Feb. |Fitting Range, cm| 0-64|0-99/0-105} 0-9 {0-127|0-7.5
15 n, 97 .66 .89 97 97 .93

k , kPa/m” 5644.6 | 1164.0| 2364.5 | 2976.5 | 1927.7 | 1787.1
Feb. |Fitting Range, cm| 0-58 {0-39| 0-10 | 0-10|0-148}0-11.5
16 n, .82 1.01 1.06 .93 97 .86

k , kPa/m" 2907.5 | 4463.2| 5084.7 | 2168.5| 1673.8 | 1118.2
Feb. |Fitting Range,cm| 0-6 | 0-6 | 0-85(0-85(0-74)0-10
19 n, 92 1.04 .60 .98 .99 1.01

k , kPa/m" 2548.9 |2622.9| 719.22 {23133 | 1633.1 | 17243
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Table 4.3.4 Average Pressure-Sinkage Parameters, n and k, for Preconditioned Snow

Measuring Device
Pressure- Rammsonde Cone
Sinkage Rammsonde Bevameter on
Parameters Bevameter
n 0.609 0.311 0.663
k (kPa/m") 927.18 319.66 647.39

The shear strength data on preconditioned snow obtained on February 14, 15, 16
and 19, 1990 are given in Table 4.3.5. The average values of the shear strength
parameters ¢ and ¢ for preconditioned snow, derived from the combined shear data

obtained using the bevameter shear device, over the test period are shown in Table 4.3.6.

Table 4.3.6 Average Shear Strength Parameters ¢, ¢ and K,
for Preconditioned Snow
Shear Strength Internal Rubber-Snow
Parameters Shearing Shearing
¢ (kPa) 0.32 0.02
¢ (degrees) 294 12.0
K (m) 2.50 0.39

Using the average terrain parameters shown in Tables 4.3.2 and 4.3.6, the tractive
performance of the test vehicle, BV 206, over preconditioned snow was predicted using
NTVPM-85. It should be noted that data on the response of the preconditioned snow to
repetitive normal load and on the shear deformation modulus were also required as input.
However, these data were not available. Similar to the situation for undisturbed snow
described in Sections 4.2, estimated values were used in the simulations. The estimated

value of 33,333 kPa/m’ for coefficient A, characterizing the response of preconditioned
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Table 4.3.5 Shear Strength Parameters for Preconditioned Snow Obtained Using
a Bevameter

Date Internal Rubber-Snow
Shearing Shearing

Feb. 14 ¢, kPa 1.16 0

¢, deg. 28.00 10.73
Feb. 15 c, kPa 0 0

¢, deg. 30.68 9.30
Feb. 16 c, kPa 0.10 0.07

9, deg. 27.67 11.24
Feb. 19 ¢, kPa 0 0

¢, deg. 31.28 16.62
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snow to repetitive normal load was used. The estimated values of the shear deformation
module K shown in Table 4.3.6, based on data for similar terrain stored in our data bank,
were used as input to the simulation model. Sample output from the simulation model
NTVPM-8S is given in Appendix B.

Figures 4.3.1 - 4.3.3 show the relationships between drawbar pull and slip for the
test vehicle over preconditioned snow predicted using NTVPM-85, with pressure-sinkage
data shown in Table 4.3.2 obtained by the Rammsonde, the bevameter and the
Rammsonde cone mounted on the bevameter assembly, respectively. The pressure-sinkage
parameters were derived from data obtained using sensing elements with diameters of 4
and 10 cm. The shear strength parameters used in the predictions were those shown in
Table 4.3.6. In the figures, the measured drawbar pull at various slips of the test vehicle,
expressed in terms of the mean value + standard deviation derived from the experimental
data shown in Figs. 4.1.8 -4.1.10, is also presented. It can be seen that in general the
predicted performance, based on pressure-sinkage data obtained using the three devices,
lies within the limits defined by the mean value * standard deviation of the measured
performance, with the exception when the slip is higher than about 50% in some cases.

Table 4.3.7 shows a comparison of the measured and predicted drawbar pull at slips of
20, 30 and 40%.

Figures 4.3.4 - 4.3.6 show the relationships between drawbar pull and slip for the
test vehicle over preconditions snow predicted using NTVPM-85, with pressure-sinkage
data shown in Table 4.3.4 obtained by the three devices. The pressure-sinkage parameters
were derived from data obtained using sensing elements with diameter of 10 cm. The
shear strength parameters used in the predictions were the same as those shown in Table
4.3.6. In the figures, the measured drawbar pull at various slips of the test vehicle,
expressed in terms of the mean value + standard deviation derived from the experimental
data shown in Figs. 4.1.8 - 4.1.10, is also presented. It can be seen that again there is a

reasonable correlation between the measured performance and the predicted one using
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Table 4.3.7 Comparison of the Measured Vehicle Drawbar Pull with the
Predicted Ones for Preconditioned Snow (Using Equation:

p = (k/b +Kk,) z")

Slip (%) Drawbar Pull (kN)
Measured Predicted
Mean Standard Using Using Using
Deviation |{Rammsonde| Bevameter | Rammsonde
Bev::rlleter
20 10.13 7.83 14.34 14.26 16.34
30 18.03 2.46 15.27 15.17 17.11
40 18.46 2.48 15.84 15.72 17.67
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NTVPM-85. Table 4.3.8 shows a comparison between the measured and predicted
drawbar pull at slips of 20, 30 and 40%.

Figures 4.3.7 - 4.3.9 show a comparison between the measured drawbar pull and
the predicted one, using pressure-sinkage data obtained with the three devices at slips of
20, 30 and 40%. It can be seen from the figures and tables that over preconditioned snow
there is a reasonable agreement between the measured tractive performance and predicted
one using NTVPM-85, with pressure-sinkage data obtained with the three devices. In
contrast with the situation on undisturbed snow described in the previous section, it
appears that predictions based on pressure-sinkage parameters, n, k. and k,, derived from
data obtained using sensing elements with diameters of 4 and 10 cm do not differ
significantly from those based on pressure-sinkage parameters, n and k, derived from data
obtained using a single sensing element with diameter of 10 cm for the same type of
device. This indicates that for practical purposes, it would be adequate to use a single
sensing element (cone or plate) with diameter of 10 cm to obtain pressure-sinkage data
as input to NTVPM-85 for predicting tracked vehicle performance over preconditioned

Snow.
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Table 4.3.8 Comparison of the Measured Vehicle Drawbar Pull with the Predicted

Ones for Preconditioned Snow (Using Equation: p = k z")

Slip (%) Drawbar Pull (kN)
Measured Predicted
Mean Standard Using Using Using
Deviation |Rammsonde| Bevameter | Rammsonde
on
Bevameter
20 10.13 7.83 13.82 13.62 15.73
30 18.03 4.46 14.78 14.65 16.67
40 18.46 2.48 15.41 15.40 17.33
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3. CORRELATION STUDY OF THE MEASURED AND PREDICTED
VEHICLE PERFORMANCE USING NTVPM-86

As mentioned in Chapter 3, the Nepean Tracked Vehicle Performance Model
NTVPM currently has two versions, NTVPM-85 and NTVPM-86. In comparison with
NTVPM-85, NTVPM-86 has a number of additional features. For instance, the
characteristics of the independent suspension of the roadwheels are fully taken into
account. The non-linear tension-elongation characteristics of the track link can also be

accommodated. Furthermore, the algorithms of NTVPM-86 have been greatly improved.

To compare the predictive capabilities of the two versions of NTVPM, the
performance of the test vehicle, BV 206, over the undisturbed and preconditioned snow
in Fernie, British Columbia was predicted using NTVPM-86. In the predictions, the
average values of the pressure-sinkage and shear strength parameters for the two types of

snow were used.

5.1 Correlation of the Measured and Predicted Vehicle Performance

on Undisturbed Snow

Using the average values of the pressure-sinkage parameters of n, k. and k, shown
in Table 4.2.3 and the average shear strength parameters, c, ¢ and K shown in Table 4.2.6,
the performance of the test vehicle over undisturbed snow was predicted using NTVPM-
86. The parameters of the test vehicle used as input to NTVPM-86 are given in Table
5.1.1.

Figures 5.1.1 - 5.1.3 show the relationships between the drawbar pull and slip for
the test vehicle over undisturbed snow predicted using NTVPM-86 with the pressure-

171




Table 5.1.1

Vehicle input parameters for NTVPM-86

FREDICTION OF TRACKED VEHICLE PERFORMANCE
(MODEL.:
VEHICLE SYSTEMS DEVELOFMENT CORPORATION

NTVFM-86)

NEFEAN, ONTARIO, CANADA
January 9, 1991
VEHICLE TYFE (Expt.)
VEHICLE PARAMETERS FOR THE FRONT UNIT:
SPRUNG WEIGHT 2T.56 KN
UNSFRUNG WEIGHT 4,50 KN
SPRUNG WEIGHT CENTRE OF GRAVITY X-COORDINATE 134.00 CM
SPRUNG WEIGHT CENTRE OF GRAVITY Y-COORDINATE -20.97 CM
INITIAL TRACK TENSION 3.93 KN
DOUEBLE FIVOT JOINT X-COORDINATE (AT THE REAR OF THE UNIT) 273.00 CHM
DOUBLE PIVOT JOINT Y—-COORDINATE (AT THE REAR OF THE UNIT) T.00 CM
LENGTH OF THE INTERCONNECTING LINK 76.00 CM
LEADING PIVOT IS UNRESTRICTED
TRAILING PIVOT 1S UNRESTRICTED
FIXED WHEELS
WHEEL RADIUS X—-COORDINATE Y-COORDINATE NOTES
OF WHEEL CENTRE OF WHEEL CENTRE
(CM) (CM) (cM)
19.00 . 00 .00 SFPROCKET

TORSION BAR SUSFENSION WHEELS
TORSION ARM PIVOTS TORSION ARM ANGLES
(+ IS CW FROM HORIZONTAL)
WHEEL X-COORD. Y-COORD. TORSION TORSION NOTES
RADIUS (+ IS TO (+ 18 BAR REEBOUND FREE JOUNCE ARM
THE REAR) DOWN) STIFFNESS LIMIT POSITION LIMIT LENGTH
(CM) (CM) (CM) (KN-M/DEG) (DEG) (DEG) (DEG) (CM)
19.00 28.00 7.00 0530 89.00 76.00 15.00 25.00 T
19.00 68. 00 20.00 . 0530 89.00 43.00 -15.00 25.00 T
19.00 111.00 20.00 . 053 89.00 43.00 -15.00 25.00 T
19.00 155.00 20.00 . 0530 89.00 43.00 -15.00 25.00 T
19.00 214.00 20.00 . 0830 17.00 17.00 -20.00 20.00 T
NOTE: T = TRAILING ARM

NOTE: COORDINATE ORIGIN IS AT THE CENTRE OF THE SPROCKET. FOSITIVE X— AND Y-
COORDINATES ARE TO THE REAR AND DOWN,
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Table 5.1.1 (continued)

(Expt.) January 9, 1991 Fernie Snow (RSC-2)
BELLY SHAFE SUFPFORTING ROLLERS TRACK LINE CONTACT AREA

WIDTH: 61.0 CM RADIUS: 10.0 CM INCRE- PERCENTAGE
SINKAGE MENTAL CAUSING

COORDINATES (CM) COORDINATES (CM) (CM) AREA EXTERANL

X Y X Y FROM TO (CMX%x2) SHEARING
3 —-20.0 ~-3.0 128.0 2.0 .00 . 00 76.00 100.0
-6.0 11.0 . Q0 1.40 64,00 .0
260.0 11.0 J 1.40 2.70 71.00 L0
2.70 5,80 I51.00 L0

" TRACK PARAMETERS FOR THE FRONT UNIT:

WEIGHT FER UNIT LENGTH L IE0OEN/M
WIDTH 62,0 ChM
FITCH 9.1 CM
HEIGHT OF THE GROUSERS 3.3 CM
THICKNESS .0 CM
FERCENT EXTERNAL SHEAR AREA FOR COHESIVE SHEARING 1Z2.5 %
LONGITUDINAL ELASTICITY CONSTANT TE (FROM T=TEXE) 10210, EN

TR COORDINATE ORIGIN IS AT THE COMTRE OF THE SFROCHET. FORTITTIWVE - AND Y-
COOFLTMATES ARE 7O THOC REAR SGND DOWN, RETSFECTIWVI v,
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Table 5.1.1 (continued)

(Expt.) January 2. 1991 Fernie Snow

VEHICLE FARAMETERS FOR THE REAR UNIT:

