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ABSTRACT

Development of a Knowledge-Based System
for Heavy Vehicle Legality and Stability

Shaden Surial

A Knowledge-Based System, (KBS): VELSAS (VEhicle
Legality, Stability And Sensitivity), is developed to study
the legality (Weights and dimensions) of
tractor-semitrailers operating in Québec, and to evaluate
the roll stability and sensitivity of these vehicles for
different sets of vehicle parameters. The laws and
regulations controlling the use of these vehicles are
studied and the system requirements defined. Expert systens
are introduced and a survey of available expert system
shells and tools is carried out. Two shells, EXSYS and
VP-EXPERT are evaluated by building a prototype of the
desired expert system and VP-EXPERT is chosen as the
development tool. The system is built following a loop of
prototyping, verification and validation. The final system
determines the vehicle 1legality in three aspects:
dimensions, axle loads and gross weight. If th; semitrailer
axle loads or gross weight is illegal, KBS: VELSAS suggests
certain modifications to the vehicle in order to make it
legal. The final system is evaluated and a few sample runs

are provided. 1In order to study the vehicle’s stability and

sensitivity, VELSAS calls two external FORTRAN programs.
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The first program, utilizes a vehicle stability model, SRN,

to calculate the vehicle rollover threshold and roll angle,
and the second program estimates the sensitivity of the
vehicle rollover threshold and roll angle to small variation
in design parameters using a mathematical sensitivity
analysis approach. In order to develop the mathematical
sensitivity analysis, the static roll model of a tractor
semitrailer is used and the necessary equations are derived.
The reason for choosing the mathematical approach in
sensitivity analysis, is to avoid the repetitive running of
SRM required in previous sensitivity analysis studies. The
sensitivity analysis method is illustrated by performing
calculations on a candidate vehicle and the results of the
more sensitive parameters are presented. The results show
that the mathematical sensitivity analysis method can be
used as a quick estimate to predict the roll angle, lateral

acceleration and rollover threshold within reasonable error.
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CHAPTER 1

INTRODUCTION AND LITERATURE SURVEY

1.1 General

In previous years, much work was done to study the
stability and performance of heavy vehicles, and in
particular tractor-semitrailers. In a report prepared by
UMTRI  (University of Michigan Transportation Research
Institute), it was shown that about 77% of all combination
vehicles operating in Canada are tractor-semitrailers [1].
The extensive use of these vehicles, accompanied by an
undesirably high rate of accidents, led to various studies
and regulations aimed at controlling the wuse of these

vehicles and reducing their accident rate.

In a truck safety repcrt presented in 1986, it was
shown that vehicle rollover is the number one cause of fatal
accidents in heavy vehicles [2]. In 1980, a static roll
model (SRM) was developed and a program was written to study
and evaluate the roll stability of tractor-semitrailers
under steady state turning maneuvers [3]. The program
evaluates the static rollover threshold which is defiined as
the maximum level of acceleration in units of gravity,
beyond which a vehicle in a steady turn will undergo
rollover. Further studies show that this rollover threshold
is dependant on certain vehicle weight and dimension

variables. The effect of changing certain vehicle



parameters on the roll stability is of particular concern to
those involved in the trucking industry. Different studies
were done to investigate the sensitivity of roll stability
to certain weight and dimension changes [4,5,6,7]. These
studies show that the rollover threshold is indeed sensitive
to the change in certain parameters such as track width and

center of gravity (C.G) height.

For economic reasons, the trucking industry would like
to see an increase in the maximum allowable size and weight
limits. This increase, however, may lead to a reduction in
vehicle stability and safety and increases the road damage
caused by these vehicles. For this reason, the use of such
vehicles is controlled by a set of weight and dimension
regulations published by each provincial government. In the
province of Québec, most of these regulations are in the
form of tables and charts. The regulations control various
vehicle dimensions, tire loads, axle loads and overall gross
weight. The process of checking the legality of a certain
vehicle is, in most cases, quite 1lengthy and requires
obtaining certain variable values such as axle and tire

loads.

The nature of the regulations, suggests the usefulness
of developing a Knowledge-Based System (KBS) to determine
the legality of a vehicle and to suggest legal alternatives

if the vehicle is found to be illegal. The integration of



of this KBS with other programs that study the stability and
sensitivity of a desired vehicle would provide a means to
evaluate that vehicle in three aspects of interest, namely,

legality, stability and sensitivity.

1.2 Literature Survey

The Québec Ministry of Transportation has published
various laws and regulations that define legal
configurations with regard to weight and size limits. A
vehicle operating in the province must meet all of the set
regulations. Failure to do so, results in an illegal
vehicle. 1In May of 1991, an updated set of regulations was
published to define a revised set of .load and size
limits [8]. The purpose of this revision was to eliminate
or reduce the need for special permits for vehicles that do
not meet all of the load or size regulations. Since these
requlations are mostly in the form of law articles that are
not easy to apply, the Ministry of Transportation published
a guide that presents most of the regulation in the form of
tables and charts [9]. The guide defines different vehicle
combinations and axle configurations. For each possible
combination there is a limit on the axle loads and overall
vehicle load. Each of these two limits is to be calculated
using different methods, and the lowest result used as the
limiting value. The above two publications also give

certain constraints on different vehicle dimensions such as



height, width and length.

Much research was done in the field of vehicle troll
stability. 1In (3], three progressively complex roll plane
models were presented to study the rollover process and to
gain a better understanding of the forces and parameters
involved in determining the rollover threshold. The first
model, a rigid block representation of the vehicle, shows
the maximum net restoring moment to be WT and a rollover
threshold of T/h, where W is the total weight of the
vehicle, T is the half track width and h is the C.G height.
From this basic model it is clear that the half track width
and C.G height are key parameters in determining the
rollover threshold. The second model, a single-axle
representation takes into consideration the compliance of
the suspensions and the axles. The weight W, now represents
the combined weight of both the sprung and unsprung masses,
at a new C.G height h. In this model, it is found that the
new value of the maximum roll-resisting moment is WT-Wh¢c,
where ¢ is the roll angle at which the tire first lifts off
the ground. The corresponding rollover threshold in this
case is T/h—¢c. The smaller the angle ¢c' the higher the net
restoring moment and rollover threshold. This implies that
the rollover threshold can be improved by increasing the
roll stiffness of the vehicle. The third model, a full roll
plane model for computing the rollover threshold, uses a

tﬁree roll plane model with three composite axles to develop



the equations that describe the static equilibrium of the
vehicle in the roll plane. The model yields a set of
fifteen equations with fifteen response variables to a roll
angle input. The roll angle is incremented and the fifteen
equations solved simultaneously to evaluate the response
variables. The vehicle response to the roll input is
constantly checked for tire lift-off. When both the trailer
and tractor rear tires lift-off the ground, the vehicle is
considered to have reached an unstable position and the
maximum lateral acceleration value achieved to this point
taken as the rollover threshold. This last model, referred
to as the SRM, will be used in this thesis for a detailed

sensitivity analysis.

Different studies were done to investigate the
influence of changing certain parameter values on the
rollover threshold. In [4]), it was concluded that the
tractor frame stiffness, tractor frame coulomb friction,
fifth-wheel stiffness and fifth wheel lash, have no effect

on the rollover threshold.

In [5), the effect of changing certain parameters on a
vehicle rollover threshold is analyzed by taking into
consideration the precision with which each parameter could
be best determined at a 1roadside station. The nrost
sensitive parameters were found to be the trailer sprung

mass C.G. height, tractor rear axle spring spacing, trailer



dual tire spacing, trailer track width and trailer sprung

mass.

In (6], a similar study is presented on the same
model. The purpose of the study was to identify model
parameters that require accurate measurement. The
parameters considered were the tractor frame torsional
stiffness, coulomb friction of the tractor frame, equivalent
trailer structure and-fifth wheel compliance, separation
moment and fifth-wheel lash, tire stiffnesses, suspension
data and basic dimensions such as track widths and C.G
height of the sprung masses. Some parameters were found to
have no effect on the model rollover threshold results.
These are the tractor frame torsional stiffness, the coulomb
friction, the tire overturning stiffnesses and fifth-wheel
lash. Other parameters were found to be necessary for the
model but can be accepted with an error of approximately
25%. These parameters are the tractor front suspension,
equivalent trailer structure and fifth wheel compliance and
tire lateral stiffness. The rest of the parameters were
found to affect the accuracy of the model output and thus

require careful measurement.

In [7), the implication of changing size and weight
parameters on rollover accidents 1is discussed. The
parameters studied include axle loads, gross vehicle weight,

width and C.G height. A plot of accident data versus



calculated rollover threshold at different C.G heights
suggests that vehicles having a payload C.G height of 90
inches or more will experience rollover in a substantial
part of their accident involvement. It was also shown that
increasing the 1lateral tire and spring spacings adds
considerably to the roll stability of heavy vehicles. To
perform the sensitivity analysis studies mentioned above,
the relevant parameter value was changed and the program
(SRM) run in repeated manner with the new parameter set. 1In
(10), a mathematical sensitivity analysis method |is
described and will be applied to the static roll model in
order to perform a parametric sensitivity analysis without

repetitive running of the SRM program.

Artificial intelligence (AI) is an area in computer
science concerned with the emulation of human thinking.
Expert systems have emerged as a branch of (AI) concerned
with the representation of human expertise in a system that
can perform a difficult task normally undertaken by an
expert. One of the earliest applications of expert systems
is DENDRAL which is an expert system developed in Stanford
University in the 1960’s. The purpose of this expert system
is to determine molecular and atomic structures using mass
spectrogram. MYCIN, an expert system developed in Stanford
University in the early 1970’s, 1is used to diagnose
bacterial infections and recommend the necessary treatment.

Around the same time, PROSPECTOR, a natural resource expert



system that evaluates geographic sites for potential mineral
deposits, was developed. This expert system was able to
locate a molybdenum mine with an estimated worth of one
million dollars. In the past few years much work was done
in the area of expert systemns. Applications of expert
systems have included medicine, chemistry, engineering and
computer design, weather forecasting and teaching. 1In the
field of teaching, an expert system is developed as a
personalized training tool of civil engineering
students [11]. The development of several expert systems
has been initiated in collaboration with different
industries and universities in the areas of design and test
of aerodynamic models of flight simulators, speech
recognition, monitoring hydroelectric dams and weather
forecasting, [12]. The development of any expert system
involves getting familiar with the topic of interest,
performing a feasibility study, defining the systenm
requirements , knowledge elicitation as well as several

stages of prototyping and system evaluation.

In [13), a brief outline of the different stages of
expert system development is given and a more detailed study
of knowledge elicitation methods is presented. The methods
discussed are interview, protocol analysis, induction and
repertory grid technique. 1In {14], a structured approach to
expert system design 1is presented. The main approach

followed by the author involves (1) the development of a
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specific pattern for the interaction of the domain expert,
the knowledge engineer and the system in the knowledge
acquisition phase; (2) the identification of design areas
that could be developed as independent modules with
predefined interfaces; and (3) the application of the design
areas to the acquisition, reasoning and explanation
subsystems. Of major concern in the development of expert
system is the choice of the proper tool or language for a
specific application with certain requirements. 1In [15], a
survey and evaluation of different expert system tools for
engineering application is presented. The paper discusses
certain desirable characteristics in an expert system tool.
These include forward and backward chaining rules,
hypothetical reasoning or the ability to consider multiple
solutions to a problem, object description, integration of
the above features, as well as the ability to be embedded as
part of a larger system and to interface with other
langquages. A robust development environment that includes
features such as intelligent editors, multiple windows and
tracing option are very desirable during the developmental
stages. Hardware independence and uncertainty management
are also desirable features in a development tool. In this
paper, the author provides a survey of development tools and
their features. Some of the tools surveyed are ART, KEE,

OPS5, OPS5+, Personal Consultant Plus and NEXPERT.



1.3 Scope of Thesis

The purpose of this thesis is to develop a
Knowledge-Based System VELSAS (VEhicle Legality Stability
And Sensitivty) that will give information regarding the
legality, stability and sensitivity of a
tractor-semitrailer. To give the necessary advice regarding
the legality of a certain vehicle, VELSAS must contain all
the relevant laws and regulations as published by the Québec
government. Special care must be taken to insure that all
the relevant information is correctly represented in the
systen. To establish the legality of a certain vehicle,
different size and weight variables must be checked. The
rules used for checking these variables should follow the
same methods defined in the laws and regulations. VELSAS
should be able to explain the reasons for any conclusions it
might reach. Upon the completion of its run, VELSAS system
will inform the user as to the different aspects of the

vehicle’s legality.

In case a vehicle is determined to be illiegal, the
system should provide the user with certain changes that can
be made to the vehicle in order to make it legal. 1In order
to build VELSAS, different languages and tools that are
available are evaluated and a choice is made. Once VELSAS

is developed, it is validated and the results are presented.

10
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After a satisfactory configuration has been reached,
the user will be given the choice of studying the stability
of the vehicle by running an external program that will be
called by VELSAS. This program will provide the user with
different response variables, mainly the rollover threshold
and roll angle of the vehicle. The user will also be given
the option to study the effect of changing one or more
parameters on the vehicle’s stability. Such sensitivity
studies were previously done by changing a parameter value
and rerunning the static roll model. In this thesis, a
mathematical sensitivity analysis based on the stability
model of the vehicle will be presented. The aim of the
study is to come up with a mathematical model for the
vehicle’s sensitivity to parameter changes, in order to
avoid rerunning the simulation program with each parameter
change. The needed programs will be developed and the
results compared with those obtained by rerunning the static

roll model.
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CHAPTER 2

OVERVIEW OF EXPERT SYSTEMS AND EXPERT SYSTEM SHELLS

2.1 Introduction to Expert Systens

For about thirty years, there has been a lot of work
and research being done on exbert systems. But what are
expert systems? Definitions for expert systems have been
given by many authors and developers. Some of these

definitions are given below:

An expert system is a computer based system that uses
knowledge, facts, and reasoning techniques to solve problems

that normally require the abilities of human experts ([1l6].

An expert system is a computing system capable of
representing and reasoning about some knowledge-rich domain,
such as internal medicine or geology, with a view to solving

problems and giving advice [17].

A Knowledge-Based (expert) System (KBS) is a computer
program that performs a task normally done by an expert or
consultant and which, in so doing, use captured, heuristic

knowledge [18].
These definitions vary but the important thing to note
is the common points highlighted in all of them that

differentiate expert systems from other computer programs.

12



Some of the characteristics of knowledge based systems

or expert systems are given below [16]:

The system is expected to perform at an expert’s level of
competence.

The expertise in an expert system comes from the special
knowledge it has acquired.

There is no programming or specific flow for how the
system uses the knowledge that is presented to it and
contained in it.

The expert system should be able to deal with uncertain
information with an associated certainty factor.

The expert system should be able to perform with

incomplete data.

Some additional properties of expert systems are:

Reasoning: An expert system should be able to reason
about its knowledge in such a way to come up with a useful
solution.

Depth: An expert system should be concerned and deals
with deep knowledge and narrow subjects that require
thorough knowledge and details about a certain topic.

Self knowledge: An expert system should be able to
justify its solutions or conclusions and explain how it

has arrived to such a conclusion.

13



An outline of common characteristics of expert system
tasks in <contrast to characteristics of conventional
software, will shed more light as to the nature of expert

systems [18].

Knowledge-Based Expert Systems:

. Representation and use of knowledge

. Separation of knowledge and control

. Inferential processing

. Manipulation of large knowledge bases

. Relaxation of uniqueness and completeness

. Run-time explanation is a (desirable) characteristic

. Orientation: Symbolic processing.

Conventional Programs:

. Representation and use of data

. Integration of knowledge and control

. Algorithmic processing

. Manipulation of large databases

. Programmer insures uniqueness and completeness
. Run-time explanation is impossible

. Orientation: Numerical processing.

TERMS USED IN EXPERT SYSTEMS:
What follows is the definition of terms commonly used
when discussing expert systems , and will be used in the

discussion of this work [16]:
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Artificial Intelligence: The attempt of a computational
model to duplicate or simulate the mental faculties of human

beings that make them appear intelligent.

Knowledge: Getting hold of certain facts, conditions, or
principles, with a familiarity gained through experience or
specialized association with a certain field. It can also
be looked at as the integration of a collection of facts and

relationships.

Knowledge Engineering: Deals with the presentation of the
knowledge in a form usable by the computer. It involves
acquiring the Kknowledge and reducing it into a definitive

set of rules, facts or relations called a knowledge base.

Knowledge--based systems: Computer programs that use
knowledge and inference to perform a difficult task usually
done by a human expert. These systems include the knowledge
in the knowledge base and an inference engine or a control
mechanism for utilizing the knowledge and acquiring data or

knowledge that might be missing.

Knowledge Engineer: A knowledge engineer has the task of
acquiring all relevant knowledge from the expert and
presenting it in a form that can be incorporated in the
knowledge base. For this purpose, the knowledge engineer

must interview the expert(s), and gather and interpret the
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information needed. From this definition, it is clear that
the knowledge engineer should preferably be acquainted with

both fields, expert systems and the topic of interest.

Inference Engine: The portion of the expert system that
reasons and uses the knowledge in the knowledge base and the
available facts to come up with a conclusion. The inference
engine also provides knowledge acquisition and explanation

capabilities where needed.

Rules: Rules are a special form of knowledge representation
in the form of "IF.... THEN....." clauses. Depending on the
tool or shell used, the clause could have the additional

WELSE" part in it.

Expert System Shells: The term expert system shell can have
a different meaning to different |wusers. In all the
definitions; however, a shell is understood to provide a
ready to run system except for the actual knowledge that
needs to be included. The shell provides the user interface
and the interence engine needed to reason about the
knowledge. In a shell, the knowledge representation scheme
and inference engine mechanism is predefined and the

programmer has little, if any, control over it.

Expert System tools: Expert System tools are similar to

expert system shells, except that they offer the builder
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more choice and control over the knowledge representation
and inference mechanism. Thus tools are considered to be

more of an expert system development environment.

Knovledge Representation: The method in which the different
forms of knowledge and their relationships is encoded and
stored. Some of the different methods of Xknowledge

representation are given below:

Rules: Rules are the most popular form of knowledge
representation. They are in the general form of:

IF (condition)

THEN (action)

ELSE (action)
as mentioned before, the availability of the ELSE part of
the rule is dependant on the shell, tool, or language
features. The IF part of the rule is called the premise or
antecedent part. The THEN part of the rule is called the
conclusion or consequent part. The action in this part may
include a variable assignment, in which case it is possible
to assign a certain degree of confidence to that value.
Depending on the development software used such a rule would

look something like this:

17



RULE1

IF

axle-type = tandem AND
axle-spacing >= 2.4 AND
load-type = timber_no_snow
THEN

trailer_max_load = 20000 CNF 100

where CNF stands for the confidence factor. A confidence
factor of 100 implies a hundred percent degree of
confidence. The confidence factor may also be assigned to
clauses in the "IF" part of the rule. For the purpose of
the expert system at hand, a confidence factor of 100 is
always used. This is because the laws and regulations are
absolutely defined. In most software, the rules can combine
more than one clause in the premise and conclusion by the

use of AND and OR terms.

¥rames: A frame is a group of slots that hold attributes of
certain objects, Figure 2.1. For each of these slots there
is a corresponding space which holds a certain value
attached to that attribute. That space may also contain a
procedure that holds a certain set of instructions such as
changing the value attached to a certain attribute or
instructions for retrieving a specific value for the
attribute from a certain database. Frames can be 1linked

together to provide a relationship called inheritance. If

18



frame 1 contains a general category of a certain item such
as axles, and frame 2 contains a specific type of axle such
as a tridem, then frame 2 will inherit the knowledge and

procedures in frame 1.