SFRUNG WEIGHT 13,45
UNSPRUNG WETGHT 4.50
SFRUNG WEIGHT CENTRE OF GRAVITY X-COORDINATE 108,006
SFRUNG WEIGHT CENTRE OF GRAVITY Y-COORDINATE -7.2%
INITIAL TRACE TENSION 4,69
DOUELE FIVOT JOINT X—-COORDINATE (AT THE FRONT OF THE UNIT) -29.00
DOUELE PIVOT JOINT Y-COORDINATE (AT THE FRONT OF THE UNIT) .00
DRAWEBAR HITCH X-COORDINATE 265,00
DRAWEBAR HITCH Y~-COORDINATE -2.00

FIXED WHEELS

WHEEL RADIUS X~COORDINATE Y-COORDINATE NOTES
OF WHEEL CENTRE OF WHEEL CENTRE
(CM) (CM) (CM)
192.00 .00 - Q0 SFROCKET

FN
EN
CH
CMm
FN
cHM
CcM
CM
cM

TORSION BAR SUSFENSION WHEELS

TORSION ARM ANGLES
(+ IS CW FROM HORIZONTAL)

TORSION ARM FIVOTS

WHEEL X-COORD. VY-COORD. TORSION

TORSION NOTES

RADIUS ¢+ IS TO (+ IS BRAR REROUND FREE JOUNCE ARM
THE REAR) DOWN) STIFFNESS LIMIT FOSITION LIMIT LENGTH

(C™M) (CM) {CM) (EN-M/DEB) (DEG) (DEG) (DEG) (C™m)
19,00 ' 28. 00 7 .00 L0530 89. 00 7600 15. 00 25.00 T
19.00 68. 00 20.00 L O3Z0 89.00 475,00 -15.00 29.0Q0 T
19.00  111.00 Z20.00 L0830 89. 00 I2.00 -15.00 25.00 T
19.00 135,00 20,006 LQDT0 89. 00 24,00 -15.00 29.00G T
19.00 214,00 20,00 LOS3Z0 17.00 8.00 ~20.00 20,00 T

NOTE : T = TRAILING ARM

NOTE: COORDINATE ORIGIN IS AT THE CENTRE OF THE <rrOCHET. FOSITIVE x- AND ¥ -

COORDINATES ARE TO THE REAR AND DOWN., RESFECTIVEL Y.
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Table 5.1.1 (continued)

(Expt.) January 9. 1991 Fernie Snow (RSC-2)
BELLY SHAFE SUFFORTING ROLLERS TRACE LINE CONTACT AREA
WIDTH: 61.0 CM RADIUS: 10.0 CM INCRE—- FERCENTAGE
SINEAGE MENTAL CAUSING
COORDINATES (CM) COORDINATES (CM) (CM AREA EXTERANL
X Y X Y FROM TO (CMXxXx2) SHEARING
-20.0 -3.0 128.0 2.0 .00 L 00 76.00 100,0
-6, 0 11.0 .00 1.40 64,00 L0
260.0 11.0 1.40 2.70 71.00 L0
2.70 5.50 T51.00 e
TRACKE FARAMETERS FOR THE REAR UNIT:
WEIGHT FER UNIT LENGTH LTI0OEN/M
WIDTH 62.0 CHM
FITCH 2.1 CHM
HEIGHT OF THE GROUSERS 5.9 CH
THICKNESS .0 CM
FERCENT EXTERNAL SHEAR AREA FOR COHESIVE SHEARING 17.5 %
LONGITUDINAL ELASTICITY CONSTANT TE (FROM T=TEXE? 10910, KN

T COORDINATE ORIGIN IS AT THE CENTRE OF THE SFROCKET.
COCRDINATES ARE TGO THU FEAR AND DJIWH. FESFICTIVELY.
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Fernie Snow — Fresh
(Rammsonde—Double)

Drawbar pull (kN)

25

9Lt

-5 [ | | L I !
0 10 20 30 40 50 60 70
Slip (%)
—— Mean + Std. Dev. —¥— Mean — Std. Dev.
—B— Predicted (NTVPM—-85) —— Predicted (NTVPM-86)

Fig. 5.1.1 Comparison of predictions by NTVPM-85 and NTVPM-86 on undisturbed snow




Fernie Snow — Fresh
(Bevameter—Double)

Drawbar pull (kN)
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Slip (%)
—+— Mean + Std. Dev. —¥— Mean — Std. Dev.
—8— Predicted (NTVPM-85) —%— Predicted (NTVPM—86)

Fig. 5.1.2 Comparison of predictions by NTVPM-85 and NTVPM-86 on undisturbed snow




Fernie Snow — Fresh
(Rammsonde on Bevameter — Double)

Drawbar pull (kN)

25

8LI
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Slip (%)
—+— Mean + Std. Dev. —*%— Mean - Std. Dev.
—&— Predicted (NTVPM-85) — Predicted (NTVPM-86)

Fig. 5.1.3 Comparison of predictions by NTVPM-85 and NTVPM-86 on undisturbed snow
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sinkage data obtained by the Rammsonde, the bevameter and the Rammsonde cone
mounted on the bevameter assembly, respectively. In the figures, the performance
predicted using NTVPM-85 and the measured one are also shown. Figures 5.1.4 - 5.1.6
and Table 5.1.2 show a comparison of the measured and predicted drawbar pull using
NTVPM-85 and NTVPM-86 at slips of 20, 30 and 40%.

Figures 5.1.7 and 5.1.9 show the relationships between the drawbar pull and slip
for the test vehicle over undisturbed snow predicted by NTVPM-86 using the average
values of the pressure-sinkage parameters of n and k shown in Table 4.2.5 and shear
strength parameters ¢, ¢ and K shown in Table 4.2.6. In the figures, the performance
predicted using NTVPM-85 and the measured one are also shown. Figures 5.1.10-5.1.12
and Table 5.1.3 show a comparison of the measured and predicted drawbar pulls using
NTVPM-85 and NTVPM-86 at slips of 20, 30 and 40%. Sample output from the
simulation model NTVPM-86 is given in Appendix C.

It can be seen from the figures and tables that on undisturbed snow, NTVPM-86
provides improved predictions of the performance of the test vehicle in most cases, in
comparison with NTVPM-85. For instance, from Table 5.1.3, it can be seen that using
the Rammsonde data as input, the average error in the prediction of drawbar pull at slips
of 20, 30 and 40%,with respect to the corresponding measured mean values, is 7.82%
using NTVPM-86, as against 14.28% using NTVPM-85. Using the bevameter pressure-
sinkage data as input, the average error in the prediction of drawbar pull at slips of 20,
30 and 40%, with respect to the corresponding measured mean values, is 8.2% using
NTVPM-86, as against 11.37% using NTVPM-85. This is primarily due to the fact that
NTVPM-86 provides a significant improvement in the modelling of the suspension system.
Over undisturbed snow, the sinkage of the roadwheels was considerable. Therefore, better
modelling of the vehicle suspension led to noticeable improvements in the prediction of
the interacting forces on the track terrain interface, hence more realistic prediction of

tractive performance.
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Drawbar Pull
(Fernie Fresh Snow, 20 % Slip)

Using Two Cosefficlents
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Fig. 5.1.4 Comparison of predicted vehicle performance by NTVPM-85 and NTVPM-86
at 20% slip on undisturbed snow
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Using Two Coefficients

Drawbar Pull
(Fernie Fresh Snow, 30 % Slip)
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Drawbar Pull
(Fernie Fresh Snow, 40 % Slip)

Drawbar Pull (kN) Using Two Coefficlents
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Mean Predicted Predicted Predicted
+ Standard Using Using using
Deviation Rammsonde Bevameter Rammsonde on Bevameter

Fig. 5.1.6 Comparison of predicted vehicle performance by NTVPM-85 and NTVPM-86
at 40% on undisturbed snow
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Table 5.1.2 Comparison of the Measured Vehicle Drawbar Pull with the Predicted

Ones for Undisturbed Snow (Using Equation: p = (k /b + k,) z")

' Drawbar Pull (kN)
Measured Predicted
I Slip Standard Using Using Using
Mean Rammsonde Bevameter Rammsonde
l (%) Deviation on Bevameter
NTVPM [NTVPM |[NTVPM |[NTVPM |[NTVPM |[NTVPM-
-85 -86 -85 -86 -85 86
l 20 11.93 5.06 11.74 11.65 16.09 14.00 13.68 12.67
| 30 16.92 2.99 13.96 13.80 18.01 16.23 15.96 14.85
40 17.82 2.92 15.62 15.29 19.39 17.71 17.54 16.32
1|
1
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Fernie Snow — Fresh
(Rammsonde—Single)

Drawbar pull (kN)
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—8— Predicted (NTVPM—85) —>— Predicted (NTVPM-86)

Fig. 5.1.7 Comparison of predictions by NTVPM-85 and NTVPM-86 on undisturbed snow
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Fernie Snow — Fresh
(Bevameter—Single)

Drawbar pull (kN)
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Fig. 5.1.8 Comparison of predictions by NTVPM-85 and NTVPM-86 on undisturbed snow




Fernie Snow — Fresh
(Rammsonde on Bevameter — Single)

Drawbar pull (kN)
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Fig. 5.1.9 Comparison of predictions by NTVPM-85 and NTVPM-86 on undisturbed snow
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Drawbar Pull
(Fernie Fresh Snow, 30 % Slip)

using One Coefficient

Drawbar Pull (kN)
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Fig. 5.1.11 Comparison of predicted vehicle performance by NTVPM-85 and NTVPM-86

at 30% slip on undisturbed snow
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Drawbar Pull
(Fernie Fresh Snow, 40 % Slip)

Using One Cosefficlent

Drawbar Pull (kN)
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Fig. 5.1.12 Comparison of predicted vehicle performance b
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Table 5.1.3 Comparison of the Measured Vehicle Drawbar Pull with the Predicted
Ones for Undisturbed Snow (Using Equation: p =k z°)

Drawbar Pull (kN)
Measured Predicted
Slip Standard Using Using Using
Mean Rammsonde Bevameter Rammsonde
(%) Deviation on Bevameter
NTVPM |NTVPM [NTVPM |NTVPM |[NTVPM |[NTVPM-
-85 -86 -85 -86 -85 86
20 | 11.93 5.06 15.68 13.71 15.16 13.33 13.62 12.63
30 16.92 2.99 17.67 15.90 17.32 15.51 15.90 14.81
40 | 17.82 2.92 19.08 17.37 18.72 17.01 17.48 16.29
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5.2 Correlation of the Measured and Predicted Vehicle Performance

on Preconditioned Snow

Using the average values of the pressure-sinkage parameters of n, k. and k, shown
in Table 4.3.2 and average shear strength parameters, ¢, ¢ and K shown in Table 4.3.6,
the performance of the test vehicle over preconditioned snow was predicted using
NTVPM-86. Figures 5.2.1 - 5.2.3 show the relationships between the drawbar pull and
slip for the test vehicle over preconditioned snow predicted using NTVPM-86 with the
pressure-sinkage data obtained using the three devices. In the figures, the performance
predicted using NTVPM-85 and the measured one are also shown. Figures 5.2.4 - 5.2.6
and Table 5.2.1 show a comparison of the measured and predicted drawbar pull using
NTVPM-85 and NTVPM-86 at slips of 20, 30 and 40%.

Figures 5.2.7 - 5.2.9 show the relationships between the drawbar pull and slip for
the test vehicle over preconditioned snow predicted by NTVPM-86 using the average
values of the pressure-sinkage parameters of n and k shown in Table 4.3.4 and average
shear strength parameters, ¢, ¢ and K shown in Table 4.3.6. In the figures, the
performance predicted using NTVPM-85 and the measured one are also shown. Figures
5.2.10-5.2.12 and Table 5.2.2 show a comparison of the measured and predicted drawbar
pulls using NTVPM-85 and NTVPM-86 at slips of 20, 30 and 40%. Sample output from
the simulation model NTVPM-86 is given in Appendix D.