Semantic Networks: A semantic network is a graphical
representation of relationships between different objects.
The objects are represented by nodes and the relationships
by arcs connecting the different objects. A simple example
of a semantics network is given in Figure 2.2. The
direction of the arrows on the arc is dependent on the
direction of the relationship. For example, the node
"Humans", has two arcs connected to it. One arc has an
arrow to the node and the other arc has an arrow from the
node. From the figure, it can be seen that, like frames,
semantic networks provide inheritance relationships. In
this specific example, the node "“Family Members", will
inherit all the attributes of the node "Humans". Semantic
networks are particularly useful when the relationships

between the objects in the expert system are complex.

First-order Logic: This method of knowledge representation
is suitable for declarative types of knowledge. There are
four different types of 1logic systems: propositional
calculus, predicate calculus, first-order predicate calculus
and Horn clause logic. Given a number of true statements,

propositional calculus will try to drtermine whether a new
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Entries (values):

Judi
seat, back, legs, arms

Numberoflegs | 4

Number of arms | 2

Color brown

Style rocking

Owner's address | if needed, get owner's address from database-1

Figure 2.1 An Example on Frames [16].

Figure 2.2 An Example on Semantic Networks (161.
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statement or a proposition is true or false. In
propositional logic, the relationships in the statements and
proposition are limited to direct or simple relationships
such as "is a" or "has a ". Predicate calculus is similar
to propositional calculus in determining if the new
proposition is true or false, but it also allows the use of
more complex relations and generalized statements. The
example given below will illustrate the difference between

propositional logic and predicate logic:

If the following two statements are true:
. Lassie is a dog.

. If lassie is a dog, then she is a mammal.

Then given the following proposition:
. Lassie is a mammal.
the conclusion of the propositional logic will be that this

statement is true.

In predicate logic, the first statement remains the same,
whereas the second statement will contain a generalized
statement:

. All dogs are bigger than all cats.
Then given the following proposition:
. Lassie is bigger than all cats.

predicate logic will conclude that this statement is true.
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First-order predicate logic is an extension of predicate
logic in which one may use functions such as "is-owned-by",
or other analytical features. This type of logic system is

popular in artificial intelligence.

Finally, Horn clause 1logic is a special form
first~order predicate logic that does not allow the use of
negation or "not" relations. An example of a software that
uses this form of logic is PROLOG, which is sometimes used

in programming expert systems.

2.2 A Survey of Expert System Shells

From the previous section, it is obvious that the
knowledge representation and inference mechanism plays an
important part in the performance of an expert system. 1In
[15], the author suggests certain desirable features in

expert system tools.

The desired features include forward and backward
chaining rules, hypothetical reasoning, object description,
integration of features, integration with other 1languages,
the ability to be embedded, high performance, a robust
development environment, hardware independence, uncertainty
management and the availability of knowledge acquisition
aids. Table (2.1) provides a list of certain expert system

tools and their capability level in each of these features.
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TABLE 2.1: Some Expert System Tools and Their
Associated Characteristics [15])
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Pae ~an he seen from this table, a strong presence in
one feature for a certain tool is usually accompanied by a
weak or absence of presence of another desirable feature.
Thus it is not easy to find a tool that comprises all of the
above features. In this case, the builder has to take a
close look at the nature and requirements of the expert
system to be built and make a decision based on this

information.

What follows is a closer look at certain commercial
expert system shells. Since one of the requirements of the
expert system to be developed is that it has to be P.C.

based, only P.C based shells will be looked at

2.2.1 INSIGHT 2+ [16]

INSIGHT 2+ DEVELOPMENT FEATURES:

INSIGHT 2+ is an expert system development shell that
has two developmental languages and environments. The first
is used to create the knowledge base using a language called
Production Rule Language (PRL). The second, a combination
of PASCAL and DBASE languages, called DBPAS can be used to
generate or interact with external DBASE II and DBASE III
databases and small Pascal programs. INSIGHT 2+ provides
its own text editor used to develop PRL and DBPAS programs,
as well as a database editor used to generate databases.

The shell uses production rules for knowledge representation
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and features both forward (limited) and backward chaining.
INSIGHT 2+ allows the chaining of knowledge bases that are

able to share facts.

Through the use of DBPAS, INSIGHT 2+ can call external
DBASE II and DBASE III databases. If the knowledge base
requires certain data that can only be generated by standard
programs, these can be develor2d in DBPAS and included as

part of the expert system.

INSIGHT 2+ END USER FEATURES:

INSIGHT 2+ provides an explanation facility which
allows the user to follow the line of reasoning used by the
expert systen. This feature is also wuseful in the
developmental stages of the expert system. During a
consultation, this facility provides the user with the means

to examine and evaluate the responses given by the systen.

2.2.2 PERSONAL CONSULTANT [16]

PERSONAL CONSULTANT DEVELOPMENT FEATURES:

PERSONAL CONSULTANT provides a simplified language based on
LISP that can be used for entering rules into the knowledge
base. PERSONAL CONSULTANT also allows the developer access
to its underlying 1language LISP. This allows the

experienced knowledge engineer to build a more tailored
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expert systems. In this sense, PERSONAL CONSULTANT can

be considered to be more of a development tool than a shell.

PERSONAL CONSULTANT uses exhaustive backward chaining
as 1its search strategy. The control structure is mainly
determined by the order in which the antecedents (or 1IF
part) appear in the rules. PERSONAL CONSULTANT cannot
interface with external programs; however, it does allow

LISP programming.

PERSONAL CONSULTANT END USER FEATURES:

PERSONAL CONSULTANT provides the user with a friendly window
oriented user interface, explanation facilities and trace
options which allow the user to follow the reasoning path
that PERSONAL CONSULTANT took in a consultation. Customized
user interfaces can also be developed in PERSONAL CONSULTANT
because of the possibility of accessing the underlying

language.

PERSONAL CONSULTANT PLUS

PERSONAL CONSULTANT PLUS is an enhanced version of PERSONAL
CONSULTANT that offers faster execution, a larger knowledge
base capacity and the use of graphics and other programs in
PERSONAL CONSULTANT PLUS applications. PERSONAL CONSULTANT
PLUS uses rule sets which are labeled as frames for its
knowledge representation. Thus it is considered to be a

frame based system. This is implemented by the use of three
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main knowledge structures: frames, parameters and rules.
Frames are the global structure that represent general
concepts and entities, and rules and the parameters are
associated with these frames. In this representation,
parameters are the means by which concepts or entities are
represented in the frame. Each frame will automatically
generate a set of parameters that are associated with it and
parameters can be associated with more than one frame.
Finally, rules represent the heuristics or reasoning and
expertise on the expert system and are used to assign
parameter values and communicate with the user. Just 1like
parameters, PERSONAL CONSULTANT PLUS will automatically
generate rule groups for each frame. Rules may be
associated with more than one frame; however, one should
insure that the corresponding parameters are also shared
accordingly. The rules are in the form of (IF... THEN ...)
statements. PERSONAL CONSULTANT PLUS offers both backward
and forward chaining, but not simultaneously. The mode of
chaining is by default backward, unless otherwise specified
by a certain rule. Another point to make is that even
though parameters can be inherited in frames, rules on the
other hand cannot. Consequently, if a rule on one frame is
needed in a subframe, it has to be explicitly associated

with that subframe.

It is important to note here that both PERSONAL

CONSULTANT and PERSONAL CONSULTANT PLUS are based on the
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EMYCIN program which is mainly concerned with diagnostic
type of problems. Thus the above two software were
developed for and are mostly suited for building diagnostic

and interpretation systems.

2.2.3 VP-EXPERT [19]

VP=-EXPERT DEVELOPMENT FEATURES:

VP-EXPERT is a rule-based expert system development
tool that stores its knowledge in the form of IF-THEN-ELSE
rules. The information needed by the rules may be provided
by one or more combinations of the following : user input,
external programs called by VP-EXPERT, information base in
database, work sheets and text files.

The knowledge base file in VP-EXPERT contains three

basic elements:

The ACTIONS block

- Rules

Statements
a fourth element, clauses, are contained within the ACTIONS

block and rules of the knowledge base.

The ACTIONS block

The actions block, defines the problems or goals of the
consultation and the sequence of their solution. This is
accomplished with FIND clauses that tell VP-EXPERT to find

the value or values of one or more goal variables. In
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addition to the FIND clauses, the ACTIONS block can also
contain other clauses that specify database operations,
spread sheet operations or other tasks such as running

external programs written in a different language.

Rules

Rules stated as IF/THEN/ELSE propositions, contain the
actual knowledge or expertise of the knowledge base. A rule
passes if all the conditions in its premise are satisfied.
These conditions need not be simple one line conditions but
could be the combination of two or more conditions connected
by AND or OR. If the rule passes, then the conclusion will
become true. The conclusion itself may result in the
passing of another rule and so on. The conclusion may also
result in the search for another goal that was not
identified in the ACTIONS block. It should be noted here
that the conclusion may be a multiple conclusion, in which
case the conclusions are simply listed. Rules can occur in
any order in a knowledge base, but, their sequence affects
the path of the inference engine as it moves through the
knowledge base. Consequently, execution speed can be

affected by the rule order.

Statements
Statements <contain information pertinent to the
consultation itself. Most VP-EXPERT statements assign

special characteristics to knowledge base variables. For

29



example, the ASK statement identifies a variable whose value
must be assigned by the user during the consultation process
and poses the relevant question to the user. Another
statement, the plural statement, identifies one or more
variables as "plural'", meaning that more than one value can
be assigned to the variable(s) during a consultation. Other
statements alter the execution of the consultation in some
way. For example, the RUNTIME statement changes the

appearance of the screen display during a consultation.

CLAUSES

Clauses always occur as part of the ACTIONS block or
the conclusion of a rule. They are executed in the order of
appearance in the ACTIONS block or a rule conclusion if the
rule passes. The FIND clause was presented in the

discussion of the ACTIONS block.

Now that the basic elements in VP-EXPERT have been
presented, the highlights of the development features will

be discussed.

- INDUCE COMMAND: One of VP-EXPERT’s most powerful features
is its ability to generate a rule base from an "induction
table" by the use of the INDUCE command. The induction
table, is a 1list of examples in the form of rows and
columns. Upon the completion of the induction table, the

induce command gquickly generates a rule base that is a
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direct representation of the examples given in the induction
table. This feature is 1limited in the complexity of the
knowledge base it can create. However, in most cases it is
very useful in the starting stages where a simple rule base
is first created. The rule base may also be further

completed by editing it into the desired complexity.

= BACKWARD AND FORWARD CHAINING: The problem solving or
goal finding method used by VP-EXPERT inference engine is
backward chaining. The inference engine starts by
identifying the goal variable and then moves through the
rules until it finds a value that can help it assign a value
to the goal variable. This pattern continues until one of
the variables sought has a known value. Once a value is
known, the inference engine can retrace its steps and test
the rules that provided its original path. Forward chaining
is only used when the WHENEVER clause is activated.
Backward chaining therefore is considered as the main goal

finding method used.

- CALLING EXTERNAL PROGRAMS: VP-EXPERT can at any time call
external programs through three different commands. BCALL
executes a DOS batch file, then resumes the consultation.
CALL executes a DOS EXE file, then resumes the consultation.
CCALL executes a DOS or COM file, then resumes the
consultation. In the last two cases, the command CLROFF

allows for background processing of the programs.
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- RECEIVING AND SENDING VARIABLE VALUES: VP-EXPERT is able
to retrieve variable values stored in text files, work
sheets, and database files. It is also possible to send
variable values to the same type of files just mentioned.
This can be done at any time and with more than one variable
at once. This feature is very desirable since it allows

full interaction with external programs called by VP-EXPERT.

- SINGULAR OR PLURAL VARIABLES: The variables in VP-EXPERT
can be singular or plural. A singular variable can have
only one value assigned to it at one time, whereas a
multiple variable can have more than one value at one time.
A variable is considered to be singular by default unless

otherwise specified by the PLURAL statement.

- CONFIDENCE FACTORS: Confidence factors are another
feature of VP-EXPERT. In expert systems created with
VP-EXPERT, numbers referred to as "confidence factors" are
used to reflect varying degrees of certainty. These numbers
can be entered in a rule conclusion or a user response to
questions asked by VP-EXPERT during the consultation
process. A confidence factor may also accompany the results

of the consultation displayed by VP-EXPERT.
- CHAINING: This feature permits the use of knowledge bases
that would otherwise be too large to be contained in memory.

With this feature, it is possible to "chain" together two or
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more knowledge bases for use in a single consultation.

VP~EXPERT END USER FEATURES:

VP-EXPERT offers many user features. The main features
are the ability to see the rules as they are scanned,in a
slow mode if desired, ask how VP-EXPERT has arrived to a
certain result, and check the value of different variables
at the end of the consultation. Another important feature
is the trace option, which when turned on, will generate a
text or graphical tree which may later be viewed to see the
path the inference engine has taken to solve the problem.
VP-EXPERT also allows the user to change a certain answer

and see the effect of that change on the result.

2.2.4 EXSYS [20]

EXSYS DEVELOPMENT FEATURES:

EXSYS is another rule-based expert system development
tool. It stores its knowledge in the form of IF-THEN-ELSE
rules. Unlike VP-EXPERT, rules are the only element in
EXSYS. These rules are composed of conditions, conclusions,

notes and references.

RULES
The rules in EXSYS are edited in a very systematic way
enforced by the EXSYS editor. The developer has to specify

QUALIFIERS and CHOICES which will later be used to build the
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rules. An example of one qualifier would be:
IF THE CARGO TYPE AND WEATHER CONDITION IS:
1. Non-timber and snow not thawing.
2. Timber and snow not thawing.

3. Either and snow thawing.

When building a rule, the developer can scan all such
qualifiers and then pick the one needed for a certain rule.
The qualifiers will be used to build the condition part of
the rule. The choices would be used to build the conclusion
part of the rule. A NOTE can be edited by the user when the
IF-THEN-ELSE part has been completed. The note will appear
to the user when a certain question related to that rule is
asked. The purpose of the note is to explain or give
certain information to the user in order to help him in
giving a better answer to the question asked by EXSYS. The
REFERENCE appears at the passing of a rule to explain where

the conclusion to that rule canme from.

- FORWARD AND BACKWARD CHAINING : Normally, EXSYS uses
backward chaining as its rule scanning method. This method
was discussed previously in VP-EXPERT. However, EXSYS also
gives the option of using forward chaining to check the
rules. This is possible by using the FORWARD command. With
this command, EXSYS will test the rules in their order of
appearance, with backward chaining to derive information as

needed. The backward chaining could be completely turned
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off by using the NOBACKWARD option. This option forces
EXSYS to not use backward chaining to derive information.
However, the rules are checked in the order that the choices
occur. With both the NOBACKWARD and FORWARD options purely
forward chaining will be allowed. However, in this case all
rules that derive information MUST occur in the knowledge
base prior to the derived information being needed. If this
is insured, the effect of FORWARD NOBACKWARD option on

speeding the execution time can be very significant.

- CALLING EXTERNAL PROGRAMS : EXSYS can call external
programs by using the RUN command. The file called must be
an executable file with the extension .EXE or .COM. Batch
files, however, cannot be called. If the external program
is required to return a certain value for a variable, then
it is called from that variable. This is done by using the
RUN command at the beginning of the text defining that
variable. Programs may also be called form qualifiers. 1In
this case, the qualifier text starts with the RUN command.
External programs can also be called from the THEN or ELSE
part of a rule. However, data can be only passed to the
program but can not be received back from it. Passing and
receiving data will be discussed in more details in the next

section.

- PASSING AND RECEIVING VARIABLE VALUES : In EXSYS, there is

a difference between passing or receiving a single value and
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more than one value. There are two approaches to passing
and receiving values in EXSYS. The first is the single value
approach which deals with passing or receiving only one
value. This can be done at any time in the program, through
writing that value to a file RETURN.DAT or PASS.DAT. The
second approach is a multi-variable approach. In this
approach, data can only be passed from external programs to
EXSYS. However, data cannot be passed out to external
programs. It is also important to note that the external
program passing these values can only be called at the

beginning of the run before any other data is requested.

-~ SINGULAR OR PLURAL VARIABLES: In EXSYS all the variables
may be plural. In other words EXSYS does not differentiate
between a single and a plural variable. Thus when a user is
asked to enter an answer form a list presented by EXSYS, he

can enter more than one answer to one variable.

- CONFIDENCE FACTORS: EXSYS has three confidence factor
scales. The first is from 0 to 10, second is -10 to +10, and
finally 0 to 100 . These confidence factors, however, can
only be used in the conclusion part of the rule as well as

the final results given by EXSYS.

- MERGING EXPERT SYSTEMS: EXSYS can merge two expert systems

together by adding the two rules of the two systems into on

rule base.
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- THE FASTER OPTION: EXSYS has a command called FASTER.
This command rearranges the order of the rules in order to
optimize the execution speed of the program. The speed can
be improved up to 20 times faster using this option. This

is especially desirable in the case of large rule bases.

EXSYS END USER FEATURES:

EXSYS offers many features similar to the ones offered
by VP-EXPERT. These include seeing the rules as they are
scanned, asking how EXSYS has arrived to a certain result,
as well as the effect of changing one or more answers on the
final results. Different features in EXSYS include the
report dgenerator which is somewhat similar to the trace
option in VP-EXPERT. Another feature is the ability to keep
the results of a previous consultation to compare with those
of a new one once one or more answers have been changed. 1In
both VP-EXPERT and EXSYS the user features seem to be very
similar and the choice made in the next section will be

mainly based on the development features.

2.3 Choice Of Expert System Development Tool

In the evaluation of the features of the shells
surveyed, the needs of the expert system to be developed,
ease of development and minimizing user induced errors will
be kept in mind. The nature of the problem at hand, namely
identifying and suggesting legal vehicle configurations, and

the availability of a considerable amount of knowledge in
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the form of tables that can readily be represented in the
form of rules, suggest the usefulness of a rule based shell.
A hybrid shell or development tool was not seen necessary or
advantageous for this specific application. For this
reason, PERSONAL CONSULTANT and PERSONAL CONSULTANT PLUS
were not evaluated any further and more consideration was

given to evaluating and testing EXSYS and VP-EXPERT.

These two shells were available for practical
evaluation by building a small prototype in both shells.
The building of the prototype allowed a more tangible
understanding of the feacures and drawbacks of each shell.
A major requirement in this expert system is the ability to
interface and exchange data with external programs. The
nature of this data makes it, not only desirable, but
necessary to be able to receive many variable values at one
time. As discussed earlier, EXSYS allows such an exchange
only at the beginning of the consultation process and not in
the middle. This almost immediately implies that VP-EXPERT

is the tool to be used.

Looking at the ease of development, the editor in
VP-EXPERT offers more freedom for the developer in case of
changing or adding rules. The text is directly and entirely
accessible to the developer. Whereas in EXSYS, the rules
may only be viewed one at a time and the changes made to one

part of the rule at a time. This may be very cumbersome in
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et .

the development stage where there are many changes to be

made, as well as later when the expert system is being

refined and expanded.

It was also mentioned that VP-EXPERT differentiates
between single and plural variables whereas EXSYS allows any
variable to be plural. If EXSYS asks the user this typical

question used in this expert system :

THE CARGO TYPE AND WEATHER CONDITION 1IS:
1. Non-timber and snow not thawing.
2. Timber and snow not thawing.