It can be seen from the figures and tables that over preconditioned snow while
NTVPM-86 provides slightly better predictions than NTVPM-8S5, the difference in
predictions made by the two versions of the simulation model is not very significant, in
contrast with the situation over undisturbed snow. This is because after being compacted
by a vehicle prior to testing, the preconditioned snow was firmer than the undisturbed

snow. As a result, the sinkage of the vehicle was noticeably lower over preconditioned
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Fernie Snow — Preconditioned
(Rammsonde—Double)

Drawbar pull (kN)
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Fig. 5.2.1 Comparison of predictions by NTVPM-85 and NTVPM-86 on preconditioned snow
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Fernie Snow — Preconditioned
(Bevameter—Double)

Drawbar pull (kN)
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Fig. 5.2.2 Comparison of predictions by NTVPM-85 and NTVPM-86 on preconditioned snow




Fernie Snow — Preconditioned
(Rammsonde on Bevameter — Double)

Drawbar pull (kN)
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Fig. 5.2.3 Comparison of predictions by NTVPM-85 and NTVPM-86 on preconditioned snow
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Fig. 5.2.4 Comparison of predicted vehicle performance by NTVPM-85 and NTVPM-86
: at 20% slip on preconditioned snow




Drawbar Pull
(Fernie Precoditioned Snow, 30 % Slip)
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Fig. 5.2.5 Comparison of predicted vehicle performance by NTVPM-85 and NTVPM-86
at 30% slip on preconditioned snow

. s




«
. . N

Drawbar Pull
(Fernie Precoditioned Snow, 40 % Slip)

Using Two Coefficlients
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Fig. 5.2.6 Comparison of predicted vehicle performance by NTVPM-85 and NTVPM-86
at 40% slip on preconditioned snow




Table 5.2.1 Comparison of the Measured Vehicle Drawbar Pull with the Predicted
Ones for Preconditioned Snow (Using Equation: p = (k /b + k,) z")

Drawbar Pull (kN)

Measured Predicted
Slip Standard Using Using Using i
Mean Rammsonde Bevameter Rammsonde |
(%) Deviation on Bevameter
NTVPM |INTVPM |NTVPM |INTVPM |NTVPM |NTVPM-
-85 -86 -85 -86 -85 86

20 | 10.13 7.83 1434 | 14.85 1426 | 1471 16.34 16.86
30 | 18.03 4.46 15.27 15.84 | 15.17 | 1572 | 17.11 17.73
40 | 18.46 2.48 15.84 | 1642 | 1572 | 1632 | 17.67 18.25
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Fernie Snow — Preconditioned
(Rammsonde—Single)

Drawbar pull (kN)
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Fig. 5.2.7 Comparison of predictions by NTVPM-85 and NTVPM-86 on preconditioned snow




Fernie Snow — Preconditioned
(Bevameter—Single)

. Drawbar pull (kN)
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Fig. 5.2.8 Comparison of predictions by NTVPM-85 and NTVPM-86 on preconditioned snow
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Fernie Snow — Preconditioned
(Rammsonde on Bevameter — Single)

Drawbar pull (kN)
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Fig. 5.2.9 Comparison of predictions by NTVPM-85 and NTVPM-86 on preconditioned snow
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Drawbar Pull
(Fernie Precoditioned Snow, 30 % Slip)

Using One Coefficient

Drawbar Pull (kN)
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Fig. 5.2.11 Comparison of predicted vehicle performance by NTVPM-85 and NTVPM-86

at 30% slip on preconditioned snow




Drawbar Pull
(Fernie Precoditioned Snow, 40 % Slip)

Using One Cosefficient
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Fig. 5.2.12 Comparison of predicted vehicle performance by NTVPM-85 and NTVPM-86
at 40% slip on preconditioned snow
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Table 5.2.2 Comparison of the Measured Vehicle Drawbar Pull with the Predicted
Ones for Preconditioned Snow (Using Equation: p = k z")

Drawbar Pull (kN)
Measured Predicted
Slip Standard Using Using Using
Mean Rammsonde Bevameter Rammsonde
(%) Deviation on Bevameter
NTVPM INTVPM (NTVPM |NTVPM |NTVPM |[NTVPM-
-85 -86 -85 -86 -85 86
20 10.13 7.83 13.82 14.42 13.62 14.28 15.73 16.23
30 18.03 4.46 14.78 15.48 14.65 15.44 16.67 17.17
40 18.46 2.48 15.41 16.13 15.40 16.14 17.33 17.71

f « [ i)
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snow than over undisturbed snow. This indicates that the modelling technique of the
suspension system does not have a significant effect on the results of prediction of tracked

vehicle performance over firm terrain.
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CONCLUSIONS

It is shown that on undisturbed snow in Fernie, British Columbia, the
performance of a BV 206 predicted using the Nepean Tracked Vehicle Performance
Model NTVPM-85, developed by Vehicle Systems Development Corporation,

correlates very well with measured data obtained in the field.

Over snow that has been compacted by a single passage of the test vehicle
prior to measurement (preconditioned snow), there is also a reasonable correlation

between the measured vehicle performance and predicted one using NTVPM-85.

Taking into account the natural variation of terrain conditions in the field
and the possible changes in snow conditions during the test period, due to changing
atmospheric conditions, it can be concluded that the validity of the basic features
of the computer simulation model NTVPM-85 have been further confirmed by the

present study.

It is shown that predictions of vehicle performance made by NTVPM-85
using pressure-sinkage data obtained with the Rammsonde and with the bevameter
are comparable. This confirms that the pressure-sinkage data for both the
undisturbed and preconditioned snow obtained by the Rammsonde can be used as

input to NTVPM-85 for predicting tracked vehicle performance over snow.

It is found that over undisturbed, fresh snow, the small Rammsonde cone of
4 cm in diameter could not be used to obtain meaningful pressure-sinkage data
within a considerable range of snow depth. On undisturbed, fresh snow with
density less than 0.2 g/cm?, the use of the Rammsonde cone with diameter of 10

cm is, therefore, recommended. Over preconditioned snow, however, both the
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small Rammsonde cone of 4 cm in diameter and the large cone of 10 cm in
diameter can be used to obtain pressure-sinkage data over a wide range of depth
(Wong, 1990a).

It is shown that the latest version of the Nepean Tracked Vehicle
Performance Model NTVPM-86, which takes into account fully the characteristics
of roadwheel suspension system, provides improved predictions of tracked vehicle

performance over snow where track sinkage is considerable.
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RECOMMENDATIONS

Based on the results of this correlation study, it is proposed that the
computer simulation model NTVPM-8S5, using pressure-sinkage data obtained by
the Rammsonde (or the bevameter) and shear strength data obtained by a ring type
shear device as input, be recommended to the NATO Panel II/GPE6 as an
additional module to the existing NATO Reference Mobility model for predicting

tracked vehicle performance over snow.

To prm}ide the proposed module with the capabilities of comparing and
evaluating the over snow performance of tracked vehicles on a common basis, it
i1s recommended that the following sets of terrain data be incorporated into the

module as an initial part of the database:

a) For pressure sinkage relationships (using equation: p = k z", where p is

pressure and z is sinkage)

Parameters Undisturbed Snow Preconditioned Snow
n 0.72 061
k (kPa/m") 221 927

b) For shear strength (using equation: s = (¢ + p tan ¢)(1 - exp (-j/K)), where
s is shear stress, p is normal pressure and j is shear displacement of the

running gear)
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Undisturbed Snow

—Preconditioned Snow

Parameter Internal Rubber-snow Internal Rubber-snow
c (kPa) 1.96 0.21 0.32 0.02
¢ (degrees) 25 114 294 12.0
K (m) 55 04 2.5 0.4

As more data on the mechanical properties of different kinds of snow become

available, they can be incorporated to form a more comprehensive database for the

module.
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APPENDIX A
SAMPLE OUTPUT OF NTVPM-85 FOR UNDISTURBED SNOW




FREDICTION OF TRACKED VEHICLE FERFORMANCE
{MODEL: NTVFM-831
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BYZ286 (Expt.)

SEFTEMRER 11, 1978
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EVZ286 (Expt.) SEFTEMBER 11, 1999 Fernie Snow(RSF-1Z2D)
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BVZB6 (Expt.) SEFTEMBER 11, 1998

TERRAIM TYFE Fernie Snow(RSF-12D)
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FRONT UNIT -- SLIF = 26.680 X
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X SFR. % 1B8.27 % -43.83 X .088 X .808 X * *
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EBYZ286 (Expt.) SEFTEMRER 11, 1998 Fernie Snow(RS5F-12D;

FRONT UNIT -- SLIF = 28.68 X

FER UNIT WEIGHT

BELLY LOAD: .80 KN .68 X
BELLY DRAG: .88 KN .88 %
TRACK MOTION RESISTAMNCE: 2.31 KN 9.25 %
TOTAL EXTERNAL MOTION RESISTANCE: 2.31 KN 8.24 %
THRUST : ?.77 KN 34.98 %
HORIZONTAL JOINT FORCE (+ REARWARD): 7.46 KN 26,64 ®
YERTICAL JOINT FORCE (+ DOWN): -.86 KM - 22 F
TRACTIVE EFFICIENCY: 61.87 %
CHASSIS TRIM AMNGLE: 2.83 DEG
JOINT ANGLE (+ IS CW FROM HORIZOMWTAL): -.47 DEG
EFFECTIVE RADIUS OF TRACK: 11.18 €A
RUBBER FAD LOAD / TOTAL TRACK LINMK LOAD: 1.4 %
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BY286 (Expt.)

SEFTEMBRER 11, 1794 Fernie Snow(RSF~-12D)

REAR UNIT -- SLIF = Z28.08 %
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REAR UMIT -- SLIF = 26.38 X

FOKKOK K KK AAOKOK KKK RO KKK KKK AR ROOOKR R KKK KKK KRR KKK KKK KRR AKX
¥ WHEEL % TRACK CONTACT ANGLE % LOADS AT THE WHEEL- % LOADE ZUFFOR Y X
X ¥ ¥ TERRAIM IMTERFACE % TRACK BETWEEN WHEELZ =

X X X X X
X X LEFT RIGHT X X Y X ¥ T %
¥ ¥+ IS CW (+ IS CCW x (+ IS (+ IS UFP)y ¥ (+ IS (+ I8 P ¥
X X FROM RBDC) FROM BDC)* FORWARD } ¥  FORWARD) ¥
X ¥ (DEG.) {DEG. X (KNJ {KN) X (KRG %
***********X***t**********1t*************X***#*X¥Xi1****ﬁikk*#k*ﬁi* i ¥
¥ SFR. ¥ 186. ¥ -41.76 X 1515 .688 % % S
% X * * * * .06 % 068 £
£ 1 % 41.76 % 7.84 X 6881 % 1.784 ¥ % :
¥ k4 x x X k4 L5490 % 1. ¥
X z X 7.18 % &£.88 % Z2 X X
¥ X * X ¥ %
X 3 X 4,14 X 5.8 % 184 % b3
¥ £ 3 * X ¥ k4
X 4 X .25 ¥ 5,02 0% @883 % %
X X ¥ ¥ E S *

¥ T.W. X L2200 % 171,85 % L1330 %
#¥*¥k***x¥**#**$¥*t¥¥**t#%***#*%;**%#*xit*ikfk*
¥ TOTAL X LA45 K
¥*¥#****#******m**¥f$#kki%*##ﬁ**vﬁx*ftkkﬁ*x*i*** a

ROTE: THE LOADS I THIS TARLE ARE FOR OKE SIDE OF 7

L et e e PR S eSS PR e CR S EEE L SR PEERR SR R SRR SRR ERTEEREEE

¥ WHEEL % SINKAGE % AXLE LOADS % TRACK TENSION +
¥ ¥ ] # %
% * X X ¥ £ AT LEFT HE AN 7
% X x (+ IS (+ I5 UF) ¥ CONTACT :
% * % FORWARD) X FOINT ; %
% ¥ (cMy K { KR (KR % {HRD FURY CUR &
ERRKA KK X*t********i*#i##*k********t##**##k**@k* CEERRK KRR KRR E

¥ 3FR. K -15.96 % -11.213 *  -4.161 ¥ 7.50 ¥

% % X % ¥ % 4.

¥ 1 % 14.88 ¥ -1.319 K 5.467 ¥ 4,88

% % ¥ X % CO

¥ 2 % 14.7%9 % -.8@5 % 2.857 % 5,38 4

% X % % ¥ % ¥
€ 3 & 14,71 % -.0804 % 1.877 ¥  5.12 % £.00 4
¢ ¥ % % % £ A4.55 & ;
£ 4 % 14,43 K -.BBI Kk 1.472 & 4,37 S ¥
% X % % % K 7.ID % :
X T.W. % 14,53 % 15,539 % Z.@16 % T.4% ¥ ¥ .

* X % X ¥ £ T.RE % L
FHEKERK KR KRR KR KKK KKK KK OKK KKK Ok OO ORIk K S R kK
¥ TOTAL ¥ 2.996 Kk B.999 % ¢
FAKEHAOR KKK KRR KR KKK RO SK K KOO0 K KKK OO0 K O 3 0 K &
MOTE: THE LOADS IN THIS TAELE ARE FOR ONE SIDE OF THE YEHICLE




BYZ@A6 (Expt.) SEFTEMRER

REAR UNIT --

RELLY LOAD:

EELLY DRAG:

TRACK MOTIOM RESISTAMCE:

TOTAL EXTERNAL MOTION RESISTANCE:
THRUST:

TRACTIVE EFFICIENCY:

CHASSIS TRIM ANGLE:
EFFECTIVE RADIUS OF TRACK:
RUBBER FAD LOAD / TOTAL TRACHK LINK

FERFORMANCE OF THE ARTICULATED VEHICLE --

TOTAL EBELLY LOAD:

TOTAL BELLY DRAG:

TOTAL TRACK MOTION REGZIST
TOTAL EXTERNAL MOTIONM RES
TOTAL THRUST:

TOTAL DRAWRAR FULL:
TRACTIVE EFFICIENCY:

i

AMCE 3
I8T

ANCE :

i1, 1990 Fernie Snow(RSF-12D1

B0 KN a8 X
.86 KN .88 %
.28 KN 1.538 %«
.23 KM 1.5%8 ¢
£.28 KM 34.8% °
76,37
~-.18 DEG
11.98 CH
.OAD: la.8 X
SLIF = 20,86 X

FER DNIT WEIGHT

.88 KH BN
A8 K
PRI A TL.a3T
2.48 KN Sl
14.85 KH i .
13.45 KM 29.24 %
67 .85 X
A.15
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BY286 (Expt.) SEFTEMERER 11, 1996 Fernie Snow(RSF-12D)

SUMMARY
KRR KKK

FOKK KKK KA KKK KKK AORK K KKK KKK AR ORI AR KKK KK KK KKK AR K

| ¥ SLIF X KELLY LOAD X BELLY DRAG x  TRACK MOTION X
| X X X X FESISTANCE ¥
| X X X X X
} X ¥ FER UNITX FER UNITX FER UNITX
X X YEHICLE x VEHICLE X% VEHICLE «
X £ WEIGHT WEIGHT % WEIGHT «
S (%) X (KN) (%) % (KN Lh) X { KN) (%1 %
KKK KKK AOK K KK K KKK KK KK KKK K OK KKK A KKK AOKOOOK A KOKKOKKAOE KKK R KOK KKK K
X  2.80 X .88 X .60 X .86 % .86 % 3.4 ¥ 7.84 «
X 5.99 X .BA X .88 X .AB X .08 % 3.81 x 4.54 ¥
X 10.908 X .88 X .68 X .BB % L00 % T.P8 kK 5.89 %
X 70.80 % .80 * .88 X« .20 % .08 % 2.60 % 5.65 %
¥ 3B.88 x .88 % o LA8 ¥ LA X 1.583 % .49 ¥
X 40.68 X .88 % .A0 & .08 X B8 X 2.41 % 5,24 %
X 48.806 X .68 % .80 % .09 ¥ ° .98 «# .35 % 5.86 X
KKK KKK KKK A ACACK K ROICCKOKKOIORKOOK K ACE IO KR KOO KRR KKK KKK KKK KK KKK K

A.17
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HVs¥s6 (Expt.) SEFTERMBER 11. 1950 Fernie Snow(RSF-1Z2ZD)
SUMMARY
KKEKKKK

KKK K KKK KKK K KKK K A KKK AOKOK SOKOKAOKKOR R KK AR ORI KKK KR KA R KRR KO KRR KRR A4
¥ SLIFP X THRUST ¥ TOTAL EXTERNAL X DRAWRAR FULL X TRACTIVE %
¥ X MOTION RESISTANCEX ¥EFFICIERCY X
¥ b3 X X
¥ FER UNITX PER UNITX FER UNMITH
X VEHICLE X YEHICLE X YEHICLE % #
¥ WEIGHT x% WEIGHT x WEIGHT * &
¥ (%) X (KN {x * {KN) {(n)y X { KN) (%) % i ®
x*#**********x*********X*X**********k**#*******#*#*#***X*X******«****¥***#aii&
X .
X
£
X
4
4
X
X

o

RS

2.868 x 6.83 x 14.89 x 24 % .64 X 3.61 % 7.85 % %
5.060 .81
18.86
28.808
36.88
48 .80
60,06 X
KKEKKAHKKKKK

~ g

438 21.34
27.42
34.88
539.53
42.78 ( -z
47 .85 % 3 S.R4 K 17.3%2

KKK KKK E KKK KKK 13#**#**#1%**#**#%##*#*#***##*##¥*1f.

H.67
.81

45
EE

X
.38 X
Y4 | S.ab
BRI ¢
¥

)
s

ECEE B
a

b bt ek
w0

41

] 14 ] TJ l‘J L,A L:J

R R
A
Ly
5
I
Y

****-ﬂ:*-\-

7.

12

14
ig.19
17
21.4
KKKEKK

WHEEL SIMKAGES (cm)

¥ * x ]
¥ SLIFP X% FROMT UMIT ¥ REAR  UNIT £
X X £ 4 ¥
¥ KK KKK OOK K K OKR 3OO0 A K KK O E OO R KK KRR O AR R
¥ X * X k4 *
X (H) ¥ FRONMT E REAFR % FRONT X FEAR X
E3 ¥ ROADWHEEL % ROADWHEEL #% ROADWHEEL ¥ ROADWHEEL *
¥X$#****k**k*****¥*+*#****#1*##*####****t**k*?#**##*f*m**#
) 3 2.88 % ?.28 % 12.97 % 16.33 X 5.99 %
E 3 5.08 % 83.489 X 12.71 % 15.81 % 15,588 %
X 16.68 % 2.68 x 12.41 % 15.33 % 15.85% %
X 26.08 % 7.11 % 12.85% % 14.88 % 14,463 %
¥ 36.88 % 5.84 X 11.?4 % 14.71 % 14.47 %
¥ 40.80 X 5.28 % 11.7 ¥ 14,47 % 14,24 %
X 48.80 % 5.7 X 11.JQ X 14,31 % 14,18 ¥
STt t e ee ettt ettt sstse st sss st bestERs ettt st e sty



APPENDIX B

SAMPLE OUTPUT OF NTVPM-85 FOR PRECONDITIONED SNOW

. g N g



TERRAIN TYFE

FRESSURE-SINKAGE FARAMETERS:
FROM EQUATION F=(KC/B+KFHI)XZXx%M
FROM EQUATION F=(KC/B+KFHI)¥Zx%N
FROM EQUATION F=(KC/B+KFHI ) XZ¥xM

FARAMETERS FOR REFETITIVE LOADING:

FROM EQUATION KR=KB+AUXZU
FROM EQUATION KR=KO+AUXZU

REMGTH FARAMETERS:

RURBER-TERRAIN SHEARING:

FROM MOHR-COULOME ERUATION
FROM MOHR-COULOME ERQUATION
FROM EXFONENTIAL SHEAR EQUATION

SHEARING OF THE TERRAIN:
FROM MOHR-COGULOME EGUATION
FREOM MOHR-COULOME EQUATICH
FROM EXPONENTIAL SHEAR EQUATION

SIDE THRUST WNOT IMCLUDED.

VEHICLE RELLY SHEARING:

FROM MOHR-COULGME EQUATION
FROM MOHR-COULOME EQUATIOM

Snow{RSC~-14D)
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EVZB6 (Expt.) SEFTEMRER 11, 199

FRONT UNIT -- SLIF =

2 Fernie Snow(RSC-14D)
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N T
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BVZBS6 (Expt.) SEFTEMRER 11, 1994 Fernie Snow(R5C-14D)

FRONT UNIT -- SLIF = 28.86 X

KK KKK OKOK 30K 30K 30K HOK KK K 30K KK IR IOK ORI ORI KOO IOKHOKAOK R KRR RO OK R A KKK K

¥ WHEEL % TRACK CONTACT AWGLE % LOADS AT THE WHEEL- % LOADS SUFFORTED BY %
X X ¥ TERRAIN INTERFACE X TRACK BETWEEM WHEELS =
X X X X %
X X LEFT RIGHT | X Y * X 7 ¥
X X(+ IS Cu (+ IS CCW x  (+ IS {+ IS UF) % (+ IS (+ 1S Wby %
X ¥ FROM BDC) FROM BDC)%x  FORWARD) X FORWARD) *
X X (DEG.) (DEG.) % { KN) (KN) X (RN { KR X
***#**#***x****************¥*¥**X*¥*¥**K*X*****X**X***#*i****X*ix;x#k&##%xx#
¥ SFR. %X 186.58 % -42.28 X% .8068 X .868 % X *
X L4 ¥ X X ¥ 268 ¥ %1515
X 1 X 42.38 X 7.12 % .485 X 737 % # A
X * 4 X X ¥ 788 1.75 %
X 2 X ia.71 % 7.24 XK 184 % LA14 K 3 *
X X x X X ¥ Bl % 2.397 4
X 3 ¥ 14.54 x 7.42 % 216 X L4694 % * )
E X ¥ X X ¥ L0460 % 2.558 %
X 4 * 18.47 % 16.32 % L2959 X .B11 % X %
¥ X ¥ ¥ X X L2483 % 3.333 %
X T.W. % 11.79 % 178. X 737 X 1.491 X % #
*k**i****#t#*****#**x*****#*****K*#*X*******#**#**#*#i*#***k?***¥*kik##**t!*
¥ TOTAL X 1.481 % 4.347 X Z2.748 % Ed

***#***X*##*******X****X*X**X*iix****liixi*k#i****x#ix**# ii&*#**ik*#¥#*¥*"!
NOTE: THE LOADS INM THIS TAELE ARE FOR OME SIDE OF THE VEHICLE OnNLY.

KH KK IOKHCK KKK AR K KOO OO KO OO KRR KR

¥ WHEEL % SINKAGE X AXLE LOADS X TRACK TEMSTI %
% X ¥ X ¥
¥ * ¥ ¥ Y ¥ AT LEFT ME AR AT RIGHT#
¥ ¥ x  (+ IS (+ I5 UF: % COMTACT COMTADT #
% * %  FORWARD) ¥ POINT FOLNT
¥ ¥ (CM) X (KN (KMY % (KM JHR cRe
TR RRLAE KRR AR KKK KKK F KA KR A KKK E KKK KA KRR 5 k5%
¥ 3FR. % ~28.58 ¥ -13.1%2 k -4.42% ¥ 9,37 % ¥ a,54 0 %
¥ * ¥ % X £ 4.56 % P
¥ 1 % 2.1 ¥ 1,281 & 4.554 % 4,94 % £ 4 5
¥ * % % % ¥ 5.89 % ¥
¥ 7k 2.58 ¥ -.B38 %k  2.537 % S.4s8 * ¥oow 1n ¥
X ¥ ¥ X % ¥ 4.88 % %
¥ 03 % 2.91 % A24 K Z.983 ¥ 4.56 % ¥ A.7T s
% % * X ¥ ¥ 7.7 % #
¥ 4 % 3.4 % -.888 % 3.571 % 7T % ¥ T,TE 4
% % % ¥ % X 2,85 % *
¥ T W. % I.78 % 19.433 ¥ 4,758 ¥ 9.37 4 ¥ 7,27 %
X ¥ ¥ x ¥ ¥ v.97 % "
FHERREEEEE K KKK KRR KRR OO KON KR KR a5 kK
¥ TOTAL ¥ S.271 % 14.878 % %

KKK KK KKK KK KKK RO KKK K KR KKK Ok KRR KR ik &
TR

NOTE: THE LOADS IM THIS TABLE ARE FOR ONE SIDE OF THE YERICLE ORLY.