3. Eithe. and snow thawing.

Nothing prevents the user from entering any combination of
numbers in answer to this question. If the user enters 1,2,
for example, then there will be a confusion in the
consultation process as EXSYS checks the rules for both
conditions. Oone condition may result in a 1legal
configuration, whereas the other may result in an illegal
one. Thus it is desirable to allow the user to make more
than one choice only when allowed by the developer. This
problem can be overcome by writing a rule that will check if
there is more than one value assigned to the variable.
However this requires extra effort on the part of the

builder and if unnoticed may cause errors.
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Finally, the actions block in VPEXPERT is a very
desirable feature not found in EXSYS. This feature allows
the builder to define the goals of the expert system using
the FIND clause. This feature is not available in EXSYS
where the entire rule base is scanned to come up with all
possible true conclusions. Thus the builder has no control

in defining what to look for.

Following this discussion, it was decided that for the
purpose of the expert system at hand, VP-EXPERT would be the

better choice.

2.4 Summary

In this chapter, introduction to expert systems and
various definitions are presented. The major differences
between expert systems and regular programs are discussed.
Some common terms in expert systems are defined and
explained. A general survey of expert systems development
tools and shells is presented and a few P.C. based shells
are studied more closely in order to choose a development
shell or tool. A prototype is built using EXSYS and

VP-EXPERT and VP-EXPERT is chosen as the development tool.
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CHAPTER THREE

DEVELOPMENT OF KNOWLEDGE-BASED SYSTEM (KBS) VELSAS

3.1 Problem Formulation

The main problem addressed by this KBS is to establish
whether a vehicle configuration suggested by the user is
legal in the province of Québec. The problem is actually
twofold. The first part of the expert system is concerned
with determining whether a given vehicle is legal or not.
In case the vehicle is determined to be illegal, t}'_xe second
part of the expert system suggests alternate configurations
of the vehicle in order to make it legal. Both parts of the
expert system rely heavily on a set of laws and regulations
set by the Québec Ministry of Transportation [8,9)}. 1In this
thesis the wehicle configuration is fixed to be a
tractor-semitrailer. However,the KBS developed can be
extended to other types of vehicle configurations in a
manner similar to the procedure outlined in this thesis..
What follows is a detailed description of the methods and
logic followed in building this expert system. Where
necessary, a typical example of a corresponding rule will be

given.

3.2 Introduction to The Laws and Regulations
The purpose of the laws and regulations set by the
government of Québec is to insure road user safety and

protection of roadways and bridges. The laws cover the
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dimensions and loads of any vehicle that is to travel on
public roads. Any vehicle that does not meet these
regulations requires a special permit. For this reason, the
laws and regulations were recently modified. The revised
set of laws and regulations are set so as to minimize the
number of special permits required. Vehicles with a model
older than 1992 are, under certain conditions, allowed more
loads than those with a newer model. What follows is a
detailed representation of tue different factors involved in
determining the 1legality of a certain vehicle and the

process of evaluating these aspects.

3.3 Determining Legal Vehicle Configurations

The legality of a vehicle depends on:

(a) Vehicle Dimensions.

(b) Axle Group Loads for Tractor Unit and Semitrailer Unit.

(c) Gross Vehicle Weight.

The methods followed for checking each of the above
four categories and the way they are implemented in the
expert system will be discussed in detail. The rules will
be based on the information provided in the LOAD AND SIZE

LIMITS GUIDE published by the Québec Ministry of Transport

[9].
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3.3.1 Vehicle dimensions:
(a) LENGTH
-Overall length: The maximum overall length for a tractor
semitrailer is 23 m.
-Semitrailer length:
For a vehicle with a 1992 or newer model:
The maximum length for a semitrailer can be one of the
following three:
(1) 10 m for all axle classes

(2) 14.65 m for axles with the requirements given below:

14.65 m

P m 5%
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.The maximum kingpin offset is 2 m.

.The maximum distance between kingpin, or the center of
the pivot of the coupling device, and center of rearmost
axle is 12.5 m.

.Overhang should be a maximum of 35% of the distance
between the center of the single, tandem or tridem axle and

the kingpin center.

(3) 15.5 m for a single, tandem, or tridem axle and for

a single and tridem axle with the following specification:
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The maximum kingpin offset is 2 m. The maximum
distance between kingpin and center of rearmost axle is
12.5 m.

Overhang should be a maximum of 35% of the distance
between the center of the single, tandem or tridem axle and
the kingpin center.

For a single and tridem axle, the minimum distance
between the single axle and the tridem axle must be 2.4 m.

Axles are not more than 1.85 m. apart.

For a semitrailer with a model belonging to a year prior to

1992, the maximum length allowed is 14.65 mn.

To illustrate how the above regulations would be
implemented in the expert system, consider the following
example. This rule represents case number 2 for the

semitrailer length regulations.
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example:
IF semi_length <= 14.65 AND
kingoffset <= 2.0 AND
center_to_kingpin <= 12.5m AND
overhang <= (.35 * center_to_kingpin) AND
model=new

THEN semi_length_legality=legal;

2. HEIGHT
The maximum height of the vehicle, including cargo,

cannot exceed 4.15 m.

3. WIDTH
The maximum width of the vehicle, including

cargo,cannot exceed 2.6 m.

3.3.2 Axle loads for tractor unit and semitrailer unit:
The maximum load allowed on a tractor front axle is the
least of the following three:
-total tire capacity (specified by the manufacturer).
-front axle capacity (specified by the manufacturer).
This capacity cannot be less than 5500 kg. for a single
front axle and 11000 kg.for a tandem or multiple front axle.
-load 1limit for axle class as specified by the

government regulations.
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The maximum load allowed on a tractor rear axle is the
least of the following two:

~-total tire capacity (specified by the manufacturer).
The tire load should not exceed the limit of 1l1kg/mm of tire
width.

-locad 1limit for axle <class as specified by the

government regulations.

The maximum load allowed on a semitrailer axle group is
the least of the following two:

-total tire capacity (specified by the manufacturer).
The tire load should not exceed the limit of 1llkg/mm of tire
width.

-load 1limit for axle class as specified by the

government regulations.

The load limit for each axle class is dependant on some
or all of the following six parameters:

-axle class type

-axle class spacing

~load type

-year period

-vehicle model year

-whether the vehicle will be traveling only on
autoroutes
The regulations used in building this expert system are

included in Appendix a.
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For the same axle class, a different spacing can
sometimes increase or decrease the specified load 1limit.
For example, a tridem axle with a spacing of 2.8 m is
allowed to carry 23000 kg under certain loading conditions.
The same axle under the same loading conditions but with a
spacing of 3.0 m is allowed to carry 25000 kg.

The load type also affects the 1load rating. If a
vehicle is carrying raw forest products, then it is usually
allowed to carry more load than a vehicle carrying another
type of load. The reason being that vehicles carrying raw
forest products are not expected to travel long distances on
the highway but rather make short trips between the forest
and the plant.

Similarly, if a vehicle is operating during what is
referred to as a thaw period, then the maximum load an axle
can carry is reduced. The reason for this load restriction
is that during the thaw period, the road strength decreases
considerably, making it less resistant to the forces exerted
by the vehicles passing on it. The decreased road strength
results in more extensive road distortion and damage.
Depending on the zone in which the vehicle is to travel, the
thaw period extends from middle of March till the end of May

(Fig 3.1).
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Figure 3.1 Thaw Period Zone Division [9]

The thaw period for the three zones is defined as
follows:

Zone 1: March 13 to May 10

Zone 2: March 20 to May 17

Zone 3: March 28 to May 25
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The model year of the vehicle can sometimes affect the
load rating for the different axle dgroups. Since the
reqgulations followed were recently modified in September of
1991, the Québec Ministry of Transportation has allowed a
grace period during which vehicles with a model older than
1992 are sometimes allowed to carry more load than the newer
vehicles. This rule does not apply for all axle types, year
periods, and load types. The grace period extends until the
end of 1994. Finally, if the vehicle will only be operating
on autoroutes, then the semitrailer axle group is sometimes

allowed to carry more load.

The problem of determining whether a certain vehicle
meets the axle loads requirement is divided into two
subproblens. The first deals with the 1legality of the
tractor, the second deals with the 1legality of the
semitrailer. In both cases, the actual axle loads on both
the tractor and semitrailer are needed. For this purpose,
at the beginning of its run, the expert system calls an
external FORTRAN program called STATIC which calculates the
required axle loads and writes them to a file which is read
by VPEXPERT. This program will be described in section 3.2.
What follows is an example of a rule in the expert system
for determining maximum allowable semi-trailer axle group
load. The parameters that define the limit are axle class,
axle class spacing, loading condition and type of cargo and

vehicle model. The rule in VPEXPERT would be:
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IF axle_type=tandem AND
axle_spacing<1.5 AND
axle_spacing>=1.0 AND
loading_condition=timber_no_snow AND
model=new

THEN trailer_max_load=17500;

3.3.3. Gross vehicle wveight:

The maximum gross vehicle weight for a given
tractor-semitrailer is the minimum of the following two
values:

(1) The sum of the maximum allowable loads for each of
the axle classes on the vehicle, namely tractor front,
tractor rear and semitrailer axle class. This value will be

referred to as max_chargel

(2) The gross weight limit of the vehicle as specified
by the tables included in the vehicle load and size limits
guide. This value will be referred to as max_charge2. The

limit in this case, depends on the following:

- tractor rear axle type.

- semitrailer axle class and spacing.

- the distance between the frontmost semitrailer axle
and tractor rear axle, in this study referred to

as llall .
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In calculating the first value, it is important to note
that the maximum allowable locad on the tractor front axle is

not to exceed the following values:

- 5500 kg for a single axle
- 14000 kg for a tandem axle

- 13000 kg for a multiple axle

It is also important to note that until December 31,
1994, these front axle load limits do not apply, in a normal
period, to tractor-semitrailers of a year model older than
1992 and have not been modified after October 1, 1991, to

increase the axle load capacity.

3.3.4 Example on determining vehicle load legality

To best illustrate the different steps involved in
determining a given vehicle’s load legality, the following
example is given. Consider the tractor-semitrailer shown

below with the following characteristics:

=

tractor and semitrailer year model : 1990

- tractor front axle: single

51



- tractor rear axle: tandem with a spacing of 1.52 m

- senitrailer axle group: single and tandem with a
spacing of 4.88 m.

- distance "a": 4.3 m.

- front axle capacity: 7258 kg.

- tractor front tires total capacity: 5997 kg.

- tractor rear axle tires total capacity: 21047 kg.

- semitrailer axles’ total tire capacity: 31570 Kkg.

- load type: non-timber or normal cargo

FIGURING THE RESPECTIVE MAXIMUM ALLOWABLE AXLE LOADS:

Tractor front axle:
The maximum load allowed on this axle is the lowest of

the following three values:

(1) total tire capacity: 5997 kg;
(2) front axle capacity: 7258 kg;
(3) load 1limit for a single tractor front axle:

9000 kg.

Thus, the maximum allowable load for this axle is: 5997 kg.

This value will be referred tc as tractorfmax in this study

and in the expert systenm.
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Tractor rear axle:

The maximum load allowed on this axle is the lower of

the following two values:

(1) total tire capacity: 21047 kg;
(2) load limit for a tandem axle with a spacing of

1.52 m.: 18000 kg. in normal period and 15000 kg.

in thaw period.

Thus, the maximum allowable load on this axle is : 18000 kg.
in normal period and 15000 kg. in thaw period.
This value will be referred to as tractorrmax in this study

and in the expert system.

Semitrailer axle group

The maximum load allowed on this axle group is the

lower of the following two values:

(1) total tire capacity: 31570 Kg.
(2) 1load limit for a single and tandem axle group with

a spacing of 4.88 m: 29000 kg in normal period and

22000 kg in thaw period.

Thus, the maximum allow~'ie load on this axle group is:
29000 kg. in normal period and 22000 kg. in thaw period.
This value will be refei.red to as trailermax in this study

and in the expert system.
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FIGURING THE MAXIMUM ALLOWABLE GROSS WEIGHT:
Normal period:
The maximum allowable gross weight is the minimum of the

following two values:

(1) The sum of the maximum allowable load for each of
the above three axle groups, max_chargel, where :
max_chargel = (trailermax + tractorfmax + tractorrmax)

In this case,

max_chargel = 5997 kg + 18000 kg + 29000 kg = 52997 kg: .

(2) The 1load 1limit, max_charge2, for a tractor
semitrailer with a single tractor front axle, tandem rear
tractor axle and a single and tandem trailer axle group and
a spacing "a" of 4.3 m: 52000 Kkg.

Thus the maximum allowable gross weight for this vehicle in

a normal year period is 52000 kg.

Thaw period:
The maximum allowable gross weight is the minimum of the

following two values:

(1) The sum of the maximum allowable load for each of

the above three axle groups: 5997 kg + 15000 kg + 22000 kg =

AN e i % LA et ke L

42997 kg.

TR
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(2) The load 1limit for a tractor semitrailer with a
single tractor front axle, tandem rear tractor axle and a

single and tandem trailer axle group and a spacing "a" of

4.3 m: 52000 kg.

Thus, the maximum allowable gross weight for this vehicle

in a normal year period is 42997 kg.

3.4 Suggesting Legal Vehicle Configurations

This part of the expert system is required when it has
been determined in the first part that the vehicle is
illegal in one or more aspect. If the vehicle is illegal in
one or more dimension requirement, the only suggestion given
by the expert system is a statement of the maximum allowable
dimension in each case. Similarly, if the tractor front or
rear axle load is illegal, then the expert system will
indicate the maximum allowable 1load in each case. The
reason for this is that the changes suggested to the vehicle
will be restricted to changes done on the semitrailer. If
however, the vehicle breaks one or more of the following
load requirements, then the procedure for suggesting
possible —changes is more involved. The different
possibilities of illegal loads are given below. Each one

will be explored in detail.
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1. The semitrailer axle class load exceeds the maximum
allowable axle class load specified in the regulations.

2. The semitrailer axle group load exceeds the maximum
allowable total tire capacity.

3. The vehicle gross weight exceeds the maximum
allowable gross weight specified in the regulations.

4. The vehicle gross weight exceeds the maximum
allowable gross weight defined by the sum of the maximum

allowable load for the three axle groups.

In the process of suggesting possible configuration
changes, special attention will be given to insure that the
changes made will be both minimal as well as practical. One
should also make sure that in suggesting a certain change to
satisfy a certain requirement, the other requirements will
not be violated. Where more than one possible solution is
available, the solutions will be 1listed in order of

priority.

1. The semitrailer axle group load exceeds the maximum
allowable axle group load given by the regulations. 1In this

case, there are three possible solutions to consider.

The first solution is to shift the whole axle group
back by a certain amount. This would reduce the load on the
semitrailer axle group, while increasing it on the tractor

axles. For this suggestion to be valid, the following two
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conditions should be satisfied. The first condition is that
the load on the tractor front and rear axles should be
legal, since as mentioned, this change would only add to the
load on the tractor axles . The second condition is that
the gross weight of the vehicle should not exceed the
maximum allowable gross weight defined by the sum of the
maximum allowable load for the three axle groups. If it
does, then even if the semitrailer axle group is shifted
back, the maximum allowable gross weight remains the same,
and the vehicle would still be illegal. If these two
conditions are satisfied, then it is possible to suggest to
the user shifting the whole axle group back. It is
important to note here that upon making this change, the
user should again check for the legality of the tractor axle
loads and gross weight specified in the tables in the

regulations by consulting the expert system one more time.

The second possible solution is to increase the axle
spacing. In some cases, increasing the axle spacing for a
certain axle group will increase the maximum allowable load
for that group. This solution is only useful, however; if
the load on that axle group does not exceed the maximum
allowable tire capacity. If it does, then the only choice
left is to add one or more axles to the already existent

axle group.
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In adding one or more extra axles to the semitrailer
axle group, one should take into consideration the total
tire capacity. The new axle group tires’ capacity should be
equal to or greater than the actual axle group load. This
can be insured by checking that the following condition is
satisfied:

cap >= (trailer_max_load / number_of_tires)
where;
cap = load capacity of one tire,
trailer_max_load = maximum allowable 1load for the new
proposed semitrailer axle group,
number_of_tires = number of tires on the proposed axle

group.

Another factor that should be taken into consideration
when choosing a new semitrailer axle group is the gross
weight of the vehicle. If the gross weight of the vehicle
exceeds the 1limit set by the sum of the three maximum
allowable axle group loads, then the new semitrailer axle
group should accommodate this extra load. To insure this,
the following condition should be satisfied:

diff <= trailer_max_load
where,
diff = charge - tractorfmax- tractorrmax
charge = gross vehicle weight,
tractorfmax = maximum allowable load on the tractor front

axle when calculating the maximum allowable total charge,
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tractorrmax = maximum allowable load on the tractor front

axle when calculating the maximum allowable total charge.

To clarify the process of satisfying the above

conditions, consider the following example:

semitrailer axle group = tandem with a spacing of 3 m.
loading_condition = normal_no_snow

trailer_max_load = 20000 kg.

tractorfmax = 6000 kg.

tractorrmax=18000 kg

axle_load = 28000 kg.

max_chargel = 44000 kg.

charge = 50000 kg.

semitrailer single tire capacity, trailer_cap= 3000 kg.

semitrailer tires’ capacity = 24000 kg.

In this case, the actual load on the semitrailer axle group

is

28000 kg., whereas the maximum allowable 1load is

20000 kg. The variable diff is equal to:

diff

= 50000-6000 -18000 = 26000 Kg.

The new semitrailer axle group should be chosen to satisfy

the following conditions:
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trailer_max_load >= axle load or
trailer_max_load >= 28000,

trailer_max_load >= diff or

trailer_max_load >= 26000,

3000 >= (trailer_max_load / number_of_tires)

Any rule with the specified loading conditions satisfying

the above conditions will pass as a possible solution.

A typical rule that would pass in this case would be:

IF loading_condition = normal_no_snow AND
axle_load<=28000 AND
diff<28000 AND
cap>=(axle_load/16) AND
cap>=(diff/16)

THEN trailer_configuration = four_or_more

lowerspacing = 4.2;

Finally, the expert system should check that the
maximum allowable gross weight limit of this new vehicle as
specified by Table 2 in the regulations is not violated. 1If
this condition is met, then the new axle configuration will

pass as one possible solution.

When more than one solution is possible, the solutions

will be listed in order of priority. Priority is given to
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the solution that requires the least change. Shifting the
axle group would be the first, increasing the axle spacing
would be the second, and finally adding one or more axles as
required would be the last. It is important to note that in
all these suggestions, the new axle group location should be
such that the new value of the load on it is the same as the
previous one. This is very important because the new axie
group configuration is chosen based on that value. The new
position of the axle group is calculated by the expert
system using the available VPEXPERT math features. The
method followed in calculating this value is described in

section 3.2.

2. The semitrailer axle group load exceeds the maximum
allowable total tire capacity. This case is very similar to
the first case. The first requirement in this case is that
the tires on the new axle group should accommodate the axle
load. As mentioned in the previous case, the expert system
should make sure that the new axle group satisfies the other
load limits requirement. 1In this case, the semitrailer axle
load should not exceed the maximum allowable axle load for
the suggested configuration. The suggested semitrailer axle
group should also satisfy the maximum allowable gross weight
requirement defined by the sum of the maximum allowable load
for the three axle groups as well as that defined for the
new vehicle configuration in Table 2 of the regqulations.