(CApLa.d SEFTEMBER 11, 1778
FROMT UNIT -- SLIF = Z26.046
RELLY LOAD: .88 KiH
BELLY DRAG: 88 K
TRACK MOTION RESISTANMNCE: 87 Kh
TOTAL EXTERNAL MOTION RESISTANCE: 8% KN
THRUST : 18.34 KN
HORIZONTAL JOINT FORCE (+ REARWARD): 16.44 KM
VYERTICAL JOINT FORCE (+ DOWN): -.18 KM
TRACTIVE EFFICIENCY: 77.28 %
CHASEIS TR
TOINT ARNGL -
EFFECTIVE T &
RUREER Fab L0aD )

FEER

UNIT WE
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BVZB6 (Expt.) SEFTEMBER 11. 1776 Fernie Snow REC-14D:
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BVZB6 (Expt.) SEFTEMEER 11, 1998 Fernie Snow(R5C~-14D)

REAR UNIT -- SLIF = Z26.66 X

KAAOKKKAIOKK R KKK KK RKAKOKK KK KKK KKK KKK E KK KKK KKK KKK KKK KRR KKK AR KKK KKK KL AR K

X WHEEL % TRACK CONTACT ANGLE % LOADS AT THE WHEEL- x LOADS SUFFOGRTED BY X
X X ¥ TERRAIM INTERFACE % TRACK BETWEEM WHEELS %
X  { X % ¥
X X LEFT RIGHT X X Y X 4 ¥
4 *¥(+ IS5 CW (+ IS CCW x (+ IS (+ IS UP) %x (+ IS (+ IS5 UF; %
X X FROM BDC) FROM BDC)Xx FORWARD) ¥ FORWARD) ¥
X X ({DEG.) (DEG.) X (KN) (KN) X (KN) (KD X
KKK KKK K KKK KKK A K HOKK KR KK KK IR KKK KKK KKK KKK KKA KKK KK EH KKK KKK KK AR AT A
¥ SFR. X% 185.8% % -41.4% X .688 % .868 X ¥ ¥
X X 4 X X X .08 % IG1%1% . 4
| 1 X 41.45 X 16.4 X .168 X 774 % * %
¥ * ¥ £ * X JBZ1 0% 1.942 %
b3 2 X 7.85 % B.29 X L1446 X .438 % X *
* X X X * £ 3 787 % .78 ¥
X 3 X 7.4 X £.83 X 118 % L3288 % X Ed
X * L4 LS % ¥ VTR 1.429 %
X 4 X 9.59 X .78 % .881 % 222 X 3 k4
* 4 X X k4 X 774 X 1.478 ¥
¥ T.W. ¥ 4.38 X% 171.286 «% 168 % 273 X X *
LSS IO PSSP ELEPCEIT PP TEICEINOOECEEISPEESSICEILSEVECTESSPEETIESEEESESE R s R
¥ TOTAL X 485 ¥ £2.246 % 3.148 % 4,829 %

EES SRS RIS STV ISP CEEEFOEEOSS PSP EEL ST IO EIPP T EIETENEIECELE TP EEEE S
MOTE: THE LOADS IN THIS TARLE ARE FOR OWE SIDE OF THE YEHICLE OHLY.

K AOKHOKIOK KKK OROK KKK KKK KOK R IOR OO ICK ORI IR O KOOI IOKIOREOROCK OO KR KR KR

* WHEEL % SINKAGE AXLE LDADS X TRACK TENSION #
% X X ¥ X
% X * X Y x AT LEFT ME AN AT RIGHT%
% % ¥ (+ IS (+ I3 UF) % CONTACT COMTALT %
¥ * X FORWARD) £ FOINT FOINT %
% ¥ (CMY % (KN) (KN} % (KN (KA (KN %
LRHKKKKKRKKIAARKA KKK KA KKK KA KKK AR KRR AR K XK E KL F
X SFR. % -27.43 ¥ -12.782 % -4.494 ¥  8.92 % ¥ 5.i4 o«
X % X X % X 5.14 % "
¥ 1 ¥ 2.83 % -1.388 ¥ 5.347 ¥  5.14 % ¥ S5.34 %
* X % * * ¥ 5.76 ¥ %
£ 2 % 2.45 % -.Bl4 ¥ 2.339 ¥  5.17 X ¥ L.I0 %
¥ * * x % ¥ 4.70 % %
£ 3k Z.12 % -.883 % 2.845 % 7.89 # ¥ T.IE o oa
% ¥ * * * ¥ 7.57 % +
x4 ¥ 1.79 % .083 ¥ 1.883 ¥  7.94 % ¥ 2.er =
¥ % % * X *  B.48 % %
¥ T.M. % 1.39 % 17.778 % 2.836 % 3.7% % ¥ 3.90 %
¥ ¥ * X X x 8.92 % ¥
e
% TOTAL X L7446 % 9.875 % *

*kaKX**#*#*XX**#***X*#****i#****##*#*X****X*******X#*******i*i*#**X*#i
MOTE: THE LOADS IN THIS TARRLE ARE FOR ONE SIDE OF THE VEWICLE OGRHLY.




BVZ66

(Exptla.}

KEAR UMIT --

BELLY LOAD:

BELLY DRAG:

TRACK MOTION RESISTANCE:

TOTAL EXTERNAL MOTION RESIZTAMCE:
THRUST:

TRACTIVE EFFICIENCY:

CHASSIS TRIM ANGLE:
EFFECTIVE RADIUS OF TRACK
RUBBER FAD LOAD 7 TOTAL T

FERFORMANCE OF THE ARTICULATED

o]
T

TOTHL BELLY LGAD:

TOTAL BELLY DRAG:

TOTAL TRACK MOTION RESISTANCE:
TOTAL EXTERKMAL MOTION RESISTANCE:
TOTAL THRUST:

TOTAL DRAWRAR PULL:

TRACTIVE EFFICIENCY:

4

RACH LINK LOAD:

B8 KM
.88 KN
.84 KN
.84 KN
7.33 K
79.61 %
~.41
5.4
59

VEWICLE -~

LAR KR
.88 K
.13 BN
L13KH
18.886 KH
17.93 KW
79.42

— ()

20,88 %

WE
.08 X
.88 X
.26 %
s I

71

IGHT

n,
o« L e




Snow(RSC~14D3

Fernie

19996

SEFTEMRER 11,

BVZ2B6 (Expt.)

SUMMARY
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SEFTEMBER 11.

SUMMARY
KXKKKKK

1998

Fernie Snow(RS5C-14D:

KERKHRRA KRR KR KRR KR KRR R KRR O R RO R AR A

SLIF

(%

5.0806
16.606
28.00
36.00

49 .00

i

OTIGH

RESISTAMCE

¥

L3
*
3
FER UMITH#
YEHICLE #
WEIGHT #
(%) %

¥

17 K

.24

Py

27 K

“o g

. A

X EELLY LOAD * BELLY DRAG x  TRACK
X X X

X X %

¥ FER UNITX FER UMITX

* VEHICLE % YEHICLE #

* WEIGHT % WEIGHT *
 (KN) (%) k(KM () K (KN

FHKEKK KA KK KRR KK KOOI K IO KRR OO K KRR

¥ .G X .88 X .08 % .68 X LB
X .88 X .99 X .98 X .80 X L1l
X .08 X .60 ¥ .08 ¥ .08 % .1z
X .08 X .00 & .99 % .99 ¥ .13
X .88 X .88 X .28 % .60 % .13
X .88 X .08 ¥ .98 ¥ .08 ¥ .1
X .80 k.88 X .60 ¥ .08 X .14

X

X

¥

L

: 4

K

X

X

X Z.806
X

X

X

X

X

¥ 58 88
b &

X

£
¥
%
.29 X
«
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BYZ@& (Expt.) SEFTEMEER 11, 1996 Fernie Snow{RSC-14D)

SUMMARY
KKHOKKE K

KKK AR AR AOK KKK IOK KKK KK 0K A KK HOKOK K KKK AOKK R KO K R KOK KX R A

¥ SLIF X THRUST ¥  TOTAL EXTERNAL % DRAWEBAR FULL X TRACTIVE %
¥ X ¥ MOTIOM RESISTANCEX AKEFFICIENCY %
X X X X X %
X X FER UNITX FER UMITH FER UNITX® *
X L8 YEHICLE % VEHICLE X VEHICLE % *
X X WEIGHT X% WEIGHT * WEIGHT =% ¥
¥ (%) X {KN) (%) X% { KM) (%) X {KN) (%) X (%) ¥
HHAOKKK K KKK K KKK KKK IO KA OOK KK KA KCK AR KO K KKK H KKK KRR F R KKK XK E KA KN
X 2.008 % 18.88 % 21.74 % .89 % W19 X 2.92 % 21.53%5 X ?7.14 %
¥ 3.86 % 13.45 ¥ 29.23 *% 11 0% .24 % 13.34 ¥ 2B.99 % F4.22 %
¥ 18.6808 x 15.726 ¥ 34.48 X 12 0% .27 X 1".”" ¥ 34.41 % 27.21 &
ko 28.6808 % 18.86 ¥ 39.26 XK 13 % .29 X 7.93 ¥ 38.98 % 79.42 %
¥ 36.08 X 18.793 ¥ 41.14 X 13 % .29 K 18.?9 ¥ 46.84 % AF .58 ¥
¥ 48.86 X 17.44 X 2.25 % .14 X .27 X 17.38 ¥ 41.95 % 9,58 %
¥ 58.68 X 26.81 % 435.358 % .14 % .58 X 19.88 ¥ 43.7286 £ 39.73 %
EHKKKKEKKAOKROR KOO KKK KKK O RO O RO OO KRR KA R KRR AR R A K

WHEEL SINKAGES (cm)

BRI R K KRR KRR KRR KRR KRR X
X X X

X SLIF ¥ FROMT UNIT * REAR  UNIT

X X %

X S ETE TR TS A ER T SRTAYE SRR TR SR T AR AR EERERER

X X * * ¥

X (%) %  FRONT % REAR %  FRONT % REAR

X X ROADWHEEL % ROADWHEEL ¥ ROADWHEEL % ROADWHEEL ¥
KERRRKKRRRRRK KRR OO KRR KR KRR
" .
X

X

*

X

%

¥

X

—‘!-***ﬂ

2.88 % 2.58 % J.16 X L3 % 1.
5,08 3
16.068@
20.060
38.88
46 . 0@ .89
48.88 X 2.86 X
****###**X**X****i*********”

.54

S.28
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APPENDIX C

SAMPLE OUTPUT OF NTVPM-86 FOR UNDISTURBED SNOW




FREDICTION OF TRACKED VEHICLE FERFORMANCE
(MODEL: NTVFM-86)
VEHICLE SYSTEMS DEVELOFMENT CORFORATION
NEFEAN, ONTARIO, CANADA

January 11, 1991

VEHICLE TYFE BV2GL (Exph.)
VEHICLE FARAMETERS FOR THE FRONT UNIT:
SFRUNG WEIGHT 27.546 KN
UNSFRUNG WEIGHT S0 RN
SFRUNG WEIGHT CENTRE OF GRAVITY X-COORDINATE 124,00 CM
SFRUNG WEIGHT CENTRE OF GRAVITY Y-COORDINATE -20.97 CM
INITIAL TRACE TENSION T.53 EN
DOURBLE FIVOT JOINT X-COORDINATE (AT THE REAR OF THE UMIT: 27,00 CHM
DOURLE FIVOT JOINT Y-COORDINATE (AT THE REAR OF THE UNIT) D00 OM
LENGTH OF THE INTERCONNECTING LINEK T&. OG0 TH

LEADING FIVOT IS UNRESTRICTED
TRAILING FIVOT IS UNRESTRICTED

FIXED WHEELS

WHEEL. RADIUS X—-COORDINATE Y-COORDINATE MNOTES
OF WHEEL CENTRE OF WHEEL CENTRE
{CM) (cM (cr
19. 00 .00 .00 SFROCHEET

TORSION BAR SUSFENSION WHEELS

TORSION ARM FIVOTE TORSION ARM ANGLES
P (+ 1S CW FROM HORIZONTAL:
WHEEL X-COORD. Y-COORD. TORSION TORSION MOTES
RADIWUS (+ IS TO (+ IS BAR REEBOUND FREE JOUNCE ARM
THE REAR) DOWN)  STIFFNESS LIMIT FOSITION LIMIT  LEMBTH
(CM) (CM) (CMJ {(FK:N-M/DEG) (DEG) (DEG) (DEG) (MY
17.006 28.00 7 .00 L OSI0 89.00 76,00 19,00 25,00 T
19.0G 68.00 20,00 . O330 89.00 42,00 =15.00 28, 00 T
19.00  111.00 20,00 050 89.00 47,00 -15. 00 25.00 T
192.06 155. 00 20.00 L0530 89.00 473,00 —15. 00 25,00 T
19.00 214,00 20.00 « O5E0 17.00 17.00 =20, 00 20, 00 T

NOTE: T = TRAILING ARM

| MOTE: COORDINATE ORIGIM IS AT THE CENTRE OF THE SFROCEET. FOSITIVE X— A&ND Y-
COORDINATES ARE TO THE REAR AND DOWN, RESFECTIVELY.

Cc.2
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BV206 (Expt.’

January 11,

1991

Fernie Snow

(REF-1)

BELLY SHAFE

SUFFORTING ROLLERS

TRACHK L INE

CONTACT AREA

RADIUS: 10.0 CM

COORDINATES (CM)
X Y

128.0 .0

INCRE- FPERCEMTAGE

ACE FARAMETERS FOR THE FRONT UNIT:

WIDTH: H1.0 CM
COORDINATES (CM)
X Y
—-20.0 -3.0
~&. 0 11.0
260.0 11.0
TR
WEIGHT FPER UNIT LENGTH
WIDTH
FITCH

=
O
4
iT

HEIGHT OF THE GROUSERS

THICENESS

SINKEAGE MENTAL CAUSING

(CM) AREA EXATERAML

FROM TO (CMx%x2) SHEARING
ale] OO0 7h.00 100G 0
. OO 1.40 b4, G0 L0
1.40 2.70 71,00 w
2.70 S.30 I51..00 o

FERCENT EXTERNAL SHEAR AREA FOR COHESIVE SHEARING
LONGITUDINAL ELASTICITY CONSTANT TE

(FROM T=TEXE)

COORDINATE ORIGIN IS AT THE CEMTRE OF THE SFROCEET.

COCORDINATES ARE 7O THE REAR AND DOWN, RESFECTIVELY.

Cc.3
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BV206 (Expt.) January 11, 1991 Fernie Snow

VEHICLE FARAMETERS FOR THE REAR UNIT:
SFRUNG WEIGHT

12.45

UNSFRUNG WEIGHT 4,50
SPRUNG WEIGHT CENTRE OF GRAVITY X—-COORDINATE 108,00
SFRUNG WEIGHT CENTRE OF GRAVITY Y-COORDINATE -7 .25
INITIAL TRACE TENSION 4.69
DOUERLE FIVOT JOINT X-COORDINATE (AT THE FRONT OF THE UNIT) -29.00
DOURLE PIVOT JOINT Y-COORDINATE (AT THE FRONT OF THE UNIT) .00
DRAWEAR HITCH X—-COORDINATE 265,00
DRAWEBAR HITCH Y-COORDINATE —2. 00
FIXED WHEELS
WHEEL RADIUS K—-COORDINATE Y—-COORDIMATE NOTES
OF WHEEL CENTRE OF WHEEL CENTRE
(CHM) (CM) (CH
19.00 » 00 . Q0 SFROCKET

{(RGF-1)

EN
E
My
CM
Y
ChH
CH
CH
CH

TORSION BAR SUSFENSION WHEELS

TORSION ARM ANGLES
(+ IS CW FROM HORIZONTAL)

TORSION ARM FIVOTS

WHEEL X~-COORD. Y~-COORD. TORSION TORSION NOTES
RADIUS (+ IS TO {(+ IS EBAR REBOUND FREE JOUNCE AR
THE REAR) DOWN)  STIFFNESS LIMIT FOSITION LIMIT  LENGTH
(CM) (CM (CMJ (EM-M/DEG) (DEG) (DEG) (DEG) (M
19.006 28.00 7 .00 - 0330 89.00 76,00 15.0G 25,00 T
19.00 68. 00 20,00 0530 89.00 4. 00 = 15.00 25,00 T
19.00 111,00 20,00 0530 89.00 IE. 00 -15.00 25, 00 T
19.00  155.00 20,00 « G550 89.00 24,00 —15.00 25 .00 T
19.00 214,00 20,00 L OSTE0 17.00 8.00 =20, Q0 0. 00 T
NOTE: T = TRAILING ARM
|
NOTE: COORDINATE ORIGIN IS AT THE CENTRE OF THE SFROCHET. FOSITIVE X-— AND

COORDINATES ARE TO THE REAR AND DOWN, RESFECTIVELY.

Cc.4



BV206 (Expt.) January 11, 1991 Fernie Snow (REF-1:
BELLY SHAFE SUFFORTING ROLLERS TRACE LINME CONTACT AREA
WIDTH: 61.0 CM RADIUS: 10.0 CM INCRE- FERCENTAGE
SINKAGE MENTAL CALISING
COORDINATES (CM) COORDINATES (CMJ (CM) AREA EXTERAML
X Y X Y FROM TO {(CM¥%x2)  SHEARING
=20, 0 —5.0 128.0 2.0 . GO Nty T& 00 100, G
~6.0 11.¢ syl 1.40 &4, 00 O
260.0 11.0 1.40 2.70 71.00 .
2.70 5. 50 I51.00 L0
TRACE FARAMETERS FOR THE REAR UNIT:
WEIGHT FER UNIT LENGTH CII0 ERMAH
WIDTH 2.0 CH
FITCH 2.1 CH
HEIGHT OF THE GROUSERS 3.5 CH
THICKNESS O CH
FERCENT EXTERNAL SHEAR AREA FOR COHESIVE SHEARING .5 W
LONGITUDINAL ELASTICITY CONSTANT TE (FROM T=TEXE) TOR1G.
NOTE: COORDIMNATE ORIGIN IS AT THE CENTRE OF THE SFROCEET. FOSITIVE - &RMD Y-

COORDINATES ARE TO THE REAR AND DOWN,

C.5

RESFECTIVELY.




BV20G6

(Expt.)

January 11,

FRONT UNIT

1991

Fernie

BY206

(Expt.) (Front Unit)

Forward

<
™~

Snow (RSF-17

L L ] |
0 100 200 300
(cm)
FRONT UNIT -~ WHEEL LOADS AND GEOMETRY ON LEVEL HARD GROUND
WHEEL SUSFENSION VERTICAL I.OADS TORSION WHEEL. CENTRE
TYFE AT THE EAR
TRACK ~WHEEL WIND—-UF| X-COOR- HEIGHT
INTERFACE DINATE ARDVE
GROUND
(END (DEG) (CMD (Cry
SFROCKET FIXED D0 SO0 50,27
1 TORSION ERAR . Q0 6.54 26.57 19,41
2 TORSION BAR 4.51 17.75 20.41 15, O
= TORSION ERAR 4.673 13.48 133,84 19,00
4 TORSION RBAR 4,60 19.23 177. &8 19,00
S TORSION BAR L GO LQO0 2T2.93 2T.86
TOTAL 15.74
NOTE: THESE LOADS ARE FOR ONE SIDE QF THE VEHICLE OhLY.
CHASSIS TRIM ANGLE (+ IS CW FROM HOR.): . 28B4 DEG
LINE TRIM ANGLE (+ IS CW FROM HOR.): -.72% DEG
VERTICAL FORCE AFFLIED TO REAR HITCH (+ IS DOWN) : L0000 RN
MOMENT AFFLIED TO REAR HITCH (+ IS CW): OO0 EN-M
MOTE: COORDINATE ORIGIN IS AT THE CENTRE OF THE SFROCKET 0OF THE FRONT UNMIT.

FOSITIVE X-COORDIMATES ARE TO THE REAR.
C.6




[ ]
. BVZ0&6 {(Expt.) January 11, 1991 Fernie Snow (RSF-1)
| ) REAR UNIT
|
l BV206 (Expt.) (Rear Unit)
Forward
e
I &
to
l Unit 1 Drowbar
— } t—
L ] 1 i
I 300 400 500 500
(cm}
I REAR UNIT - WHEEL LOADS AND GEOMETRY ON LEVEL HARD GROUND
WHEEL SUSFENSION VERTICAL LLOADS TORSION WHEEL CENTRE
TYFE AT THE RAR
) TRACK -WHEEL. WIND-UF| X-COOR- HEIGHT
INTERFACE DINATE AEDVE
BROLND
l (KN (DEG) (CHD (CH)
SFEFROCKET FIXED . D0 377.99 49,22
' 1 TORSION BAR - 01 .18 415,64 19, G0
2 TORSION EAR 4,97 20,29 468. 86 19, 00
3 TORSION EAR 2.82 10.96 511,98 19,00
4 TORSION RAR 75 Z2.64 o256 . 0% 15, 00
l 5 TORSION EAR .00 -9, GO 610.95 21,91
TOTAL 8.51
' NOTE: THESE LOADS ARE FOR ONME SIDE OF THE VEHICLE ONLY.
CHASSIS TRIM ANGLE (+ IS CW FROM HOR.): .I58 DEG
VERTICAL FUORCE AFFLIED TO FRONT HITCH (+ IS UF): L OO0 KN
MOMENT AFFLIED TO FRONT HITCH (+ IS CCW): L 000 KN-M
l NOTE: COORDINATE ORIGIN IS AT THE CENTRE OF THE SPROCEET OF THE FRONT UNIT.
FOSITIVE X-COORDINATES ARE TO THE REAR.
| c.7




BVZ0& (Expt.) January 11, 1991 Fernmie Snow (RSF-1)
TERRAIN TYFE Fernie Snow (RSF-1)
FRESSURE-SINKAGE FARAMETERS:
EC FROM ERQUATION P=(EC/B+EFHI) XZ¥x%M LG0 KMN/MEEK (M+1)
KFPHI  FROM EQUATION FP=(KC/B+EFHT) XZXx%M 221012 EN/MX¥ (M+2)
M FROM EQUATION F=(KC/B+EPHI) XZX*M 721
FARAMETERS FOR REFETITIVE LOADING:
(48] FROM EQUATION KR=EQ+AUXZU L0 EFA/M
AU FROM EQUATION KR=KO+AUXZU : ITTIT.O EPA/MEKXRD
SHEAR STRENGTH FARAMETERS:

EXTERAML SHEARING:
FHI FROM MOHR-COULOME EQUATION 1i.4 DEG.
C FROM MOHR-COULOME EQUATIOM 21 EPA
k. FROM EXFONENTIAL SHEAR EQUATION G W

INTERNAL SHEARING OF THE TERRGIN:
P FROM MOHR-COULOME ECUATION Z5.0 DEG
" FROM MOHR-COULOME EGUATION 1.%94 EPA
o) FROM EXFONENTIAL SHEAR EQUATIOM 5.590 CH
SIDE THRUST NOT INCLUDED.

VEHICLE BELLY SHEARING:
FHI FROM MOHR-COULOME EQGUATION 5.7 DEG
C FROM MOHR-COULOMER EGUATION OO0 RS




BVZ206 (Expt.) January 11, 1991 Fernie Snow (RSF-1)
FRONT UNIT --—  SLIF = 20.00 %
Trim Angle = 4.06 deg Slope Angle = .00 deg
to
Unit 2

’_g TN
~ 0 N :
10 . = —
g Slip = 20.00 percent
£ 0 : :
7]

0t
)
&
0 20}
a
8
& 30t
g
240

50+

Trim Angle = 4.06 deg Slope Angle = .00 deg
to
Unit 2

Sinkage {(cm)
o Bo

Shaar Displacement (cm)
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[
o
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o
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¥
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o
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BVZ06 (Expt.) January 11, 1991 Fernie Snow (RSF-1J
FRONT UNIT -—-- SLIF = 20.00 %
Trim Angle = 4.06 deg Slope Angle = .00 deg
to
Upit 2
E ~
~0
20F
=
S0
n
g0}
%
1 L . . .
; —— External e |nterngl
Trim Angle = 4.06 deg Slope Angle = .00 deg
to
Upit 2

~
3 = -

Sinkaga (cm)
o So

— =]
wn —y wn
L] v L]

>
14

Track Motion Resistance (kN)

o
(¥, ]
r




BY206 (Expt.) January 11, 1991 Fernie Snow (RSF-11}
FRONT UNIT -- SLIF = 20.00 %
WHEEL TRACE. CONTACT ANGLE LOADS AT THE WHEEL- LLOADS SUFFORTED BY
TERRAIN INTERFACE TRACE BETWEEN WHEELS
LEFT RIGHT X Y X A
(+ IS CW (+ IS CCW (+ IS (+ IS UF) {(+ IS (+ I3 UF)
FROM EBDOC) FROM RDC) FORWARD) FORWARD)
(DEG.) (DEG. ) (EIND (KN (BN (BN
SFR. 190.728 -42. 33 L Q0D . Q00
OO0 [S191N]
1 42,33 -2.23 aslele] L OO0
117 1.540
2 19.67 8.14 . 198 1.092
. 726 2.H59
3 i7.17 8. 00 272 1.272
. 866 Z.135
4 16.15 7.9 L 299 1.429
1.08G 1.9%29
S 4,83 169.62 . 187 Lolb
TOTAL . 955 4,706 2.78% F.E6D
NOTE: THE LOALDS IN THIS TARLE ARE FOR OME SIDE OF THE VEHICLE ORLY.
WHEEL | SINK- AXLE LOADS TORSION TRACE TEMSION
AGE BAR
X Y WIND-UF| AT LEFT MEAN AT RIGHT
{(+ I3 (+ I9 CONTALCT CONMTACT
FORWARD ) LR FOINT FOINT
(CH) (D (END {DEG) {END (D D
SFR. | -232.97 -12.814 -4.888 ?.478 : 4,722
4,722
1 —. 42 —-1.227 2.546 ?.45 4,722 4.722
4.9%8
2 5.72 —. 5252 R 13,21 S.124 5. 440
5.7218
3 7.93 - 23 I.653 15.47 b.3297 Ha 7TE
4 .84 - 337 4,712 18. 54 7.88% 8.2857
8.804
S ?.31 18.798 2.3959 . Q0 ?.321 9.472
9.478
TOTAL 2.744  11.319
NOTE: THE LOADS IN THIS TARLE ARE FOR ONE SIDE OF THE VEHICLE OMNLY.