When more than one solution is available, the solutions will
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be given in order of priority.

3. The vehicle gross weight exceeds the maximum
allowable gross weight specified in the regulations. In
this case, the expert system will use the corresponding
tables provided in the regulations to find possible
configurations with a maximum allowable gross weight equal

to or bigger than the actual gross weight.

example:
IF charge <= 45500 AND
charge > 44850
THEN trailer_max_charge2_configuration = tanden

lowerspacingmax_charge2 = 1.0

amax_charge2 = 4.2;

Again, the expert system should check that the other
load requirements, namely tire loads, axle loads and maximum
allowable gross weight as defined by the sum of the maximum

allowable load for the three axle groups, are not violated.

4. The vehicle gross weight exceeds the maximum
allowable gross weight defined by the sum of the maximum
allowable load for the three axle groups. The new
semitrailer axle group shou'd be chosen such that it will
accommodate the excessive load that was illegal in the first

case.
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In order to find the suitable axle group configuration,

the extra load is calculated using the following eguation:

diff = charge - tractorfmax- tractorrmax

As in the first case, once the required diff value is
calculated, the expert system finds the corresponding axle
group configurations with a load limit equal to or greater
than this value. Again, the expert system has to insure
that these axle groups satisfy the load requirements for the
tire capacity, the maximum allowable axle group load and the
maximum allowable gross weight requirements for the new

configuration.

3.5 Determining Axle Loads

From the previous section, it is clear that the expert
system needs to know the respective axle loads for each of
the axle sets. The three axle sets are the tractor front
axle, tractor rear axle and semitrailer axle sei. The axle
loads are calculated by an external FORTRAN program STATIC
that is called by VPEXPERT. Upon the finish of its run,
STATIC will write the variable values to a file in a certain
format required by VPEXPERT. VPEXPERT will then read in the
required values and resume its consultation. The method
used to calculate the required loads is based on the method

suggested in [21]. A detailed description is given below.
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Consider the tractor semitrailer in Figure 3.2. The
vehicle can be divided into the tractor part and semitrailer

part connected by the fifth wheel.

If the load on the fifth wheel is known, then the
tractor front axle and rear axle loads can be easily
calculated. The semitrailer however, poses a statically
indeterminate problem. The method used for solving this

problem is as follows.

Referring to Figure 3.3, the support points are
numbered from left to right (1,2, ...N) and their position
vectors (aﬁs) are measured from the C.G. Note that the
fifth wheel is identified as axle 1. It is first assumed
that the load is equally divided on all the axles. In other
words:

w = w2=l..wn = (3.1)

1

Zl=s

where N is the number of axles including the fifth wheel.
However, this solution does not necessarily satisfy the
moment equilibrium condition. If the value of the

residual moment is u, then:

N
u =§Za1 (3.2)

64



! W
\«/1l ?

.

Figure 3.2 Loads on Tractor Semitrailer
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Figure 3.3 Distribution of Correcting Axle Loads
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Now the axle loads should be adjusted by correcting loads
AW, i = 1 to N so that the moment they generate about the
center of yravity will be equal and opposite to the residual

moment g. In other words:
N
ZalAw' = -u (3.3)
1=1

As seen in Figure 3.3, the correcting loads are assumed
to be linearly distributed along the semitrailer so that
their ratio is directly proportional to their distance to

the center of gravity. Then:

a.
MW = AW [ 2 ] i=2, ...N (3.4)

Substituting equation (3.4) in (3.3) we can calculate
all the Awl values. Once t':is is done, the sum of the
correcting loads should be calculated to check for the

following equality:

iAw =0 (3.5)

If this value is not equal to zero, then the remaining load
is equally divided among the axles. Now these loads will be
adjusted by a second set of correcting loads so that the
moment they generate about the center of gravity will be

equal to zero. This process is repeated iteratively until
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the resulting error is acceptable. In general, the error
found after one iteration was very small, thus the loads

were calculated using only one iteration.

3.6 Determining New Semitrailer Axle Positions

In some cases, the expert system will suggest a certain
axle group configuration to be placed under the semitrailer
in order to accommodate a certain 1load. As mentioned
before, when the expert system chooses a certain axle group,
it assumes that the load on the semitrailer axle group
remains the same. Thus the new axle group position should
be such that the load on the fifth wheel remains unchanged.
The number of support points in the new axle group will
either be one or two. 1In order to calculate the new axle

group position the following method is used.

consider the semitrailer body shown in Figure 3.4. The
load on the fifth wheel wl, and the axle group spacing "sz",
are known, However, the axle loads W2 and wa and axle
positions a, and a, are not known. Since the axle spacing
"sz“ is known, then we have only three unknowns: w1 and w2

and the distance a, or a,.
Assume that the load W is equally divided such that:

Wo= W =W o= - (3.6)
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Figure 3.4 New Semitrailer Axle Group Position
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Let the actual axle be:

W =W+ AW

1 1 1

]
W= W+ AW (3.7)
W =W+ AW

3 3 3

The load w: is known since it is equal to the locad on the

fifth wheel. Consequently, the correcting load Aw1 can be

calculated.

Assuming that the correcting loads are linearly distributed

along the structure, we can write:

AW1 a2

sz = -—Tl— (3'9)
Aw1 a,

bW, = ——— (3.10)

The moment balance requires that the net moment generated by
the correcting loads cshculd be equal and opposite to the
moment generated by the nominal loads. Thus we can write:
Awia1 + szaz + Awaa3 = -(wia1 + wza2 + wsaa) (3.11)
substituting Equations 3.9 and 3.10 in equation 3.11 and

noting that:
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we can solve for a,.
This process leads to the following second degree
equation:

2
A a2 + B a2 + C

0

where,
11\=2AW1
B =

2AW‘s2 + ZW‘a1
2

2

(p)
i

MWs?+ AaWal + Wwal+ Was
1 11 11 1 12
Once a, is found, the corresponding values for W, and

wacan be calculated.

3.7 Summary

In this chapter, the requirements for the
Knowledge-Based System (KBS): VELSAS are defined. The two
basic requirements are identified as determining the
dimension and 1load legality of a tractor semitrailer in
Québec and to suggest certain modification to the vehicle if
it is found to be illegal. The major goals needed to
satisfy these requirements are presented and an example
provided to show the steps taken by the expert system to
reach its goals. Where necessary, examples of rules used in
the KBS: VELSAS are provided. Finally, the methods used by
the external programs to calculate axle loads and positions

are described.
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CHAPTER 4
ROLL STABILITY AND SENSITIVITY ANALYSIS

FOR STEADY TURNING MANEUVERS

4.1 Problem Formulation

In the previous chapter, an expert system was developed
to determine the legality of a given vehicle and to aid the
user in arriving at a legal configuration. Another point of
concern is the stability performance of a given vehicle.
Once a satisfactory vehicle configuration has been reached,
the user should be provided with some way of determining the
stability of the vehicle. Different simulation models for
predicting the stability behaviour of heavy articulated
vehicles have been developed. These models vary in their
complexity and capability. The static roll model was
developed to calculate the rollover threshold of articulated
vehicles during steady state turning. The yaw-roll model is
used to study the directional and roll response of
articulated vehicles undergoing steering maneuvers. The
phase 4 model is used to study the braking and steering
response of articulated vehicles. The increase in
capability of a certain modezl is accompanied by an increase
in complexity, number of parameters required and simulation
time required. Of these models, the static roll model (SRM)
is considered to provide a good indicator of the roll
stability of a given vehicle while requiring the least

simulation time and parameter input [4].
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In the static roll model, it was found that the
vehicle roll stability is sensitive to change in certain
vehicle parameters. Several studies show that the rollover
threshold is more sensitive to change in certain parameters
than in others [4,5,6,7). In these studies, to determine
the effect of changing a certain parameter, if was necessary
to rerun the proyram SRM every time a certain parameter
value was changed. In this thesis, a mathematical
sensitivity analysis approach is proposed. The purpose of
this approach is to quickly estimate the new rollover
threshold without having to rerun the program SRM. Thus the
user will be provided with a way to evaluate the roll
stability of the vehicle as well as quickly determine the
effect of changing a certain parameter on the rollover

threshold

4.2 Static Roll Model

A series of three progressively complicated roll
stability models will be presented to illustrate the
rollover process. Finally, a three-axle 1roll plane
model [3], will be used to derive the sensitivity analysis

equations.

4.2.1 Rigid block model (3]
Consider the rigid block model of a tractor
semitrailer shown ir Figure 4.1. In this model, the

compliance of the tires and the suspension springs are
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neglected. If the vehicle is undergoing a steady turning
maneuver with a 1lateral acceleration, a then it |is
subjected to the following‘forces. A lateral tire force,
w-ay, at the tire road interface, a centrifugal force, w-ay,
vertical tire loads F1 and F2 and vertical 1load W. The
centrifugal force, w.ay, gives rise to the main overturning
moment, (w-a{h). The vertical loads Fl1 and F2 give rise to
the stabilizing moment (F2-Fl1)T, produced by the
side-to-side shift in the vertical tire loads Fl and F2. As
the vehicle proceeds to roll, an additional overturning
moment (W.h.¢) is produced by the lateral shift in the C.G.

of the vehicle. The moment balance equation is given by:
W.h.a = (F2-F1)T - W.h.¢ (4.1)

Figure (4.2) shows the two moments on the right hand
side of the equation as a function of the roll angle ¢. For
a small angle ¢, the load W is completely transferred to the
left tire so that F1 = 0.0 and F2 = W. At this point, the
vehicle attains its maximum roll-resisting moment beyond
which the vehicle is considered to be unstable. From Figure

4.2, the corresponding rollover threshold is expressed as:

a =§ (4.2)
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4.2.2 Single-axle representation [3)]

In this model, the compliance of the suspensions and
the axles are included as shown in Figure (4.3). The axles,
however, are lumped together and represented a single axle.
In this model, the forces and moments acting on the vehicle
are the same as in the rigid block model. However, it is to
be noted that the angle at which the tires lift-off from the
ground is not as small as that in the previous model. The
magnitude of this angle depends upon the roll stiffness of
the suspension and the tires. The magnitude of the maximum
restoring moment, however, remains unchanged as shown in
Figure (4.4). It can be seen in Figure (4.4) that the
introduction of suspension and tire compliance into the
model reduces the rollover threshould. By making the
suspension infinitely stiff, we revert to the rigid block
model. The new rollover threshold value for this model is
given by:

a =g~ ¢ (4.3)
4.2.3 Three-axle representation [3]

This model accommodates for the different suspension
characteristics, track widths and C.G heights of the tractor
front, tractor rear and semitrailer parts of the vehicle.
In this model, the vehicle is represented by a single sprung
mass which 1is supported by three composite axles: the

tractor front axle, tractor rear axle and semitrailer axle.
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If the loads carried by each of the composite axles are W1,
W2 and W3 with respective half track widths of T1, T2 and
T3, then the respective maximum roll resisting moments that
can be produced by each axle will be, W1.Tl1, W2.T2 and
W3.T3. In a typical tractor semitrailer, the suspension
stiffness is the least for the tractcr front axle, followed
by the tractor rear axle and finally the semitrailer axle.
If this 1s the case, then Figure (4.5) represents the
moments acting on the vehicle. Figure (4.6) represents the
net moment acting on the vehicle. From this fiqure, it is
clear that the maximum restoring moment is attained at point
B where the tractor rear tires lift-off. Beyond this point,

the vehicle is considered to be unstable.

4.3 Roll Plane Model [3]

In this model, the tractor and trailer sprung masses
are modeled as three rigid masses connected by torsional
springs, Figure (4.7). The tractor front sprung mass is
connected to the tractor rear sprung mass by a torsional

spring, K that represents the tractor frame stiffness.

FR'
The tractor rear sprung mass is connected to the trailer
sprung mass by the fifth wheel which together with the
structure compliance of the trailer body is represented by a
torsional spring, K . The roll plane model is shown in
Figure (4.8). 1In this model, the following assumptions are

made. The sprung masses roll about their respective roll

centers which are at a fixed distance beneath the sprung
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mass center of gravity but are permitted to slide with
respect to the axles along the vertical axes, ;u‘. The
suspension springs can only transmit compressive or %tensile
forces and they remain perpendicular to the axles. The
suspension springs are considered to be linear about their
operating point. Each spring 1is represented by a
force-deflection table which is used to calculate the spring
rate at the desired nperating point. The roll angles of the
sprung masses a... axles are small, so that the small angles

assumptions sin ¢ = ¢ and cos ¢ = 1.0 can be used. For

complete details of the model and assumptions, refer to [3].

A total of fifteen equations are needed to define the
static equilibrium condition of a vehicle ([3]. These
are obtained by balancing the moments acting on the sprung
and unsprung masses and the forces acting on the suspensions
and tires. The fifteen equations are divided into:

(a) Three roll mument equations, one for each of the

sprung masses.

(b) Three roll moment equations, one for each of the

unsprung masses.

(c) Three vertical force equations for the suspension

springs, one for each composite axle.

(d) Three vertical force equations for the tires, one

for each composite axle.

(e) Three lateral force equations for the tires, one

for each composite axle.
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Although the equations have been derived and presented
in [3], for the purpose of the sensitivity analysis, they

are rederived here and presented as follows.

4.3.1 Rolling moment equations for the sprung masses
The roll moments acting on the first sprung mass are
due to spring forces, F and F _, vertical load acting on

the frame, WFR 0%“=w5+ Wsz+ WUZ- WAXLZ), moment transmitted

through the frame, M and the lateral force acting through

FR'

the roll center, FRI. Thus the roll moment equation for the

first sprung mass will be:

Fll[sl+ ZRlsin(¢Sl- ¢U1)] - FIZ[SI- ZRisin(¢Sl- ¢Ul)]

+ - si +
WFR(aycos ¢51 sin ¢51)ZFR1 MFR

- Fm chos(q&Sl- ¢u1) = 0.0 (4.4)

Using the small angle assumption, the above equation

becomes:
(P}1_ F12)31+ (F1{+ F1z)znx(¢s{- ¢u1)

t W (a- @ )Z + M - F 2 =0.0 (4.5)

where,
Fu = Ku[AZm-Sx (¢sx— ¢u1)]

FIZ = KIZ [A2U1+Sl(¢51_ ¢U1)] (4 : 6)

P~ wm(af¢01) (4.7)
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F.+F,= wﬁ(l + ay¢u1) (4.8)

W, = WAXL - W (4.9)

If we change the sprung mass angle ¢53 by a small amount
A¢%, and for a small deviation from the equilibrium

condition, the corresponding change in equation (4.5)

will be:
(AF = AF:z)S£+ (8F, + AszJqu(¢m- Pu)
+ (F o+ F 02, (84,- 8¢,) + W_(8a - 8¢)2Z
+ AM_ -AF, 2 = 0.0 (4.10)
where,

AF = Ku[Azm -5 (A¢51-A¢u1)]

AF = Kiz[Azm + SI(A¢SI—A¢m)] (4.11)
AF + AF = W (Ba ¢, + a A9 ) (4.12)
AF, = (WAXL - W, )(da - ¢ ) (4.13)

Substituting the above three equations into equation (4.10),

the rolling moment equation for the first sprung mass

becomes:
(K = K p)8,82, - (K, + K1;.>)sf‘ws1 (R, Km)sbem
- (WAXL, - W )AaZ + (WAXL - W )& 2
+ (WAXL, - wux)zm(¢51 - ¢Ul) (Aay¢m+ ayA¢u1)
R P FLIZ, (80, - A8,) + K (Ae - Aés,)
+ WeZe ba = Wz Ad = 0.0 (4.14)
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The moments on the second sprung mass are similar to
those for the first sprung mass with the following two
additional moments. The moment M, transmitted by the fifth

wheel,

M5= K5(¢53—¢S )

2
and the moment Mw5 due to the fifth wheel load WS,

MWs = Wszsz(aycos(q)sz) - sin(¢52))

Thus the rolling moment equation for the second sprung mass
for a small change from a given equilibrium condition is:

2 2
(K - KZZ)SZAZUZ - (K21 + KZZ) S2A¢52 + (K21 + KZZ)SZA¢UZ

21

- (WAXL, - W _)AaZ  + (WAXL, - W )A¢ 7

+(WAXL, = W) 2.,(0g, - ¢y,) (Aay¢u2 + ayA¢uz)
H(F, + F 02,86, - 84,,) = Ky (8¢, - B9,))
- Weplpgoha + W2 80, + K (A9 -84 )
- W (ba - 84_,)Z = 0.0 (4.15)

Similarly, the moments on the third sprung mass are due
to the spring forces, the lateral forces acting through the
roll center, moment tiansmitted by the fifth wheel and
moment due to the load on the fifth wheel. Thus the rolling
moment equation for the third sprung mass for a small change

from a given equilibrium condition is:
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(Ky = K o)8,82, - (K + K32)S:A¢53 Ry, Kaz)siu’ua
- (WAXL, - WU3)AayZR3 + (WAXL, - W,,) 89,2,
* (WAXL, = W, )2, (9, - @y,) (Aay¢u3 + ay‘wua)
(Fy t F )2, (80, - B9,) - K (8, - 89,)

- Wy(ba - 8¢ )2 = 0.0 (4.16)

4.3.2 Rolling moment equations for the unsprung masses
Since the springs and tires attached to the three axles
are all similar, one general equation can be derived to
describe the roll moment for the unsprung masses. The
moments acting on each of the three unsprung masses are due
to the spring forces F. and F o vertical tire forces qu’
lateral forces at the roll center FRI, as well as the
lateral tire forces F, and roll resisting moments OvT,, and
OVTM generated at the outer tires. The general roll moment
equation for the unsprung mass i is:
..(F

- FS H (F ot F ot Foat FLJOREG,

i1 3

+ (F,,- F,,)(T+ A)cos ¢+ (F, - F )T cos ¢,

2

- (F + FzM)y‘cos ¢m + FRlZ‘“-r Fy‘HU‘

zi3
+ OVT,_ + OVT = 0.0 (4.17)

Using the small angle assumption, for a small change in

roll angle ¢, and for a small deviation from the

equilibrium condition, equation (4.17) can be written as:
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-(AFH - AF!Z)SI + (AF2H+ AF212+ AFZI3+ AFZN)RI¢Ul

+ (Alei- AFzN) (Tl+ Al) + (Aanz- AFzIS)TI
- (AF213+ AFzN)yl- (Fz!3+ lel)Ayl + FRIAZUl+ AFRIZUI
AFy1Hu1 + FylAHUl + AOVTm + AOVT“= 0.0 (4.18)
where,
AF = -KTH[(TI AN, - AHm]
Aszz = _Ksz[Ti A¢u1 - AHUI]
Aqu = KTaa[(Ta + ya)Mm- AY:¢U:‘ AHUI]
Asz": = KT14|:(T1+ A1+ yi)A¢Ul- Ayi'pux' AHun] (4.19)
where 1 = 1, 2 and 3 correspond to the tractor front,

tractor rear and trailer suspensions respectively, and
AOV‘I‘13 = - KOVTmAqSUl

AOVT,, = — KOVT A¢ (4.20)

Substituting equations (4.19) and (4.20) into equation
(4.18), the three rolling moment equations for the unsprung

masses become:
(K, + K.,) STA¢sx - LK, o+ Klz)sf = WAXLR,
- (WAXL, - W )2, + KOVI_ + KOVT , + KT (T, + &)
+ KTian + KT (T, + yl)2 + KT (T, + A + y’)z]A¢m
+ [-(K, - K )8 + (WAXL - W, )(a - ¢,))Az
+[ (KT - KT ) (T, + A) + (KT, = KT )T,
- (KT, + KT, )y, + WAXLa JAH, = [(WAXL - W, )HR
+ W,y 182 - [lea + F, * U(KT, + KT, (T, +y)
+ KT, A‘wm]txyl = 0.0 (4.21)
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where i = 1, 2 and 3 correspond to the tractor front axle,

tractor rear axle and trailer axle respectively.

4.3,3 Vertical force equations for the suspension springs:

For equilibrium along the kul axis, the following

condition must be satisfied:

F,,* F,= (WAXL -W )cos ¢ +(WAXL - W )a sin ¢ (4.22)

Using the small angle assumption, for a small change A¢sﬂ
and for a small deviation from the equilibrium condition,

equation (4.22) can be written as:

(KH + KIE)AZUI - (KH - K\Z)SIA¢SI + (Kll - KIZ)SlA¢Ul

- (WAXL_ = W )@ ba - (WAXL, - W )aA$ = 0.0 (4.23)

where i = 1, 2 and 3 correspond to the tractor front,

tractor rear and trailer suspensions respectively.

4,3,4 Vertical force equations for the tires:
Since the vertical load carried by each composite axle
is assumed to remain constant, the vertical tire forces are

equal to the load carried by the axle. Thus we can write:

F+ F,+* F +F_ , = WAXL (4.24)
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Looking at the effect of a small change in the roll angle
¢

gq? and for a small deviation from the equilibrium

condition, the above equation becomes:

AF_ + AF, + OF + AF = 0.0 (4.25)
Substituting equation (4.19) into the above equation, we

get:

[(-KT“ + KT“)(T‘+ AJ + (-KT12 + KTn)T:
+ (KTH + KT14)Y1]A¢U1 + (KT“ + K’I“2 + KT’3 + KT“)AHUl

+ (KT, + KT )¢, Ay = 0.0 (4.26)

where i=1,2 and 3 correspond to the tractor front, tractor

rear and trailer tires respectively.

£.3.5 Lateral force equations for the tires:

In the model, it was assumed that the entire lateral
force is taken up by the external tires. If the centroid of
normal pressure is displaced by Y, then the lateral force
(th

F acting on the external tires of the i

" axle is equal to:

= 4
Fyl (KYT13 + KYT“)yicos ¢m 4,27)

Noting that F}: = WAXHay, for a small change in the roll
angle ¢_., and for a small deviation from the equilibrium

condition, equation (4.27) becomes:
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WAXL Aa - (KYT + KYT )8y, = 0.0 (4.28)

where i=1,2 and 3 correspond to the tractor front, tractor

rear and trailer tires respectively.

Thus equations (4.14), (4.15), (4.16) and the three
equations in each of (4.21), (4.23), (4.26) and (4.28)
constitute the fifteen equations needed to describe the roll
response of a tractor semitrailer during steady state

turning.

These fifteen equations can be written in the following

general matrix form:
[A)}(Bx) = (B)a¢, (4.29)

where, [A] is a (15x15) coefficient matrix, (B} is a vector
of (15x1), and (Ax}) 1is a vector of (15x1) response
variables, where

(Bx) = (ba, Do, Do, DO, Do, 8O, Bz ., Az,

T
bz, BH , AH_, 8H _, By, 8y,, Ay, (4.30)

v’ v2'’

In this model, the above fifteen equations are solved
for an input roll angle increment A¢53. For each increment

of ¢, [A] and (B} are updated and the vector (&%) is
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calculated, until the tires on one side of the tractor rear
and trailer axles lift-off the ground. At this point the
vehicle is considered to have reached an unctable position
and the computation is terminated. The highest lateral

acceleration achieved to this point is called the rollover

threshold.

4.4 Parametric Sensitivity Analysis

It is to be noted that [A) and (B) in equation (4.29)
are functions of the parameters of the vehicle and thus a
change in some of these parameters may affect the value of
rollover threshold. Several studies have been done to
determine the effect of changing a certain parameter on the
rollover threshold of a given vehicle ([4,5,6]. These
studies have shown some parameters to be more sensitive than

others.

In [4]}, sensitivity analysis was carried out in an
effort to simplify the SRM model. The parameters examined
are the tractor frame torsional stiffness, tractor frame
coulomb friction, fifth-wheel compliance and fifth-wheel
lash. In the study, both the individual and combined effect
of changing these parameters was examined. In both cases,
the change in the parameters had no effect on the rollover

thresheld.
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In (5], sensitivity analysis was carried out using two
sets of typical parameter inputs which are based on varying
the parameters by +10% and -10% from the baseline data.
Table (4.1) gives a list of parameters which were found to
be most sensitive. The corresponding change in 1lateral
acceleration at which the first wheel 1lifts off is also
given. The other parameters were found to have an effect of

less than + 2% for a variation of + 10% .

In the same study, the effect of certain parameters on
a vehicle rollover threshold was analyzed by taking into
consideration the precision at which each parameter could be
best determined at a roadside station. Table (4.2) gives a
list of the most sensitive vehicle parameters, their best
estimated precision and the resulting errors in the rollover
threshold. It 1is important to note that the rollover
threshold in this study was the 1lateral acceleration at

which the first wheel 1ifts off.

In [6], sensitivity analysis of a number of parameters
was carried out to determine their effect on the rollover
threshold. The parameters were divided into three groups.
The first group includes parameters which have no effect on

determining the rollover threshold. These parameters are:
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Table 4.1

Effect of + 10% change in most sensitive vehicle parameters

on rollover threshold [5]

Vehicle Parameter

Percent Change 1n
Lateral Acceleration

Effect of
-10% Change

Effect of
+10% Change

Trailer
Trailer
Trailer
Trailer

Tractor

Tractor

Trailer

sprung mass C.G. height
sprung mass

track width

axle load

rear spring spacing

roll center

rear axle track width

axle dual tire spacing

Height of tractor rear suspension

+12.8%

+

7.9%

~10.5%
- 3.9%

+ 4.9%
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Table 4.2

Errors on the vehicle rollover threshold
(percent change in lateral acceleration) resulting from the
best estimated precision on most sensitive parameters [5]

Percent Absolute
Vehicle Parameter Change in|Change in
Parameter|lat. acc.

Trailer sprung mass C.G. height 10% 12.35%
Tractor rear axle spring spacing 5% 2.16%
Trqctor front sprung mass C.G. 10% 1.85%
height

Height of tractor rear axle roll 5% 1.34%
center

Tractor rear spring table 5% 0.93%
Trailer rear spring table 10% 0.62%
Dual tire spacing on trailer axle 4% 0.82%
Trailer track width 1% 0.60%
Height of trailer axle roll center 5% 0.72%
Trailer sprung mass 1% 0.39%

Height of tractor front axle roll

center 5% 0.62%
Tractor rear sprung mass C.G.

height 10% 0.62%
Tractor front spring spacing 5% 0.62%
Trailer spring spacing 5% 0.31%
"ractor front spring table 10% 0.62%
Dual tire spacing on tractor rear

axle 4% 0.25%
Tractor rear track width 1% 0.23%
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l- Tractor frame torsional stiffness, }%R .

2- Coulomb friction present in the tractor frame, an'
3- Overturning stiffness of the tires, Koy -

4- Lash in the fifth-wheel plates, LASH, .

The second group includes parameters that are
required in the model input, but their value may be
approximated within + 25% error. These parameters are:

1- Tractor front suspension spring rates.
2- Equivalent trailer structure and fifth-wheel
compliance, M5,

3- Lateral stiffness of the tires.

The third group includes parameters that must be
accurately measured to determine an accurate value of the
rollover threshold. These parameters are:

1- Tractor rear and trailer suspension spring rates.
2- Roll center heights, H .

Ri

3- Sprung mass C.G. heights, 2o, -
4- Half Track widths, Tl .

5- Vertical stiffness of the tires, Kn .

It should be noted, however, that in the case of some
parameters such as tire stiffness, C.G heights of the sprung
mass, track width and roll center height, the parameters
were varied for the three roll planes together. In other

words, the effect of changing these parameters was not
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studied separately for each roll plane. Consequently, the
effect seen is due to the change in the three parameters
together. It should also be noted that the percent change
for most of these parameters was in the range of 25% to
100%. Such change in the value of the parameters, although
too wide a range in practice, should be kept in mind when
evaluating the sensitivity of the parameters. For example a
change of 50% of the baseline value of the vertical
stiffness of the three tires results in a change of 3.3% in
the rollover threshold. This change 1is small when
considering the corresponding 50% change in the the tire
stiffness. Thus the tire vertical stiffness should be

considered as a parameter of secondary importance.

In all the sensitivity studies discussed above, the
results were obtained by changing the data file and running
SRM for each case. Thus, each parameter sensitivity result
required one run of the program. In the next section, a
mathematical sensitivity analysis is proposed. This method
requires only one run of SRM in order to obtain a
sensitivity matrix for each of the desired parameters. Once
the sensitivity matrix for a certain parameter is obtained,
the effect of changing that parameter on the response
variables can be quickly calculated without further running
SRM. Thus this proposed method avoids the need for

repetitive running of SRM each time a parameter is changed.
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4.5 Mathematical Sensitivity Analysis

In this section, the method used for sensitivity
analysis will be explained and the equations derived
starting with the 15 equations that describe the static roll
model. The method will be applied to study the sensitivity
of the more sensitive parameters and the results presented.
Finally, the application and limitations of this method will

he discussed.

4.5.1 Derivation of sensitivity equations
The 15 equations derived in section 4.3 describing the

static equilibrium of a vehicle can be written in this form:

(e - £

[A] is a (16x16) coefficient matrix,

where,

{B} is a (16x1) right hand side vector.

Taking the partial derivative of equation (4.31) with

respect to the parameter P1l, we get:

[_g%]{m:} + [A]{ﬂagz;l} =0 (4.32)

where Pl is any parameter that we choose to change.

In equation (4.32), {éé%%l} is the only unknown which can be
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obtained from:

(8t P [l (43

This sensitivity vector, {§§%§1} is dependant on the
value of the vector {Ax}, and the matrices [é] and [_%%T] .

The value of these vectors and matrices changes at different
roll angles ¢.,- Thus, in order to calculate the sensitivity

vector for certain vehicle parameters, the program SRM is
run with the initial set of parameters { Pl: Pl1, P2, P3 ..}

for each roll angle increment until rollover occurs. The

matriczs [A] and [—%%J are calculated at each roll angle

increment for all the i parameters whose influence on the

rollover threshold is to be estimated. The calculated
values for Pq and [—%%ﬂ are used to calculate the

8 (Ax)

sensitivity vectors { 3P

} which are then used to estimate

the rollover threshold for the ©parametric variation

considered. The elements of matrix [A] are 1listed in
Appendix B.
s BA : »
The matrix [}E?T] will <change depending on the
parameter P1. This matrix is given below for the more

sensitive parameters. If the matrix [_%%T] is called [D]

then,
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For the parameter, ZS:,' the matrix [D] will be:

DZS (3,1) = (WAXL - W ) (-1+(¢ .= ¢ )@ .)-W,

DZS,(3,6) = (WAXL - W ) (1+( ¢ .~ ¢ . )a ~(F +F_)

2

D2S_(3,16) = (F_ + F_) + W

31 32 5

For the parameter, Sa, the matrix [D] will be:

DS,(2,3) = -2(K, + K__)S,
DS, (2,5) = 2(K, + K )8,
DS,(2,8) = (K, - K )

DS, (5,3) = 2(K, + K, ,)S,
DS, (5,5) = -2(K, + K_))S,
ps,(5,8) = -(K, - K,))
DS, (8,3) = -(K,,- K, )
DS,(8,5) = (K, - K .)

For the parameter, T, the matrix [D] will be:

DT,(6,6) = =2(KT, (T + A ) + KT_ T + KT _( T+ Y,)
+ KT (At Y .+ T))

DT, (6,12) = KT = KT_,+ KT = KT
DT, (6,15) = -(KT__+ KT_, )¢,
DT (12,6) = - (KT  + KT_ - KT - KT_)
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For the parameter, A3, the matrix [D] will be:

DA, (6,6) = =2(KT_ (T +A )+ KT (T + Y_+ A.))
DA (6,15) = - KT_ ¢
DA (6,12) = (KT, = KT_)

DA,(12,6) = = KT + KT

Finally, the vector {Ax} is nothing but the output resultant

calculated from SRM at each roll angle increment A¢s§

4.5.2 Predicting nev rollover threshold and rollover angle

Now that the sensitivity vector {§§%§l} is available,

we can obtain the new value for any variable {Ax} as

follows. If the parameter Pl changes by the value APl, then

the corresponding change in the variable vector {Ax} is:
= |3 (Ax)
{d(Ax)} = { 5T } dP1 (4.34)

The new variable matrix {Axnew} can be calculated using the

following equation:

{Axnew} = {Axold} + {d(Ax)} (4.35)

Where {Axold} is the value of the variables before the

change dPl in the parameter Pl. This sequence of operation
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is repeated at every fixed small increment of roll angle.

In this thesis, the roll angle increment is fixed at 0.2

degrees.

Now that the {Axnew} is available, we can estimate the

new rollover angle and the corresponding lateral
acceleration. This is done by checking the condition for
rollover. For this purpose, the definition of roilover used
is set to be initiated when the second and third axle tires
lift-off the ground. This condition is reached when the
tire deflection variables, DELTm, DELTZZ, DELJB‘, DELT32
are less than or equal to zero. In equation form, this is

expressed as:

DELT, = -(T,+A)¢ ., +ZT, s O
DELT. = -T_¢ _ + 2T =0
22 2 U2 2 (4.36)
DELT, = -(T_ +A )¢ , +2T, s O
DELT,, = -T_ ¢ . + ZT, s 0

The above four conditions are evaluated at each roll
angle increment. If the conditions are met, the vehicle is
set to have rolled over. Not all of the above four
conditions are met at the same roll angle value. The tire
which requires the largest roll angle to lift-off is taken
as the limiting condition. The angle at which rollover has
just occurred is when this tire’s deflection is just equal

to zero. However, since the roll angle is incremented by .2
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degrees, this value is most likely to jump from a positive
to a negative value with just one incrementation. To
calculate the exact roll angle, direct linear interpolation

using the two tire deflection values is used.

The new rollover threshold c¢an also be found by
calculating the predicted lateral acceleration value at each
roll angle increment. The maximum value of 1lateral
acceleration calculated before rollover occurs is the new

rollover threshold.

4.5.3 Results of Sensitivity Analysis

To demonstrate the effectiveness of the sensitivity
analysis, a heavy vehicle with configuration and parameters
as in [6] is selected. The parameter set for this vehicle
is given in Appendix C. The rollover angle for this vehicle
calculated from SRM is 10.4 degrees, with the corresponding
lateral acceireration of .303 g and a rollover threshold of
.301 g. Mathematical sensitivity analysis is performed on
this vehicle and the results of the more sensitive

parameters are discussed below.

Mathematical sensitivity analysis was carried out on
the following parameters: The C.G height for the tractor
front, tractor rear and semitrailer sprung mass, the spring
spacing for the tractor front, tractor rear and semitrailer

axles, the track width for the tractor front, tractor rear
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and semitrailer axles, the dual tire spacing for the tractor
front, tractor rear and semitrailer tires,the roll center
height of tractor front, tractor rear and semitrailer axles,
fifth wheel height, fifth wheel stiffness, tractor frame
roll stiffness, tractor frame C.G. height and the vertical,
lateral and overturning stiffness for the tractor front,

tractor rear and semitrailer tires.

The most sensitive parameters were found to be the
semitrailer C.G. height, zs,, tractor rear half spring

spacing, S, semitrailer half track width, T and

3!
semitrailer dual tire spacing Al. The rest of the
parameters were found to have an effect of less than 2% on
the rollover threshold for a variation of + 15% in the
parameter. These parameters in turn can be divided into two
groups. The first is parameters that have some effect on
the rollover threshold; however, that effect is less than

2%. The second group includes parameters that have less

than .5% or no effect on the rollover threshold.

Parameters that belong to the first group include:
1. Tractor rear track width.
2. Trailer and tractor roll center heights.

3. Fifth wheel height.
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Parameters that belong to the second group include:

1. Tractor front and tractor rear dual tire spacing.

2. Tractor front and tractor rear sprung mass C.G height.
3. Tractor frame C.G. height.

4. Tires vertical stiffness.

5. Tires lateral stiffness.

6. Tires overturning stiffness.

The sensitivity results of all the parameters studied
were similar in magnitude and direction to those obtained by
running SRM. However, the mathematical sensitivity analysis
of the semitrailer half spring spacing showed an increase in
the predicted rollover thresbold value for an increase in
the semitrailer half spring spacing. This increase was not
obtained by running SRM with the new value. 1In [7], it is
noted that the improvement in the rollover threshold due to
increasi-g the semitrailer half spring spacing is related to
the tractor roll stiffness. A low roll stiffness in the
tractor suspension controls the rollover threshold result.
In that case, increasing the roll stiffness at the trailer
axles by increasing the spring spacing has little or no
effect on improving the rollover threshold. This
relationship between the tractor suspension roll stiffness
and semitrailer spring spacing is not explicitly present in
the sensitivity matrices and thus could not be taken into

account in the mathematical sensitivity analysis.
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Figures (4.9), (4.10), (4.11) and (4.12) show the
predicted effect of changing the semitrailer sprung mass
C.G. height vs. the actual effect obtained by running SRM.
The numbers in brackets indicate the error in the predicted
value. From Figures (4.9) and (4.10), it can be seen that
decreasing the C.G. height reduces the rollover angle but
increases the corresponding lateral acceleration at which
rollover occurs. Figure (4.10) shows that a 20% decrease in
the value of C.G. height results in about 40% increase in
the lateral acceleration value at rollover. In both of
these figures, it is clear that the predicted rollover angle
and corresponding lateral acceleration are both
overestimated. The error involved in predicting the new
rollover angle and corresponding lateral acceleration
increases as the change in C.G height increases. Form these
figures, it can be seen that the new rollover angle and
corresponding lateral acceleration can be predicted with
less than 10% error for a change of up to 20% in the

parameter.

Figure (4.11) shows the effect of changing the C.G.
height on the rollover threshold. As seen in the figure, a
20% decrease 1in the C.G. height improves the rollover
threshold by about 40%, while a 20% increase in C.G. height
reduces the rollover threshold by about 25%. Here, the
error involved in predicting the rollover threshold is

related to the direction of change in the C.G. height. From
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this figure, it is clear that the error is larger for a
positive change in the parameter. The error also increases
as the change in the parameter increases. An increase of 5%
results in 2.8% error, whereas an increase of 15% results in

11.5% error.

It is important to note at this point that this method
of predicting the new rollover angle is 1limited to new
rollover angles that are less than or equal to the nominal
rollover angle (i.e. rollover angle corresponding to the
baseline vehicle). This is because the variables, {(Ax) and
sensitivity tables required are known only up to that point.
Consequently, this method cannot predict rollover angles
that are higher than the nominal value. Similarly, the
lateral acceleration values at each roll angle increment can
be estimated only up to the nominal rollover angle. For the
semitrailer C.G height, this is shown in Figure (4.12).
This figure shows the predicted and actual 1lateral
dacceleration versus roll angle curves for a 10% increase in
the semitrailer C.G height. The behaviour of the vehicle
can be predicted up to the nominal rollover angle of 10.4°

whereas actual rollover of the vehicle occurs at 13.1°.