BV206 (Expt.) January 11, 1991 Fernie Snow (RSF-1)
FRONT UNIT ~— SLIP = 20.00 %
GRADE: . GO DEG .00 % FERCENTAGE OF
NORMAL LOAD
BELLY LOAD: 00 EN O %
BELLY DRAG: 00 EN LO0 A
TRACEK, MOTION RESISTANCE: 1.94 KN 7.135 %
TOTAL EXTERNAL MOTION RESISTANCE: 1.94 KN 7.15 %
THRUST: .47 EN 4.75 %
HOR. FORCE AFFLIED TO REAR HITCH {(+ REARWARD): 7.49 EN 27.59 %
VERT. FORCE APFLIED TO REAR HITCH (+ IS DOWN) : -.92 EN -Z.40 %
MOMENT APFLIED TO REAR HITCH (+ IS CW): —-.01 EN-M
TRACTIVE EFFICIENCY: &I.5T L
CHASSIS TRIM AMGLE (+ IS CW FROM HOR.): 4.06 DEG
LINE TRIM ANGLE (+ IS CW FROM HOR.): -7.00 DEG
EFFECTIVE RADIUS OF TRACH: 11.26 CM
LLOAD ON EXTERNAL SHEAR AREA / TOTAL TRACKE LINME LOAD: 19.1 %
C.12

. i




BV206 (Expt.)

REAR UNIT —-—

1991

January 11,

SLIF = 20.00 %

Fernie Snow {(RSF-1)

Trim Angle = 157 deg

to
Unit 1 =t 3

Slope Angle =

.00 deg

(97 [ oy
o o o
Y T T

-~
e )
v

Normal Pressura (kPa)

wn
[==]
r

Slip = 20.00 percent

Trim Angle = 137 deg

to
Ugit ]

Slape Angle =

00 deg

Drawbat
+—>

——hy
NO

Sinkage (cm)

Cad [ iy
o = ] (e ]
L ] L L

o
o
v

Shear Displacemant {cm)

wn
(=)
r

Slip = 20.00 percent




Fernie Snow (RSF-1}

BV206 (Expt.) January 11, 1991
REAR UNIT -- SLIF = 20.00 %
Trim Angle = 157 deg Slope Angle = .00 deg

to
Unit 1

L)

Spitnll

Stip = 20.00 percent

Sinkaga (cm)
So

[me ]

-+ ~
Y T

Shear Strass (kPa)
o

=
N
L4

P
-+
Y

.
o
T

o
co
L

Track Motion Resistanca (kN)

—
r

8 -
0r
v Externdl T
Trim Angle = 157 deg Slope Angle = .00 deg
to )
Unit 1 - _ U_r'a_wgq
,g : ..: -
znt - -
< Slip = 20.00 percent
| )




BVZO&6 (Expt.) January 11, 1991 Fernie Snow (R5F-1)

REAR UNIT -- GSLIF = 20.00 %

WHEEL TRACE, CONTACT ANGLE L.OADS AT THE WHEEL. - LOADS SUFFORTED BY
TERRAIN INTERFACE TRACE BETWEEMN WHEELS
LEFT RIGHT X Y X Y
(+ 1S CW (+ IS CCW (+ IS (+ IS UP) (+ I8 (+ IS UF)
FROM EBDC) FROM RDC) FORWARD FORWARD?
(DEG.? (DEG.) (KN (END (kN (END
SFR. 187.8%9 -39.62 L OO0 Nelslal
OO0 RIS
1 I9.62 1.74 L OOZ L OHT
I N 1.724
= 17.28 ?.49 - 268 1.893
77 1.9204
= 8.57% 8.17% . 186 1.006
771 1.620
4 5.24 5.04 . 085 . 87
. 749 . B0
5 1.00D 172,11 L OZ2 O34
TOTAL 574 T.39C 2.538 £, D50

MNOTE: THE LOADS IN THIS TABLE ARE FOR ONE SIDE OF THE VEHICLE OMLY.

WHEEL | SINkK~ AXLE LOADS TORSION TRACHK TEMSION
AGE BAR
X Y WIND~-UF| AT LEFT MEANM AT RIGHT
(+ IS (+ IS CONTACT COMTACT
FORWARD LF) FOINT FOINT
(CM) (END {EIND (DEG) (END (RN (NG
SFPR. | -22.13 -11.884 —-4.208 8.244 4.824
4.8324
1 8.74 —-1.1408 2.839 .93 4.824 4,528
5,070
2 11.19 ~. 299 Z.965 17.27 S.311 2.717
b 100
= 11.G5 - . 008 2.461 10.6% 5. 4873 H.H7E
7040
4 1G.62 - 003 273 5.65 7.408 7,474
7.835
3 10.09 16.414 . 861 ~9.00 8.215 8.246
8.246
TOTAL 3.112 7.191%

NOTE: THE LOADS IN THIS TAEBLE ARE FOR ONE SIDE OF THE VEHICLE ONLY.




BV206 (Expt.) January 11, 1991 Fernie Snow (RSF-1)
REAR UNIT —-- SLIP = 20.00 %
GRADE: . GO DEG LQ0 % FERCENTAGE OF
NORMAL LOAD

BELLY LOAD: . Q0 EN LO0 A
BELLY DRAG: .00 EN SO0 %
TRACE MOTION RESISTANCE: .60 EN .14 %
TOTAL EXTERNAL MOTION RESISTANCE: .60 EN T.l6
THRUST : 65.82 EN Th.12
DRAWRAR FULL: 1Z.71 EN 72.62
HOR. FORCE AFFLIED TO FRONT HITCH (+ FORWARD): 7.49 EN I7.66
VERT. FORCE AFPLIED TO FRONT HITCH (+ IS UF): -. 93 EN -4.9% %
MOMENT AFFLIED TO FRONT HITCH (+ IS CCW): . OO EN-M
TRACTIVE EFFICIENCY: 7E.01 %
CHASSIS TRIM ANGLE (+ IS CW FROM HOR.J: 1.57 DEG
EFFECTIVE RADIUS OF TRACK: 11.86 CM
LOAD ON EXTERNAL SHEAR AREA / TOTAL TRACE LINE LOAD: 17.2 %

FERFORMANCE OF THE ARTICULATED VEHICLE —— SLIF = 20.00 %
GRADE: . OCG DEG .00 % FERCENTAGE OF

NORMAL L.OAD
TOTAL RELLY LOAD: . OO EN LS00 Y
TOTAL RBELLY DRAG: L0O0 EN SO0
TOTAL TRACE MOTION RESISTANCE: 2.54 EN 5.52 %
TOTAL EXTERMAL MOTION RESISTANCE: 2.94 EN 5.522 %
TOTAL THRUST: 16.25 EN ID.I2 A
TOTAL DRAWRAR FULL: Z.71 EN 29.80G %
TRACTIVE EFFICIENCY: 67.351 %
C.16



BV206 (Expt.) January 11, 1991 Fernie Snow (RSF-1)

SUMMARY

BV206 (Expt.) Fernie Snow (RSF-1)

Force (kN)

+ ——— Thrust
Orawbar Pull

0 20 40 60
Slip {percent)

d v ' .




BV2046 (Expt.) January 11, 1991 Fernie Snow (RSF-1}
SUMMARY
SLIF BELLY LOAD RELLY DRAG TRACKE, MOTION
RESISTANCE
FERCENTAGE FERCENTAGE FERCENTAGE
OF NORMAL OF NORMAL OF NORMAL
LOAD LOAD LOAD
(%) (KN (%) (N} (%) (KN (%7
2.00 Q0 el . OO0 OO0 2.87 RS
5. 00 00 . OO0 Nely .00 2.78 &H. 05
10.00 - 00 . Q0 OO0 . OO 2.469 5.86
20,00 . 0 L OO0 . 30 . OO0 2.5 5.52
0,00 - 00 ele . Q0 iy 2.47 D
40, Q0 L OO L OO0 elel .00 2,472 5.27
LHO L OO0 00 . OO0 . OO0 . OO0 2. 37 5.14
SLIF THRUST TOTAL EXTERNAL DRAWBAR FULL TRACTIVE
MOTION RESISTANCE EFFICIENCY
FERCENTAGE FERCENTAGE FERCEMTAGE
OF MNORMAL OF NORMAL OF NORMAL
I.OAD L.OAD LOAD
(%) (KN (%4 (END (%) (EM) (%) (%
2. 00 5.37 i1.68 2.87 23 2.9 .45 45,72
.00 8.67% 18.76 2.78 65.05 5.89 12.72 L4, 39
10.00 12.09 26.28 2.69 5.86 Q.40 20.42 69.95
20.00 16.25 139,32 2.354 3.92 1Z2.71 29.80 57.51
I0, 00 18.327 39.92 2.47 5.37 15.90 Z4.55 &L 59
40, 00 19.80 43,03 2.42 5.27 17.37 Z7.76 =2.65
HO L 00 21.673 47 .01 2.37 o.14 19.26 41.86 oL AD
.00 4 FOR ALL SLIFS. -

MOTE:

GRADE =

.30 DEG =




l BY2046 (Expt.) January 11, 1991 Fernie Snow (RSF-1)

I SUMMARY

I WHEEL SINKAGES (cm)

I SLIF FRONT UNIT REAR  UNIT

I (73 FRONT REAR FRONT REAR

ROADWHEEL ROADWHEEL ROADWHEEL ROADWHEEL
I Z. 00 I A 11.4% 10.47 11.%94
5. 00 .24 11.19 10.21 11,75

10,00 .04 10.96 .94 i1.56
20.00 ~. 42 G.34 8.764 10.42

I 0. 00 - b4 ?.68 8.59 1G.46
40, OO0 - 79 7. 57 8.48 10,25

I &0, 00 -. 98 ?.45 8.%4 10,22

| l C.19




APPENDIX D

SAMPLE OUTPUT OF NTVPM-86 FOR PRECONDITIONED SNOW




TERRAIN TYFE

FRESSURE-SINKAGE FARAMETERS:

FARAMETERS FOR REFETITIVE LOADING:
AN FROM EQUATION KER=KO+AUXZU
Al FROM EQUATION ER=HO+AUXZU

SHEAR STRENGTH FARAMETERS:

EXTERANL SHEARING: )
FHI FROM MOHR-COULOME ECQUATION
c FROM MOHR-COULOME EQUATION
b FROM EXFONENTIAL SHEAR EQUATION

INTERNAL SHEARING OF THE TERRAIM:
FHI FROM MOHR-COULOME EQUATION

C FROM MOHR-COUL.OMEB EQUATION
[ FRCM EXFOMENTIAL SHEAR ECQUATION

SIDE THRUST NOT INCLUDED.

VEHICLE BELLY SHEARIMG:
FHI FROM MOHR-COULOME EGUATION
C FROM MOHR-COULOME EQUATIONM

+

BVZ206 (Expt.) January 9, 1991

EC FROM EQUATION F=(KC/B+EFHI XZX%M
EFHI  FROM EQUATION F=(KC/B+KFHI) XZkxXM
™M FROM EQUATION FP=(HC/B+EFHI) XZ%X%M

Fernie Srnow

(RSC-2}

- —— - -

12
.

Ny
s

.