The predicted effect of changing the tractor rear
spring spacing vs. the actual effect obtained by running
SRM, is shown in Figures (4.13), (4.14), (4.15) and (4.16).

The effect of increasing the spring spacing on the rollover
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angle and the corresponding lateral acceleration is shown in
Figures (4.13) and (4.14). From these two figures, it can
be seen that increasing the spring spacing decreases the
rollover angle and increases the correcsponding lateral
acceleration. A 20% increase in the spring spaciny reduces
the rollover angle by about 25% and increases the
corresponding lateral acceleration by about 10%. The
maximum error in predicting the new rollover angle is 11.2%
for a 20% increase in the parameter. The corresponding
error in predicting the 1lateral acceleration value at
rollover is 4.8%. Thus the effect of increasing this
parameter on the rollcver angle and lateral acceleration can

be predicted within reasonable error for changes up to 20%.

Figure (4.15) shows the effect of changing the tractor
spring spacing on the rollover threshold. From the figure,
it can be seen that increasing the spring spacing increases
the rollover threshold. A 20% increase in the spring
spacing results in an increase of around 10% in the rollover
threshold. Looking at the predicted and actual curves in
this figure, it is clear that the mathematical sensitivity
analysis overestimates the effect of changing the parameter
on the rollover threshold. The maximum error involved

however, remains well below 10%.

Figure (4.16) gives the predicted and actual lateral

acceleration versus roll angle curves for a decrease of 10%
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in the spring spacing. As can be seen in the figqure, the
actual new rollover angle of 14.6° cannot be predicted,
however, the predicted and actual 1lateral acceleration

curves are quite close.

The predicted vs. actual effect of changing the
semitrailer track width on the rollover angle and
corresponding lateral acceleration is shown in Figures
(4.17) and (4.18). From these two figures, it can be seen
that increasing the half track width by about 15% results in
decreasing the rollover angle by about 3% and increasing the
corresponding 1lateral acceleration by about 15%. Figure
(4.18) shows that the error in predicting the lateral
acceleration at rollover increases rapidly with the increase
in the change in parameter. An increase of 5% in T3 results
in 8.3% error whereas an increase of 15% in the same
parameter results in 17.6% error. Tae error in predicting
the rollover angle, however, 1is not as dependant on the

magnitude of parameter change.

The effect of changing the semitrailer track width on
the rollover threshold is shown in Figure (4.19). As shown
in the figure, increasing the half track width by 15%
increases the rollover threshold by about 13%, while
decreasing the half track width by 15% decreases the
rollover threshold by about 16%. From this figure, it can

be seen that the magnitude of error is dependant on the
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direction of change in the parameter. A 15% increase in the
parameter results in 17.6% error, whereas a 15% decrease in

the same parameter resvlits in only 7.2% error.

Figure (4.20) gives the predicted and actual 1lateral
acceleration versus roll angle curves for a 10% decrease in
the half track width. As can be seen form tris figure, the
actual rollover angle is 12.8 while the predicted curve
goes up to the nominal rollover angle of 10.4°. However,
the predicted and actual lateral acceleration values are

very close as can be seen from the two curves.

The predicted vs. actual effect of changing the dual
tire spacing of the trailer tires can be seen in Figures
(4.21), (4.22), (4.23) and (4.24). Figures (4.21) and
(4.22) show the effect of increasing the dual tire spacing
on the rollover angle and the corresponding lateral
acceleration. As can be seen from these figures an increase
in the results in dual tire spacing reducing the angle at
which the vehicle rolls over and increasing the
corresponding lateral acceleration value. The error in
predicting these two values increases as the the change in
parameter increases, however, in both cases, the error

remains less than 10% for up to 25% increase in parameter.

As can be seen in Figure (4.23), increasing the dual

tire spacing on the semitrailer improves the rollover
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threshold. A 25% increase in the dual tire spacing improves
the rollover threshold by about 10%, while a 25% decrease
reduces the rollover threshold by about 5%. From this
figure, it can be seen that the magnitude of error is
dependant on the direction of change in the parameter. A
change of +25% in the parameter results in a 7.7% error,
whereas a-25% change in the parameter results in only 3.1
percent error. However in both cases, the error remains

less than 10% for up to 25% change in the parameter.

Finally, Figure (4.24) shows the predicted and actual
lateral acceleraticn versus roll -o-ngle curves for a 20%
decrease in the dual tire spacing. As can be seen in the

figure, the two curves are quite close.

4.5.4 Limitation

From the figures in the previous section, it is clear
that there is some error involved in using the mathematical
sensitivity analysis approach to predict the effect of
changing a certain parameter on the vehicle’s response. For
the semitrailer C.G. height, the maximum error was 18% for a
20% change in the parameter. A change of 15% in the same
parameter reduces the error to 11% and a change of 10%
results in 6% error. Thus, a larger deviation from the
nominal value of the parameter results in a larger error. A
similar behaviour can be seen with the semitrailer track

width. A change of 15% results in a large error of 17%
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whereas a change of 5% results in a 7% error. Looking at
the tractor rear spring spacing, the maximum error is 7.1%
for a =-20% change in the parameter. For the semitrailer
dual tire spacing, the maximum error in predicting the
rollover threshold is 8.3% for a 20% change in the

parameter.

Another point to note is that direction of the
parameter change can at times influence the amount of error
involved. This is an indication of the assumption that is
implied by using the mathematical sensitivity approach. 1In
this method, it is assumed that the change in the variables
is linearly related to the change in the parameter. Looking
at the graphs of predicted and actual lateral acceleration
values at rollover, it can immediately be seen that this is
not actually the case. This assumption is a source of error
that becomes more obvious with larger deviations from the

nominal parameter value.

The application of the mathematical approach is to
guickly, and within reasonable error, determine the new
behaviour of a given vehicle when a certain parameter is
changed. This method is intended to estimate of the new
rollover threshold and roll angle within an acceptable range
of error. If a more accurate result is required, the user
should run the actual SRM program. The advantage of this

method, however, is the availability of the sensitivity

110



106

AGTUAL
104 {-{ —B—

PREDICTED
| | PREDCTE

102

_.
=
T
3
k=]

96 -

Roll Angle (deg)

94 -

9.2 (

9 1 1 | !
25 -20 -15 -10 -5 0

Change in ZS3 (%)

FIGURE 4.9 The Effect of Decreasing the Semitrailer C.G.
Height on Semitrailer Roll Angle at Rollover

o
ES
&

ACTUAL
——

(=]
a
N
T

PREDICTED

o
o
i

o

€3

-]
T

Acceleration {g)
o o
b 8
1 T

L L i !
028
25 -20 -15 -10 -5 0

Change in ZS3 (%)

FIGURE 4.10 The Effect of Decreasing the Semitrailer C.G.
Height on Lateral Acceleration at Rollover

111



045

. ACTUAL
04 |- NG 28
A PREDICTED

o

(2]

o
1

025 +

Roilover Threshold (g)

02
0.15 J I J L i
-30 -20 -10 10 20 30

0
Change in ZS3 (%)

FIGURE 4.11 The Effect of Changing the Semitrailer
C.G.Height on Rollover Threshold

0.3
ACTUAL

025 | PREDICTED{ ...
5 o2}
~ | EmesTTey
c
8
—
E 015
£
[+]
3
g 01

005 -

0 | 1 ! 1 1 1 m

Roll Angle PHIS3 (deg)

FIGURE 4.12 Lateral Acceleration vs. Semitrailer
Roll Angle for a 10% Increase in
Semitrailer C.G Height

112




1
ACTUAL
—
PREDICTED
R N
—
on
@D
©
—
2
o
c
<
©
@
75 | 1 | i
0 5 10 15 20 25

Change in S2 (%)

FIGURE 4.13 The Effect of Increasing the Tractor
Rear Spring Spacing on Semitrailer
Roll Angle at Rollover

035

ACTUAL RSl

0.34 | PREDICTED
bhanty it

(=]
[X)
«©

032

Acceleration (g)

o
@

(=]
(2]
3

! 1 1 |

029

0 5 10 15 20

Change in 82 (%)

FIGURE 4.14 The Effect of Increasing the Tractor
Rear Lpring Spacing on Lateral
Acceleration at Rollover

113



0.36

o
g

o
8

0.28

Rollover Threshold (g)

0.26

0.24

ACTUAL
——

PREDICTED
&

! | !

-1 10

[ 0
Change in S2 (%)

30

FIGURE 4.15 The Effect of Changing the Tractor Rear

035

03

025

o
[

0.15

Acceleration (g)

(=3
e

0.05

Spring Spacing on Rollover Threshold

| PREDICTED

ACTUAL

2 4

8 10

6
Roll Angle PHIS3 (deg)

12

FIGURE 4.16 Lateral Acceleration vs. Semitrailer
Roll Angle for a 10% Increase in Tractor
Rear Spring spacing

114




105
ACTUAL
——_B—-
PREDICTED
gty
Loy
o
[
o
S’
o
o
c
<
o
o
{00)
99 1 ] 1
10 15 20

Change in T3 (%)

FIGURE 4.17 The Effect of Increasing the Semitrailer
Half Track Width on Semitrailer
Roll Angle at Rollover

042

TactuAL | (176)

& A
PREDICTED
b g

04

038

o
(2]
(=)

3

Acceleration (g)

032

03§

028 L : L
10 15 20

Change in T3 (%)

FIGURE 4.18 The Effect of Increasing the Semitrailer
Half Track Width on Lateral Acceleration

at Rollover

115



042

——

[ -]
o
8 =
T

-~

=3
8

o o
8 %

Rollover Threshold (g)

026

024

ACTUAL (176)
—_—r—

PREOQICTED
A

L

J L 1 1

FIGURE 4.19

0.35

5

Change

0 5
in T3 (%)

The Effect of Changing the Semitrailer
Half Track Width on Rollover Threshold

03

ACTUAL

........

PREDICTED

0.25

o
N

0.15

Acceleration (g)

°o
-

005

........

1 L i 1 L !

FIGURE 4.20:

4 8 8 10 12

Roll Angie PHIS3 (deg)

14

Lateral Acceleration va. Semitrailer
Roll Angle for a 10% Decrease in
Semitrailer Half Track Width

116



105
ACTUAL
——
PREDICTED

1044 reefyes

o~~~ 4

o

@

© 103

el

L]

o

<

= 102 |-

[o)

o

RN
101 - e e
! A
10 1 1 | 1 1
0 5 10 15 20 25 30

Change in A3 (%)

FIGURE 4.21: The Effect of 1Increasing the
Semitrailer Dual Tire Spacing on
Semitrailer Roll Angle at Rollover

03 -
ACTUAL @n
035 |- S D
PREDICTED .
coedyenn
03 | Ay
— ’.’
] @8 -
S ox |- A
©
@
T 0%
13}
3]
<
031
034
029 1 1 1 ! 1
o 5 10 15 20 25 30

Change in A3 (%)

FIGURE 4.22: The Effect of Increasing the Semitrailer
Dual Tire Spacing on Lateral Acceleration
at Rollover

117



036

Rollover Threshold (g)

o
(2]

PREDICTED
[

=)
®

ACTUAL
—T— en

FIGURE 4.23:

30

Change in A3 (%)

The Effect of Changing the Semitrailer Dual

Tire Spacing on Rollover Threshold

035

03 |-

0.25

o
N

Acceleration (g)

°
S

0.05

FIGURE 4.24:

F| AcTuAL
PREDICTED
- ,"
-
.
n"
1 i 1 L 1 Il
2 4 8 [ 10 12 14

Roll Angle PHIS3 (deg)

Lateral Acceleration vs. Semitrailer
Roll Angle for a 20% Decrease in
Semitrailer Dual Tire Spacing

118



matrix at any time to study the effect of changing a certain
parameter. Thus if the vehicle configuration is fixed, and
the user would like to know how changing a certain parameter
will affect the stability of the vehicle, the program can

quickly determine the new rollover threshold and roll angle.

4.6 Summary

In this chapter, a mathematical.sensitivity analysis to
study the effect of changing a certain vehicle parameter is
presented. A static roll plane model describing the
stability behaviour of a vehicle during steady turning is
used to derive the necessary sensitivity equations and to
evaluate the results of the mathematical sensitivity
analysis. The results show that this method can be used as
a quick estimate to predict the roll angle, 1lateral

acceleration and rollover threshold within reasonable error.
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CHAPTER 5

EVALUATION OF KNOWLEDGE-BASED SYSTEM: VELSAS

5.1 General

In Chapter 3, the development of the knowledge-based
system: VELSAS is discussed. In this chapter, the overall
structure of VELSAS is presented and evaluated. The
evaluation will include the verification and validation of
VELSAS, and a discussion of its advantages and limitations.
The verification and wvalidation of VELSAS requires many

system runs of which few will be presented.

5.2 Overall Structure of KBS: VELSAS

It was mentioned in Chapter 2, that VP-EXPERT is a goal
driven expert system tool. In this section, the sequence of
the major goals is discussed and represented in Figure

(5.1) . At this stage, it is important to note two things.

The first point to note is that the goals discussed in
this section do not include all the goals defined in the
ACTIONS block of the expert system or the goals defined in
the rule conclusions. This 1is because in most cases,
attaining a certain major goal requires defining and
attaining other sub-goals. For example to check if the load
on the trailer axle group is legal, the expert system has to
find the capacity of the tires and the maximum allowable

load for that axle group as defined in the regulations.
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DEFINE VEHICLE AND
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LEGAL | CHECK FOR TRAILER ILLEGAL
LOAD LEGALITY
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ROLL MODEL

RUN SENSITIVITY
ANALYSIS

Figure 5.1 Sequence of Goals Followed by VELSAS
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Then, the least of these two values is taken as the limiting
load and compared to the actual load. Thus, the goal: ND
trailer_legality, requires the two sub-goals: FIND

trailercap and FIND trailer_max_load.

The second point to note, is that Figure (5.1) cannot
be considered as a flowchart of the expert system. This is
because a flowchart is supposed to represent the flow of a
progranm. In the case of an expert system, the program is
likely to take a different path every time it runs. This is
because the path it takes depends on the user input as well
as some of the results of rule conclusions. Thus, even
though the goals defined in the ACTIONS block remain the
same, the path taken by the expert system in attaining these

goals 1is not usually the same.

Figure (5.1) describes the major goals of the expert
system and their sequence. As can be seen from this figqure,
the vehicle is first defined, the axle loads calculated by
calling the external program STATIC and the results
transferred back to VP-EXPERT. Then, VP-EXPERT checks for
the legality of the dimensions and axle loads. Checking for
axle load legality is divided into three parts. The tractor
front axle, tractor rear axle and trailer axle group.
VP-EXPERT then checks for the vehicle gross weight legality.
If the gross weight and axle loads are all legal, VP-EXPERT

calls the external program SRM to calculate the rollover
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threshold and then allows the user to perform a sensitivity
analysis on the vehicle by calling two other external
programs. If the load on the semitrailer axle group or
vehicle gross weight is found to be illegal, VP-EXPERT
provides the user with some suggestions of trailer axle

group modification that will result in a legal vehicle.

5.3 Verification and Validation of KBS: VELSAS
5.3.1 The verification and validation process

Verification and validation are very important in the
evaluation and acceptance of any expert systemn. Although
the terms verification and validation are often used
interchangeably, there is a distinct difference between the

two processes. The IEEE definitions are [22]}]:

.Verification: the process of determining whether or
not the products of a given phase of software development
meet all the requirements established during the previous
phase.

.Validation : the process of evaluating software at the
end of the development process toc ensure compliance with

software requirements.

These definitions are easily applicable for classical
software, however, the 1life cycle and nature of expert
system development suggest the need for a different approach

to verification and validation.
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No single approach or definition for the verification
and validation of expert systems has been agreed upon.
There have been many definitions and approaches to
verification and validation. 1In [22], it is suggested that
verification and validation can be distinguished according
to the persons using them. The customer, is concerned with
the validation process to insure that it does solve his
problem. In this case, the customer is 1looking for the
usability, competence, performance and reliability of the
expert system. The builder on the other hand, is concerned
with the verification process. The builder is looking for
completeness, coherence, correctness, robustness as well as

performance.

In {23}, an incremental validation approach is proposed
in which it is suggested that validation should address two
problems: Validation of the formalization 1in order to
determine whether a formalization correctly represents the
actual wuser’s intention and validation of the user’s
intention to determine whether the user’s intention is

correctly represented by the actual formalization.

In [24], Verification is defined as insuring that the
expert system code fully and exclusively implements the
required specifications, whereas validation is insuring chat
the <code correctly implements the user requirements.

According to this definition, verification is suggested to
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be, in many cases, a "paper" activity while validation is a

"live" activity in which the software is tested.

Although there is no single approach to the
verification and validation process, a knowledge of possible
problems and error sources in expert systems can be helpful
in verifying and validating expert systems. Some of these
errors for rule based systems are given in [24]. The most
trivial sort of error is typographical errors. Depending on
the language, tool or shell used, this sort of error may
either go unnoticed by the compiler to be detected only at
runtime, or may be detected by the compiler and a warning
message displayed to the builder. At other times, lack of
attention in writing rules introduces errors such as a
reverse in the direction of implication or omission of a
part of the rule. Most of the time, the detection of such
errors, requires running the expert system. Other errors
are introduced when the system 1is being expanded to
accommodate more requirements or incorporate more knowledge.
The builder might modify most of the relevant rules but miss
others. Some of the errors more specific to rule sets
include redundancy in rules or inferences, conflict in
initial and deducible facts and incompleteness due to

missing rules, unconnected rules or missing facts.

With all these views and approaches to validation and

verification, there is a lack of structured strategies or
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methodologies for either process. Despite this fact, the
importance of checking the expert system performance and
correctness 1is dgreat. For the purpose of this expert
system, the definitions of verification and validation given
in [23] were used. Verification was sometimes limited to
“paper" work, whereas at other times certain errors could
only be detected at runtime. In many cases, it was found
that the two were interrelated so that one was helpful in

detecting errors that went unnoticed by the other.

.Looking at Figure (5.1), it can be seen that this
expert system can actually be divided into smaller expert
systems. This modular like structure of the expert system
was helpful in the verification and wvalidation process.
Each part could be developed and tested alone and put aside
while another part was being developed. Once these smaller
expert systems were assembled intoc the final expert systen,
any new problems that occurred could most likely be

attributed to the interaction between the different parts.

The method for validation and verification followed the
method suggested in [23]. This defines the verification and
validation as comprising of five tasks: defining the
requirements, verifying the knowledge base and supporting
software, preparing test cases, executing the test cases and
evaluating the results. Each of these steps as applied to

this expert system is discussed below.
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Requirement Definition

The requirement definition for this expert system
started with a general statement of purpose which was used
to build the first prototype. As the expert system began to
take shape, the requirements definition changed with the
realization of the capabilities and possible applications .
In most cases, requirements specification for expert systenms
is different than that for conventional computer programs.
However, the structure of the knowledge base for this expert
system, made it possible to define the the knowledge base
requirements in the form of input/processing /output terms.
Once the expert system was completed, the specified
requirements were once more compared to the actual features
of the system to insure that all the specified requirements

were met.

Verification
The method used in verifying this expert system can be
divided i o two general categories: requirements tracing

and engineering analysis.

Requirements tracing is done to insure that all the
superior requirements are met by the subordinate ones and
that there are no errxors or omissions that might interfere
in the passing from one development stage to the next. In
general, the declarative nature of expert systems makes

requirement tracing rather difficult. However, the modular
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like nature of this expert system made this process easier.
For example, determining whether the load on the semitrailer
axle group is legal was defined as a superior requirement
specification. This requirement, generates two subordinate
requirements: determining the maximum load allowed on the
semitrailer axle group and the actual 1load on the
semitrailer axle group. The requirement of determining the
maximum load allowed on the semitrailer axle group in turn
generates another two requirements, determining the maximum
allowable load on the axle group as defined by Table 1 in
the regulations (Appendix A ) and determining the maximum
allowable load on the semitrailer tires. These requirements
in turn generate more subordinate requirements. This sort
of structure which was seen throughout the expert systemn,

made the requirement tracing quite practical and feasible.

Engineering analysis refers to insuring that the expert
system will work as intended before it is expanded into the
desired scale. n [23], different elements of engineering
analysis are described. The elements proposed zre presented
and those that were found to be applicable are discussed

with reference to the expert system at hand.

The first element is to consider is how critical the
application of the expert system is. This is a study of how
the failure of the expert system affects the purpose for

which it was built. If the expert system is just a part of
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a larger software, then it is important to consider how the
failure of the expert system affects the other components
and overall performance of the software. For the expert
system at hand, a correct performance of this system is
quite critical. This is because of two reasons. The first
reason is that this expert system is concerned with
government regulations, and a simple error can very likely
result in declaring an illegal vehicle to be legal or vice
versa. The second reason is that the expert system, with the
exception of the external programs it calls, makes for the
major part of the software. Thus a correct performance of

the expert system is critical for providing correct answers.

The second element in the engineering analysis is the
sensitivity of the expert system to minor variations in the
inputs, particularly around operating limits, if there are
any. Once more, the nature of the application of this
expert system necessitates the accuracy and correctness of
the information provided. Failure to do so, may result in
one oOr more incorrect conclusions given by the expert
system. For example an inaccurate axle position, or load
value may result in an incorrect conclusion about the

legality of the vehicle.

The third element in the engineering analysis is the

efficiency of the expert system or the ability of the system

to perform the required job within the given time and
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resources. In the case of the expert system at hand, the
system can be cecnsidered as quite efficient in checking all

the relevant regulations and especially in suggesting legal

configurations.

The fourth element to be <considered is the
maintainability of the expert system. The nature of expert
systems is such that they require expansion or modification
to accommodate new requirements or incorporate new
knowledge. For this reason, maintainability is of great
importance in expert systems. Accordingly, great care was
taken when building this expert system to insure that the
rule base is easy to read and that meaningful variable names

were used whenever possible.

The fifth element to be considered is the interaction
analysis, or the ability of the interacting components of
the expert system to produce the required results. In the
case of the expert system at hand, this may refer to the
interaction between the external programs and VP-EXPERT as
well as the interaction between the two knowledge bases. A
correct interaction can be verified very easily by insuring
that the variable values passed between these different
parts are the correct values and that the variable names are
the same. As mentioned before, the structure cf this expert
system is such that it can be divided into a number of

smaller modules. Thus correct interaction may also refer to
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cbtaining the intended behaviour resulting from the

interaction of these smaller expert systems.

The sixth element to look at is truth analysis. Truth
analysis insures that the content of the knowledge base is
correct. For example, a rule that defines the maximum
allowable 1load for an axle group under certain 1loading
conditions should be <consistent with the government
regulations. This can be done by comparing the rules with
the published regulations so that rules are representative

of the regulations.

Another suggested element of engineering analysis is
the uncertainty analysis. This analysis is required when
the expert system employs uncertainty fa-tors. However, as
described in chapter 2, the expert system at hand uses a
certainty factor of 100 at all times. This is because the
laws and regulations used to build it have no measure of

uncertainty.

Finally, another point, not suggested in [23] is
completeness analysis. This analysis is important in
insuring that no relevant or important information went
unrepresented in the knowledge base. This can be done by
checking that each relevant regulation is represented by one
or more rules as required. Taking the semitrailer axle load

example again, this aralysis would insure that every
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possible combination of axle group type, axle spacing,
loading conditions and year of model that is present in the

regulations is represented in the rule base.

Test Case Preparation

The selection of test cases should be done with the
following points in mind:

~Every requirement should be tested. This is to insure
that all the requirements have been met. In most cases, if
one or more requirement is not met, it is possible to find a

test case that will point that out.

-Every rule and possible conclusion should be tested.
This requirement usually requires a close study of the rule
base in order to determine how to reach a certain
conclusion. In the case of the expert system at hand this
was found to be impractical since it requires testing a
tremendous combination of inputs. Consequently, the cases
selected were those that tested representative rules and

rules where error was more likely to occur.

Testing an intelligent choice of combinations. This is
closely related to the above requirement. Again not all
combinations can be tested, however, the combinations that
are, should be well representative of the other combinations
that are not tested.

Test Execu*ion
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Once the test cases are chosen according to the above
criteria, the test cases are executed and their results
recorded. The results of these tests are later used in the
evaluation of the expert system. At other times, the
results may reveal one or more errors that can be

immediately corrected before further testing is done.

Validation

In most expert systems, validation is the most
controversial part of the verification and validation
process. One cause of this problem is that in many cases,
there may be no single best answer. Instead there may be a
set of acceptable answers which may not all be provided by
the expert system. Another cause could be the human factor
involved in the evaluation process which may give rise to
problems such as prejudice, inconsistency or differences in
opinion. The use of uncertainty factors presents another
difficulty in the evaluation process. With the exception of
the first problem, the problems discussed above were not
encountered in the evaluation of this expert system. Again,
this is largely due to the nature of knowledge represented

and the absolute certainty of the regulutions.

Some of points to be checked when evaluating the expert

system are:
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-Whether the obtained results are the same as, or

equivalent to, the expected ones.

-Whether the explanation and justification provided by

the expert system is satisfactory.

-Whether the inference process followed by the expert
system is sufficiently complete and robust. As well whether
the knowledge employed is of such quality and quantity to

encourage customer confidence in the expert system.

At this stage it is important to note that the points
just mentioned in the verification and wvalidation
requirements are by no means exhaustive. However, they do
provide a good outline to go by in the evaluation of this
expert system. What follows is a presentation of a few test

cases and a validation of their results.

5.3.2 Test cases for KBS: VELSAS and results

The test cases presented are such that they represent a
few different possible results of the expert system. A
printout of the VP-EXPERT consultation screen is given for

each of the test cases presented.
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CASE 1

Semitrailer Data

Number of axles : 1

Overall length: 14.63 m.

Kingpin offset: .91 m.

Wheelbase: 12.0 m.

Distance from empty semitrailer C.G to kingpin: 8.0 m.
Distance from payload C.G to kingpin: 8.0 m.

Weight of empty semitrailer: 6200 kg.

Weight of payload: 30000 kg.

Tractor Data

Wheelbase: 4.83 m.

Fifth-wheel offset: 0.41 m.

Tandem spread: 1.52 m.

Distance form tractor C.G. to tractor front axle: 1.4 m.

Weight of Tractor: 8200 Kkg.

At the beginning of its run, VP-EXPERT calls the external
program static which calculates the axle loads and writes to
a file to be read by VP-EXPERT. The consultation windows

for this vehicle are given in the following pages.

135



THE LOAD ON THE TRACTOR FRONT AXLE IS 6847.48 Xg.
THE LOAD ON THE TRACTOR REAR AXLE is 13419.19 kg.
THE LOAD ON THE FIFTH WHEEL IS 12066.67 kg.

THE LOAD ON THE TRAILER AXLES IS 24133.34 Kkg.

Now checking for vehicle dimensions legality

Is your vehicle model older than 19927
yes « no

THE LENGTH OF THE SEMITRAI.cR IS LEGAL

what is the total length of your vehicle in (m)?
18

TOTAL VEHICLE LENGTH IS LEGAL

what.is the height, including cargo, of the semitrailer in (m)?
4.0

Enter to select ? & Enter for Unknown /Q to quit

4.0
THE VEHICLE HEIGHT IS LEG..L

what is the width, including cargo, of the semitrailer in (m)?
2.44

THE VEHICLE WIDTH IS LEGAL
Now looking for legality of tractor front and rear axle loads
What is the tractor front axle type?

single < tandemn multiple

what is the capacity of the tractor front axle in (kg)?
7000

what is the tractor front tire load rating in (kg)?
3000

what ii the width of the tires on the tractor rear axle in (mm)?
279.4

Enter to select ? & Enter for Unknown /Q to quit
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(.279.4
what is the tractor rear tire load rating in (kg)?
2800

What is the tractor rear axle type?
single tandem «

What is the loading condition?
timber no snow normal no snow <« either snow thawing

THE LOAD ON TRACTOR FRONT AXLE IS ILLEGAL.

THE ACTUAL LOAD OF 6847.48 EXCEEDS THE LEGAL LIMIT OF 6000 kg.

THE MAXIMUM LOAD ALLOWED ON TRACTOR REAR AXLE 1S 18000 kg.

THE LOAD ON TRACTOR REAR AXLE IS LEGAL

YOUR TRACTOR IS ILLEGAL. PLESAE PRESS RETURN TO CONTINUE WITH CONSULTATION
Now looking for maximum load allowed on trailer axles

what ii the width of the tires on the trailer in (mm)?
279.4

Enter to select ? & Enter for Unknown /Q to quit

what is the width of the tires on the trailer in (mm)?

279.4
what is the trailer tire load rating in (kg)?

2800

What is the trailer axle type?

single tandem « tridem or equivalent
single and tandem tandem and single four or more

single and tridem two or more two single axles
three or more single three or more single donkey

THE MAXIMUM LOAD ALLOWED ON TRAILER AXLES ACCORDING
TO TABLE 1 IN THE REGULATIONS IS 20000 Xg.

Now looking for gross weight legality for this vehicle
The gross weight as calculated is 44400.010000.

Do you want to enter exact gross weight?
yes no «

t 1 Enter to select END to complete /Q to Quit ? for Unknown
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What is the trailer axle type?

s%ngle tandem < tridem or equivalent
single and tandem tandem and single four or more

single and tridem two or more two single axles
three or more single three or more single donkey

THE MAXIMUM LOAD ALLOWED ON TRAILER AXLES ACCORDING
TO TABLE 1 IN THE REGULATIONS IS 20000 Kkg.

Now looking for gross weight legality for this vehicle

The gross weight as calculated is 44400.010000.
Do you want to enter exact gross weight?
yes no «

what is the distance between the frontmost trailer axle and the rearmost axle
of the tractor in (m)?
9,34

YOUR VEHICLE GROSS WEIGHT IS ILLEGAL. IT EXCEEDS THE CAPACITY OF 44000 Kkg.
PLEASE PRESS RETURN.

THE LOAD ON TRAILER AXLE EXCEEDS LEGAL LIMIT OF 20000 kg.
SPECIFIED BY TABLE 1 IN THE REGULATIONS

THE LOAD ON TRAILER AXLE EXCEEDS THE TIRES CAPACITY OF 22400 kg.

THE TRAILER IS ILLEGAL.

YOU HAVE TO CHANGE TRAILER AXLE CONFIGURATION.

PLEASE PRESS RETURN TO RESUME WITH CONSULTATION
CURRENTLY LOOKING FOR POSSIBLE SOLUTIONS. PLEASE WAIT.
the total number of suggestions available is 4, how
many would you like to see?

4

single and tandem WITH A SPACING

OF 3.6 m. placed at 9.030002 m. from tractor rear axle.
tridem or equivalent WITH A SPACING

OF 3.6 m., placed at 10.830002 m. from tractor rear axle.
single and tridem WITH A SPACING

OF 5.4 m. placed at 8.130002 m. from tractor rear axle.
four or more WITH A SPACING

OF 3.6 m. placed at 10.830002 m. from tractor rear axle.
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CASE 2

Semitrailer Data

Number of axles: 2
Overall length: 14.63 m.

Kingpin offset: .91 m.

Distance from trailer rearmost axle to kingpin: 13.5 m.

Distance from

trailer frontmost axle to kingpin: 10.5 m.

Distance from empty semitrailer C.G to kingpin: 8.2 m.

Distance from payload C.G to
Weight of empty semitrailer:

Weight of payload: 23000 kg.

Tractor Data

Wheelbase: 4.83 m.
Fifth-wheel offset: 0.20 m.
Tandem spread: 1.52 m.

Distance form tractor C.G.

Weight of Tractor: 8200 kg.

to tractor

kingpin: 8.0 m.

6200 kg.

front axle: 1.4 m.

The results of the consultation for this vehicle

given in the following pages.
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THE LOAD ON THE TRACTOR FRCNT AXLE IS 5306.46 kg.
THE LOAD ON THE TRACTOR REAR AXLE is 12478.92 kg.
THE LOAD ON THE FIFTH WHEEL IS 9585.38 Kkg.

THE LOAD ON THE TRAILER AXLES IS 19614.62 Kkg.

Now checking for vehicle dimensions legality

Is your vehicie model older than 1992?
yes < no

THE LENGTH OF THE SEMITRAILER IS LEGAL

what is the total length of your vehicle in (m)?
18

TOTAL VEHICLE LENGTH IS LEGAL
what is the height, including cargo, of the semitrailer in (m)?
4

THE VEHICLE HEIGHT IS LEGAL

what is the width, including cargo, of the semitrailer in (m)?
2.44

THE VEHICLE WIDTH IS LEGAL

Now looking for legality of tractor front and rear axle loads

What is the tractor front axle type?
single « tandenm multiple

what is the capacity of the tractor front axle in (kg)?
7000

what is the tractor front tire load rating in (kg)?
3000

what is the width of the tires on the tractor rear axle in (mm)?
279.4

what is the tractor rear tire load rating in (kg)?
2800}

Enter to select ? & Enter for Unknown /Q to quit
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2800

What is the tractor rear axle type?
single tandem <«

What is the loading condition? ‘
timber no snow ncrmal no snow either snow thawing <

Will you be travelling only on autoroutes?
yes no <

THE MAXIMUM LOAD ALLOWED ON TRACTOR FRONT AXLE IS 6000 kg.

THE LOAD ON TRACTOR FRONT AXLE IS LEGAL

THE MAXIMUM LOAD ALLOWED ON TRACTOR REAR AXLE IS 15000 kg.

THE LOAD ON TRACTOR REAR AXLE IS LEGAL

YOUR TRACTOR IS LEGAL. PLESAE PRESS RETURN TO CONTINUE WITH CONSULTATION
Now looking for maximum load allowed on trailer axles

what ii the width of the tires on the trailer in (mm)?
279.4

Enter to select ? & Enter for Unknown /Q to quit

2800

What is the tractor rear axle type?
single tandem «

What is the loading condition?
timber no snow normal no snow either snow thawing <

Will you be travelling only on autoroutes?
yes no <

THE MAXIMUM LOAD ALLOWED ON TRACTOR FRONT AXLE IS 5600 kg.

THE LOAD ON TRACTOR FRONT AXLE IS LEGAL

THE MAXIMUM LOAD ALLOWED ON TRACTOR REAR AXLE IS 15000 kg.

THE LOAD ON TRACTOR REAR AXLE IS LEGAL

YOUR TRACTOR IS LEGAL. PLESAE PRESS RETURN TO CONTINUE WITH CONSULTATION
Now looking for maximum load allowed on trailer axles

what ii the width of the tires on the trailer in (mm)?
279.4

Enter to select ? & Enter for Unknown /Q to quit
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what is the trailer tire load rating in (kg)?
2800

What is the trailer axle type?

single tanden tridem or eguivalent
single and tandem < tandem and single four or more

single and tridem two or more two single axles
three or more single three or more single donkey

THE MAXIMUM LOAD ALLOWED ON TRAILER AXLES ACCORDING
TO TABLE 1 IN THE REGULATIONS 1S 20000 kg.

Now looking for gross weight legality for this vehicle
The gross weight as calculated is 37400.

Do vou want to enter exact gross weight?

yes « no

what is the gross weight of the vehicle in (kg)?
37500)

what is the distance between the frontmost trailer axle and the rearmost axle
of the tractor in (m)?
9,55

YOUR VEHICLE GROSS WEIGHT IS WITHIN LEGAL LIMITS. PLEASE PRESS RETURN.

THE LOAD ON TRAILER AXLE IS LEGAL.
THE LOAD ON TRAILER TIRES IS LEGAL.
THE TRAILER IS LEGAL.

1Help 2Go 3whatif 4Variable S5Rule 6Set 7Edit 8Quit
1Help 2How? 3Why? 4Slow 5Fast 6Quit
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CASE 3

Semitrailer Data

Number of axles: 2

Overall length: 14.63 m.

Kingpin offset: .91 m.

Distance from trailer rearmost axle to kingpin: 12.0 m.
Distance from trailer frontmost axle to kingpin: 10.5 m.
Distance from empty semitrailer C.G to kingpin: 8.0 m.
Distance from payload C.G to kingpin: 7.0 m.

Weight of empty semitrailer: 6000 kg.

Weight of payload: 20000 kg.

Tractor Data

Wheelbase: 4.83 m.

Fifth-wheel offset: 0.30 m.

Tandem spread: 1.52 m.

Distance form tractor C.G. to tractor front axle: 1.4 m.

Weight of Tractor: 8200 Kkg.

The results of the consultation for this vehicle

given in the following pages.
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THE LOAD ON THE TRACTOR FRONT AXLE IS 6399.66 kg.
THE LOAD ON THE TRACTOR REAR AXLE is 11081.58 kg.
THE LOAD ON THE FIFTH WHEEL IS 9281.24 kg.

THE LOAD ON THE TRAILER AXLES IS 16718.76 kg.

Now checking for vehicle dimensions legality

Is your vehicle model older than 19927

yes no «
What is the trailer axle type?

single tandem tridem or equivalent
single and tandem tandem and single four or more

single and tridem two or more two single axles <«
three or more single three or more single donkey

THE LENGTH OF THE SEMITRAILER IS LEGAL

whai is the total length of your vehicle in (m)?
18

Enter to select ? & Enter for Unknown /Q to quit

TOTAL VEHICLE LENGTH IS LEGAL

what is the height, including cargo, of the semitrailer in (m)?
4

THE VEHICLE HEIGHT IS LEGAL

what is the width, including cargo, of the semitrailer in (m)?
2.7

THE VEHICLE WIDTH IS ILLEGAL, THE MAXIMUM ALLOWABLE WIDTH IS 2.6 m.
Now looking for legality of tractor front and rear axle loads

What is the tractor front axle type?

single « tanden multiple

what is the capacity of the tractor front axle in ({(kg)?
7000

w;at is the tractor front tire load rating in (kg)?

Enter to select ? & Enter for Unknown /Q to quit
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what is the tractor front tire load rating in (kg)?
3000

what is the width of the tires on the tractor rear axle in (mm)?
279.4

what is the tractor rear tire load rating in (kg)?
3000

What is the tractor rear axle type?
single tandem <

what is the loading condition?
timber no snow <« normal no snow either snow thawing

THE LOAD ON TRACTOR FRONT AXLE IS ILLEGAL.

THE ACTUAL LOAD OT 6399.66 EXCEEDS THE LEGAL LIMIT OF 6000 Kg.

THE MAXIMUM LOAD ALLOWED ON TRACTOR REAR AXLE IS 20000 kg.

THE LOAD ON TRACTOR REAR AXLE IS LEGAL

YOUR TRACTOR IS ILLEGAL. PLESAE PRESS RETURN TO CONTINUE WITH CONSULTATION

THE LOAD ON TRACTOR FRONT AXLE IS ILLEGAL.