)

ENAMER (P10
MK (M2

FN

KEG
KA

(REC-29

/M
SRR

DEG.
KR
o

1

ST

DEG.

e




BVZ06 (Expt.:

January 9,

FRONT UNIT -—-

1991

SLIF =

20,00 7

Fernie Snow (REC-2)

Trim Angle = 191 deg

— . —— -

Slope Angle =

.00 deg

to
Unit 2

Slip = 20.00 per.cent

Sinkaga (cm)
3 b= S S o Bo

Normal Pressura (kPa)

—

D

[aan
T

Ju—y

N

o
T

Trim Angle = 191 deg

o.—

—e e = -

Slope Angle =

.00 deg

to
Unit 2

Siip = 20.00 percent

Sinkaga (cm)
S

~S s
o (=1
v Y

Cd
o
T

Shear Displacement (cm)

-
[ wan )
r

s [ R '




’O
N
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Track Motion Rasistance (kN)
e |
.

o
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BVZ20&6 (Expt.) January 92, 1291 Fernie Snow
FRONT UNIT —-— SLIF = 20,00 %
Trim Angle = 191 deg Slope Angle = .00 deg
' to
Unit 2

B

g,18

x

=0

0y

o

3

g20

n

S

530t

40t : : ~
External el 11410110
Trim Angle = 191 deg Slope Angle = .00 deg
to
Unit 2

(RSC-2

J



BVZ206 (Expt.: January 2. 1991 Fernie Snow (RS5C-2)
FRONT UNIT —-— SLIF = 20,00 %
WHEEL TRACE CONTACT ANGLE LOADS AT THE WHEEL- L OADS SUFFORTED BY
TERRAIN INTERFACE TRACKE BETWEEN WHEELS
LEFT RIGHT X Y X f
(+ IS5 CuW (+ IS5 CCW (+ IS (+ IS UF) (+ 185 (+ IS LF9
FROM EDC) FROM EDC) FORWARD) FORWARD
(DEG.) {DEG.)? (N (END RN (NS
SFR. 188.2= -40,25 alely Nslele!
Nelely! D00
1 40.25 ~2.83 OO - 000
. 063 1.3d40
2 14.59% 12.11 AR . 287
8973 2.4648
I 1Z3.65 12.18 . 287 1.38Z2
1.084 . 1F
4 12.88 12.59 425 1.422
1.1354 Z.411
S I.66 171.77 .118 26T
TOTAL 1.253 4.749 I.185 @271
NOTE: THE LOADS IN THIS TARLE ARE FOR OME SIDE OF THE VEHICLE OMLY.
WHEEL | SINE- AXLE LOADS TORSION TRACE TERNSTON
AGE BAR
X Y WIND--UF{ AT LEFT MEAN AT RIGHT
(+ IS (+ IS CONTACT CONTACT
FORWARD) U FOINT FOINT
(CM) {END {(FN) {DEG) (EIND (RN (R ‘
SFR. | -322.62 —-1Z.039 ~4.303 F.407 4.,88%
4.885
1 -1.42 -1.130 2.4635 ?.29 4.885 4,883
4,395
2 2.75 —~. 070 T.259 15026 5.106 5.457
S5.913
3 IR -.048 Z.864 16.07 6.368 H. 774
7.341
4 T.29 -, 006 4,551 19.39 7.3906 B.IIE5
8.825
5 .27 18.721 1.754 L OO 7.712 G .40
G407
TOTAL 4.408 11.390
NOTE:  THE LOADS M THIS TARLE ARE FOR OME SIDE OF THE VEHICLE OMMLY.




BVZ2G6

(Expt.) Januwary 92, 1791

FROMT UNIT --—  SLIF = 20,00

GRADE: . 00 DEG

BELLY LOAD:

BELLY DRAG:

TRACKE MOTION RESISTANCE:

TOTAL EXTERNAL MOTION RESISTANCE:
THRUST:

HOR. FORCE AFFLIED TO REAR HITCH (+ REARWARD):
VERT. FORCE AFFLIED TO REAR HITCH (+ I35 DOWRD :

MOMENT AFFLIED TO REAR HITCH (+ I5 CWie
TRACTIVE EFFICIENCY:

CHASSTIE TRIM anMGLE (+ 15 CW FROM HOR. I
LINE TRIM AMGLE (+ IS CW FROM HOR.I:
EFFECTIVE RADIUS OF TRACK:

LOAD ON EXTERNAL SHEAR AREA 7 TOTAL TRACKE LINE

A

00

[91]

. 00
.16
. 16

.78

BZ
.

=

= A0
L 0

LOAD:

[=td

Fernie Snow (RZ0-23
|
|
|

FERCENTAGE OF
MORMAL. LOAD

N ISR

M ol

N e

I o5

i Ry

M 3

i -

-




BVZ206 (Expt.)

REAR UNIT —-

January 9, 1991

SLIF = 20.00 %

Fernie Snow

Trim Angle = 105 deg

Sinkaga (cm)
o SBo

co [ p] Py N
[ ] o o o
Al T T T

Normal Pressure (kPa)

—

o

o
¥

—

N

o
s

Slope Angle =

00 deg

Orawbot

Trim Angle = 105 deg

to 4
it

Slip = 20.00 percent

Sinkaga (crn)
o Bo

(&7 ~) ——
o o o
T E o v

o~
(e ]
T

Shaar Displacement (cm)

wn
(==
-

Slope Angle =

.00 deg

Orawbai
+—

(R




BVZO46 (Expt.) January 9. 1991 Fernie Snow (RSC-2)
REAR UNIT —-- SLIF = 20,00 %
Trim Angle = 105 deg Slope Angle = .00 deg

Orawbat
+—>

0
g
=20+
530t
@ 40}
Externd | —
Trim Angle = 105 deg Slope Angle = .00 deg

to

Drawbat

Sinkaga (cm)

iy
o OO
o

Slip = 20.00 percent

o ]

-

—
Y

FD
[ ]
L]

e
-+
Rl

=
wn
L

Track Motion Raesistance (kN)
[
Cod

p
o
r

B I N =N T EE R E ) B E BN TE BN B B BN B =
wn
Lo ]




BY206

(Expt.)

January 9,

REAR UNIT

19

SLIF

1

= 20,00

%

Fernie Snow

(RSC—27)

WHEEL

TRACHE

LEFT
(+ IS CW
FROM EDC)
(DEG.)

CONTACT ANGLE

RIGHT
(+ IS CCW
FROM EDC)
(DEG.)

(+ IS
FORWARD)

LOADS AT THE WHEEL-
TERRAIN

INT

X
(+

CEIND

ERFACE

Y
IS UF; {

(KN

TRACH

4=

LOADS SUFFORTED
BETWEEMN

X
I8 {

FORWARD

CEMG

+ IS UF)

BY
WHEEL.S

o

CHMD

SFH.

187.73

-28.58

L 00

. OO0

L OO0 winiy
i T8.58 z.89 L0100 L1371
LILO 1.724
2 14.77 13,12 IS 1,307
.13 Z.484 |
= B.97 .13 177 L 60T ;
.714 1,835 |
4 5.20 5,75 (69 L2724
454 7
5 1.61 172,67 L0 L O6T
TOTAL LA 2.32T 2.3 T A

NOTE

THE LOADS INM THIS

TaBLE

ARE FOR

OME SILDE OF THE

VEHTCOLE

CIRLY .

WHEEL | STINK- AXLE LOADS TORSION TRACHE TENSTON §
AGE BAR |
X ¥ WIND~UF| AT LEFT MEAN AT RIGHT |
(+ IS (+ IS CONTACT CONTACT |
FORWARD) LF) FOINT FOINT
(CM) (KN (KN (DEG) (RN (KN (kR
SFR. | -2%.65 | —12.294 -4.320 B.280 5.22T
5.22%
1 .70 -1.142 3,202 11.07 5.2232 S5.24%2
5. 487
2 I.57 -. 052 I.698 15. 4% 5.735 H.0F1
5,512
3 2.350 005 2,363 10,18 b.974 7.1l
7.43%
4 1.51 008 1.267 5.61 7.767 7.835
B. 044
5 .46 16.492 .07 —%.00 8.25% 2. 280
8.280
TOTAL I.ole 7.113 i
!
NOTE: THE LOADS IN THIS TAELE ARE FOR ONE SIDE OF THE VEHICLE oMLY




BVZ04 (Expt.) January 9, 1991 Fernie Snow (REC-2)
REAR UNIT -- SLIF = 20,00 %4
GRADE: .0 DEG SO0 % FERCENTAGE OF
NORMAL LOAD

BELLY LOAD: « 00 EN L0
BELLY DRAG: » 00 BN L 00T
TRACE MOTION RESISTANCE: L 05 EN b %
TOTAL EXTERNAL MOTION RESISTANCE: 05 EN LE2E T
THRLST : H.08 KN IZ.47 %
DRAWEBAR FULL: 14.85 EN AT A
HOR. FORCE AFFLIED TO FRONT HITCH (+ FORWARD) : 8.82 KN 47 .08 W
YERT. FORCE AFFLIED TO FRONT RHITCH + IS UF): ~.78 KN =4, 17 %
MOMENT AFPLLIED TO FRONT HITCH (+ IS5 CCWI: COG EN-M
TRACTIVE EFFICIENCY: 7.7 %

CHASSIS TRIM ANGLE (+ IS CW FROM HOR.: 1.05 DEG
EFFECTIVE RADIUS GOF TRACH: &H. 2T
L0aD ONM EXTERNAL SHEAR AREA /7 TOTAL TRACK LINE LOAD: Gl.1 %4

FERFORMANCE OF THE ARTICULATED VEHICLE -— SLIF = ZG.00 7%

GRADE: .00 DEG PRALU 4 FERCEMTAGE OF
NORMAL LOAD
TOTAL BELLY LOAD: L0 EN IS TN A
TOTAL BELLY DRAG: L0 EN SRS S A
TOTAL TRACK MOTION RESISTANCE: el N 7
TOTAL EXTERMAL MOTION RESISTANMCE: =l EN .
TOTAL THRUST: 15,06 KN T2

TOTAL DRAWNBAR FULL: 14.85 KN TEVET
TRACTIVE EFFICIENCY: TH.90 U

‘




BV206 (Expt.) January 9, 1921

SUMMARY

Force (kN)

BV206 (Expt.) Fernie Snow (RSC-2)

Thrust
e [Jr qwbar Pull

J

0 20
Slip (percent)

40

60

Fernie Snow (RSC-2)




BVZ06 (Expt.) January 9. 1991 Fernis Snow (RSC-Z)

SUMMARY

SLIF

BELLY LOAD

FERCENTAGE
OF NORMAL

BELLY DRAG

FERCENTAGE
OF NORMAL

TRACHE MOTION

RAC
g1
RESIESTAMNCE

FERCENTAGE
OF NORMAL

LaAD

JN
]

LOAD

sug
L el

LLOAD

- i |

’ . o1 :
0, OO o .21
40, OO0 =21

&L D0 n

SLIF THRUST TOTAL

MOTION

EXTERNAL
RESISTANCE

DRAWEBAR FLILL

FERCENTARE
OF NORMAL

FERCENTAGE
OF NORMAL

FERCENTAGE

OF  NORMAL |

LOAD LOAD L OAD
(%) (KN (%) (HND o (N {o

16,17 it 7
22.67 LI9 10
=B AT 1
12,73 45 1
4. 89 A 1
6. 16 ey 1 ;
37.54 A6 1

NOTE: GRADE = a0 DEG = .00 % FOR ALL SLIFS.




BV2G6

(Expt.?

WHEEL SINKAGES

January 9,

SUMMARY

1991

(cm?y

Fernie Snow

SLIF

FRONT UNIT

REAR

UNIT

FRONT
ROADWHEEL

REAFR
FOADWHEEL

FRONT
ROADWHEEL

FEAR
FOADWHEEL

L0

N3

5. 00
10,00
20,00

P ]

.

4, 00
&HO, OO

—-. 69
-1.07
-1.42
-1.28
~-1.68
-1.79

7
i

I.42
37

> =T
RS

el

29
28
Ean Ty 4
. aZ

-

DRI I O R e |

I,

.78
.71
.70
7O
W70

.70

[ e S
NURCRTRT

o b
2
!

(RSC-2)




UNCLASSIFIED
7

NO. OF COPIES COPY NO. INFORMATION SCIENTIST'S INITIALS
NOMBRE DE COPIES COPIE N° INITIALES DE L'AGENT D'INFORMATION
SCIENTIFIQUE
| J T
AQUISITION ROUTE
FOURNI PAR > D ik E <
~
DATE > ~ . . 3
CR by 199/ 2
DSIS ACCESSION NO a7 R :
NUMERO DSIS > 9 1 = O SRS RY. 2

| L JESre e
PLEASE RETURN THIS DOCUMENT PRIERE DE RETOURNER CE DOCUMENT
TO THE FOLLOWING ADDRESS: A L'ADRESSE SUIVANTE:
DIRECTOR DIRECTEUR
SCIENTIFIC INFORMATION SERVICES  SERVICES D'INFORMATION SCIENTIFIQUES
NATIONAL DEFENCE QUARTIER GENERAL

HEADQUARTERS DE LA DEFENSE NATIONALE
OTTAWA, ONT. - CANADA K1A 0K2 OTTAWA, ONT. - CANADA K1A 0K2

UNCLASSIFIED

/] Og(ﬁb

.