THE ACTUAL LOAD OF 6399.66 EXCEEDS THE LEGAL LIMIT OF 6000 Kkg.

THE MAXIMUM LOAD ALLOWED ON TRACTOR REAR AXLE IS 20000 Kg.

THE LOAD ON TRACTOR REAR AXLE IS LEGAL

YOUR TRACTOR IS ILLEGAL. PLESAE PRESS RETURN TO CONTINUE WITH CONSULTATION
Now looking for maximum lcad allowed on trailer axles

what is the width of the tires on the trailer in (mm)?
279.4

what is the trailer tire locad rating in (kg)?
3000

THE MAXIMUM LOAD ALLOWED ON TRAILER AXLES ACCORDING
TO TABLE 1 IN THE REGULATIONS IS 13500 Kkg.

Now looking for gross weight legality for this vehicle
The gross weight as calculated is 34200.

Do you want to enter exact gross weight?
yes no < .

t 18 Enter to select END to complete /Q to Quit ? for Unknown
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THE LOAD ON TRAILER AXLE EXCEEDS LEGAL LIMIT OF 13500 kg.
SPECIFIED BY TABLE 1 IN THE REGULATIONS

THE LOAD ON TRAILER TIRES IS LEGAL.

THE TRAILER IS ILLEGAL.

YOU HAVE TO CHANGE TRAILER AXLE CONFIGURATION.

PLEASE PRESS RETURN TO RESUME WITH CONSULTATION
CURRENTLY LOOKING FOR POSSIBLE SOLUTIONS. PLEASE WAIT.
the total number of suggestions available is 5, how
many would you like to see?

2

tandem WITH A SPACING

OF 1 m. placed at 10.183657 m. from tractor rear axle.
single and tandem WITH A SPACING

OF 3.0 m. placed at 8.704159 m. from tractor rear axle.
would you like to see the remaining suggestions?
yes « no

t 4ot Enter to select END to complete /Q to Quit

? for Unknown

YOU HAVE TO CHANGE TRAILER AXLE CONFIGURATION.
PLEASE PRESS RETURN TO RESUME WITH CONSULTATION
CURRENTLY LOOKING FOR POSSIBLE SOLUTIONS. PLEASE WAIT.
the total number of suggestions available is 5, how
many would you like to see?

2

tandem WITH A SPACING

OF 1 m. placed at 10.183657 m. from tractor rear axle.
single and tandem WITH A SPACING

OF 3.0 m. placed at 8.704159 m. from tractor rear axle.
would you like to see the remaining suggestions?
yes < no

tridem or equivalent WITH A SPACING
OF 2.4 placed at 10.183657

single and tridem WITH A SPACING
OF 5.4 placed at 7.549348

four or more WITH A SPACING
OF 3.6 placed at 10.183657

1Help 2Go dWhatIf 4Variable SRule 6set
1Help 2How? 3Why? 4Slow 5Fast 6Quit
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5.3.3 Validation of results
The results given in the previous section can be
validated in many aspects. The first point to check for, is

that the expert system does indeed perform the task expected

of it. The requirement specifications were defined in
Chapter 3. As can be seen from the results provided, the
expert system does indeed satisfy these requirements. The

second point of importance, is the correctness of the
results. This requirement can be checked in two ways. The
first way 1s to check the dimension and 1load 1linmits
displayed by the expert system and checking them against the
regulation tables in Appendix A. This is to insure that the
limits given by the expert system actually represent those
specified by the regulations. The second way to check is to
compare the actual loads and dimensions to the limits given.
This is to insure that the conclusion made by the expert
system concerning the legality of a certain 1load or
dimension is correct. If the expert system provides
semitrailer axle group suggestions, the validity of these
suggestions can be checked by choosing one and running the
expert system to check for the 1legality of that

configuration.

The above methods were used in the validation of this
expert system. However, it should be noted that since not
every possible combination was tested, the possibility of

certain errors that went unnoticed cannot be completely
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ruled out. As is the case with most expert systems of this
nature, more confidence is gained in the system, the more it
is used. This 1is because the more the expert system is
used, and the answers validated, the more combinations are

actually being tested and the system cleared of more errors.

5.4 Advantages and Limitations of KBS: VELSAS

The advantages of VELSAS can be clearly seen when
consulting the systemn. The problem solved by this KBS is
twofold. First it determines the legality of the vehicle in
all the required aspects according to the government
regulations. Going through this process manually is
actually quite cumbersome as there are many points to check
for and many methods to follow and exception to take into
account. Moreover the person performing this task has to be
familiar with the terms used and the regulations applicable.
VELSAS, however requires only basic information about the
vehicle which is usually available to the person concerned
with the vehicle legality. Thus no special knowledge or

skill is required by the user.

The more apparent advantage 1is when the semitrailer
axle load or vehicle gross weight is illegal and the user
needs to find an alternative configuration. Without
consulting the expert system the user would have to go¢
through many steps. First the cause of the problem should

be identified. This may be the semitrailer axle group, axle
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spacing, axle position, tire capacity or any combination of
the three. Once the problem(s) is identified, the user has
to choose a semitrailer axle group that will solve these
problemns. The difficulty here is insuring that in
satisfying one requirement, another is not being violated.
The position of the new axle group is very important in this
case. This is because the position influences the actual
load on the trailer axle group as well as the tractor axle
loads. Thus if, the user chooses the axle group based on
the actual axle load, he has to position such that the load
on the trailer axle group remains unchanged. If not, then
the axle loads have to be calculated once more and the
vehicle 1load 1legality checked again. Thus choosing a
suitable axle configuration can be a 1lengthy process.
However, this process is carried out very quickly by the
VELSAS and the user is provided with as many choices

as available to choose from.

The most obvious limitation of this KBS is the fact
that the solutions provided are limited to changes made on
the semitrailer axle group. It 1is possible to have
soluticns in which both the tractor and semitrailer axles
are modified. However, this requires a different approach
in which the semitrailer and tractor axle 1loads are

interrelated.
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At present, KBS:VELSAS concludes the consultation
process once the sensitivity analysis of the vehicle is
done. Following the sensitivity analysis, the user may want
to change one or more vehicle parameters. It would be
useful if, following these changes, VELSAS, can inform the
user how these changes would affect the legality of the

vehicle.allowed to change the desired parameters

Another 1limitation of this expert system is that a
change in the regulations, depending on how drastic it is,
may leave this expert system with very little use as is.
This is because, unlike other fields such as in design or
medicine, the knowledge in the expert system is 1largely
dependant on laws and regulation which are more apt to
change. Finally, this expert system has to be updated again
if it is to be used after December 1994. This is because
some of the requlations it represents are not wvalid after

this date.

5.5 Summary

In this chapter, the overall structure «f the
KBS:VELSAS is presented. The system is evaluated and some
test cases presented. The evaluation process includes
verification, validation and a presentation of advantages
and limitations of the KBS:VELSAS. The verification and
validation process consists of requirements definition,

verification of the knowledge base, preparation of test
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cases followed by execution and evaluation of results.
Finally, the advantages and limitations of KBS:VELSAS are

discussed.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

6.1 Highlights of Thesis

The ©purpose of this thesis is to develop a
Knowledge-Based System: VELSAS that will provide advice as
to the legality (weights and dimensions), of
tractor-semitrailers operating in Quebec and to evaluate the
roll stability and sensitivity of these vehicles. This was
achieved by integrating an expert system that specializes in
studying the legality of the vehicle with external Fortran
programs that evaluate the steady turning roll stability and

sensitivity of a given vehicle.

The primary function of KBS: VELSAS is to determine
whether a certain vehicle is legal or not. If the vehicle
is found +to  be illegal, VELSAS suggests certain
modifications to the vehicle in order to make it legal. The
development of VELSAS, required the study of all the
relevant laws and regulations defined by the government.
This was necessary in order to determine the nature of
problem at hand and to define more specific goals of the
KBS. Since the choice of the right expert system tool or
shell is a key point in building a good KBS, a study of a
few commercially available expert system tools and shells
was necessary. The study narrowed the choice down to two

tools, VP-EXPERT and EXSYS. A prototype of the KBS was
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built using each of these two tools, and VP-EXPERT was
chosen as the development tool. The KBS was then developed
following a cycle of prototyping, requirements redefinition,
verification and validation. Finally, the finished product
was tested and validated and the results of some runs

provided.

To study the roll stability of a vehicle for steady
turning and to evaluate the sensitivity of a given vehicle
to parametric changes, a mathematical model known as the
static roll model (SRM) was used. This model determines the
rollover threshold for a given vehicle undergoing a steady
turning maneuver. A survey of previous sensitivity analysis
studies shows that some parameters are more sensitive than
others. In all of these studies, repetitive running of SRM
was required every time a certain parameter was changed. In
this study, a mathematical sensitivity analysis was
developed in order to avoid the need for such repetitive
running of SRM. For this purpose, the equations for the
sensitivity analysis were derived from the static roll
model. A mathematical sensitivity analysis was then
performed on a vehicle to predict the rollover threshold,
rollover angle and the corresponding lateral acceleration.
The predicted results were compared to the actual results
obtained by running SRM. The results for the more sensitive
parameters are provided and the errors involved are

discussed.
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6.2 Conclusions

A KBS that acts as an advisor on the legality (weights
and dimensions) of tractor-semitrailers in Quebec
proved to be both efficient and useful.

A survey of possible expert system tools and shells
resulted in choosing VP-EXPERT as the development tool.
The integration of the KBS with external FORTRAN
programs provides the user with a means of evaluating a
given vehicle in three aspects, legality, stability and
sensitivity.

Mathematical sensitivity analysis provides a good
estimation of the effect of changing a certain
parameter on the rollover threshold while avoiding the
need of repetitive running of SRM.

The error resulting form using mathematical
sensitivity analysis increases as the change in the
parameter increases.

The magnitude of error resulting form using
mathematical sensitivity analysis depends on the
parameter chosen as well as the magnitude and direction
of parameter change.

Mathematical sensitivity analysis cannot be used to
predict roll angles larger than the roll angle for the

vehicle with baseline parameter set.
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6.3 Recommendations for Future Work
The Knowledge-Based System developed, proves the

usefulness of such a system for the application at hand.

Similarly, the mathematical sensitivity analysis developed

provides a good estimate of the effect of changing a certain

parameter on vehicle stability. However, a more complete

KBS can be obtained by implementing the following

suggestions:

- Include the possibility of modifications in axle load
and dimensions for the tractor. This can be done by
shifting the fifth-wheel position.

- If the vehicle stability is not satisfactory, recommend
change in parameters that will ensure stability of the
vehicle, then recheck the vehicle legality for the new
parameter set.

- Examine the possibility of shifting the payload, as a
solution when tractor or semitrailer axle loads are
illegal.

- When suggesting shifting the semitrailer axle group as
a solution, provide the user with the new axle group
position that would not violate the tractor legality.

- Expand the KBS to cover other heavy vehicle types and
other provinces.

- Perform mathematical sensitivity analysis on weight
variables.

- Examine the possibility of changing more than one

parameter at a time and the error involved.
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EXAMPLES OF QUEBEC REGULATIONS (Weights and Dimensions)

USED IN BUILDING KBS: VELSAS [9]

MAXIMUM DIMENSIONS (continued)
S

E)

)] Tractor, one semitraller and one traller

b 23 —

[y=—r—

i)  Tractor and 2 semitrailers

A - 25 m maximum on divided highways;
- 23 m maximum on other roads;

B - 20 m maximum on divided controlled access highways and highway 185;
- 18,5 m maximum on the rest of the network.
Semitraller

Authorized for all axle classes:

om  —

¥ g
Authorized for all axle classes with the described requirements:
—Ad 65 m
LM 125m Lol

Authorized for single, tandem, or triple axles and for axle classes B.44 and B.45 with the
described requirements:

15,5 m

il 125m il

[ i
<% VT 3

* Setting of the kingpin (radius: 2 m maximum).

b Maximum 35% of the distance between the centre of the single, tandem or triple axle and the
centre of the kingpin.
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TABLE 1

AXLE LOAD
Class Normal period Normal period Thaw
(raw forest products) (other load) period
B.1  Front single axle 9 000 kg 9 000 kg 9 000 kg
B.2  Front tandem axle 16 000 kg' 16 000 kg' 16 000 kg
B.3  Front multiple axle 15 000 kg' 15 000 kg' 15 000 kg
B.10 Single axle 10 000 kg 10 000 kg 8 000 kg
®
B.20 Two axles or more 10 000 kg 10 000 kg 8 000 kg
[ JoX
{d-]
d<1im
B.21 Tandem axle 17 500 kg* 17 500 kg 14 500 kg*
o o
| -d-]
im<d<15m
B.22 Tandem axle 20 000 kg 18 000 kg® 15 000 kg*
e O
Rt
1i5msd<i18m
B.23 Tandem axle 20 000 kg 19 000 kg® 15 500 kg
e o
{-d-|
18msd<24m
1 Untt Decamber 31, 1994, thus load hmit is increased 10 17 500 kg for the axies of & vehicls belonging 10 & ysar model prior 10 1902
2 Until December 31, 1999, this load limit is increased 10 20 000 kg for the axles of a vehicle belonging 10 & yew model prior 10 1992
3 This load hirmit is increased 10 20 000 kg for the axies of a single-unit road vehicls used lor snow and ice removal on public roads, for the axles of a backicading

refuse-compacting trucks o $or the axies ol @ single-unit road vehicls with a non-detachable dumping mechanism casrying sand, earth, gravel, stone sodum

chioride, snow, ice or hot mix asphatt.

4 This load imit 1s increased 10 15 500 kg on drvided highways
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TABLE 1 (continued)

AXLE LOAD
R

Class Normal period Normal period Thaw
(raw forest products) (other load) period

B.34 Triple axle or 29 000 kg' 27 000 kg 23 000 kg
equivalent group
of axies
( X R
|~ d-|
42m<d<48m

B.35 Triple axle or 30 000 kg 30 000 kg 24 500 kg
equivalent group
of axles
000
|~ d=|
dz248m 1

B.36 Single axle 22 000 kg* 20 000 kg* 20 000 kg
in front of a
tandem axle
o 00
[+=d—|

I3msd<36m

B.37 Single axle 24 000 kg*™* 22 000 kg®*™* 22 000 kg
in front of a
tandem axle
o 00
|+«-d—=|

36msd<42m

B8.38 Single axle 26 000 kg*™* 24 000 kg*™* 22 000 kg
infrontofa
fandem axle
o 00
RaCind

42ms<d<48m

B.39 Single axle 29 000 kg* 27 000 kg* 22 000 kg
infront of a
tandem axle
o J0
|e-d—|
d248m

Unti December 31, 1954, thes load Iimit i increased by 500 kg for the axies of a vehicle belonging to a year model prior to 1992
Untd December 31, 1994, the load imn is increased by 2 000 kg

Untd Decernber 31, 1994, twe load imat 18 increased by 3 500 kg for the axies of a vehicle belonging to a year mode! priof to 1992
Until Decamber 31, 1994, thas load imit 18 increased by 3 000 hg for the axiss of a vehicle belonging 1o & year mods! priot to 1992
Unid Decembet J1. 1994, thus load hmit 13 increaded by 1 000 kg

e N -
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TABLE 2 (continued)

GROSS VEHICLE WEIGHT
Class Gross we!ght Designated
limit distance
A42 ﬁE-———;J 50 500 kg a:53m
yr—,
B.32
A.43 Same vehicle combination as A.42 50 500 kg a<53m*
Ad4 ﬁC:J 52 500 kg a:57m
¥y, ¢
B.33
A.45 Same vehicle combination as A.44 52 500 kg a<s7m*
A.46 ﬁC:J 54 500 kg ax62m
T . %
B.34
A.47 Same vehicle combination as A.46 54 500 kg a<62m*
A.48 aC:_:J 55 500 kg a:63m
T, N
B.35
A.49 Same vehicle combination as A.48 85 500 kg a<63m*
A50 49 500 kg axs51im
I M—
B.36
A.51 Same vehicle combination as A.50 48 500 kg a<s5im*
A52 ﬂ;—_.-:l 51 500 kg ax254m
B.37
A.53 Same vehicle combination as A.52 51 500 kg a<54m*
¢ The gross weight limit for this class is reduced by 650 kg for each full 300-mm section less than the prescribed disance
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APPENDIX B

ELEMENTS OF COEFFICIENT MATRIX [A]
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ELEMENTS OF COEFFICIENT MATRIX [A]

The elements of the coefficient matrix ([A) used 1in

equation (4.33) are as follows:

A(1,1) = =(WAXL - W )ZR (1 = ¢ (& - ¢ )) +W_ 2

— — 2 - -
A(l1,2) = (K1 + KIZ)S1 + (F“+ 1:‘12)2R KFR W_ 2

1 1 FR FR1

A(1,3) = K_

A(1,4) = (K + K _)S °+ (WAXL - WU )2 (1 + a (¢,7 ¢,,))

“(Fo ¢ F)2,,
A(1,7) = (K - K )S,
A(2,1) = ~(WAXL - W, )Z__(1 = ¢ (6~ ¢,,))
-W 2 - W2Z
FR FRZ2 5 82
A(2,2) = K_
P 2 - -
A(2,3) = =(K, + K )5S, + (F, + F )2 = K o+ W Zpa™ K
+ W2,
— 2 - -
A(¢,5) = (K21+ 1(22)52 + (WAXLZ WUZ)ZRZ(I +ay(¢sz ¢uz))
= (F+ F )2,
A(2,8) = (K, - K_)S,
A(3,1) = -(WAXL3 - wU3)ZR3(1 - ¢U3(¢53- ¢U3)) - w5253
A(3,3) =K
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— 2 - -
A(3,6) = (K, + K__)S_ + (WAXL_ - W )Z_ (1 + ay(¢sa $43))
(F31+ I:‘32) ZR3
A(3,9) = (K,,- K _)S,
- - 2 -
A(3,16) = (K:n+ K )5 + (F+ Fsz)zns K, + W2,
A(4,1) = -(WAXL - W )HR - WU HU,
_ 2
A(4,2) = (K  + K )8
A— - 2 - —
A(4,4) = -(K  + K _)S|+ WAXL R + (WAXL - W  )2Ul
2 2 2
KT (T, +A)° - KT T/- KT _(T +Y)
2
KT, (T, + A+ Y )“- KOVT - KOVT A
A(4,7) = -(K - K )5 + (WAXL - wux)(ay- ¢y,)
A(4,10) = (KT - KT )(T .+ A ) + (KT - KT )T,
- (KT.+ KT )Y + WAXL a
13 14 1 1l y
A(4,13) = =[(F, .+ F ) + ((KT + KT )(T,+ Y ) +
KTl 4A1)¢U1]
A(5,1) = -(WAXL - W _)HR - W HU,
_ 2
A(5,3) = (K, + K, )S]
= Ll 2 . -
A(5,5) (K, + K _)S + WAXL R + (WAXL - W  )ZU,

2 2 2
Ksz(T2+ Az) - KTZZTZ KT23(T2+ Ya)

» 2
kT24(T2+ A2+ Yz) KOVT23 KOVTz‘
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A(5,8) = -(K, - K, , )8 + (WAXL - wuz)(ay- $,,)

A(5,11) = (KT, - KT, )(T,+ A,)) + (KT, - KT )T,
= (KT, + KT )Y, + WAXL,a
A(5,14) = -[(F,, + F_ ) + ((KT, + KT ) (T + Y,) +
KTZ 4A2)¢UZ]

A(6,1)=- (WAXL3-¥VU3) HR3- WU:’HU3

PE S 2 -
A(6,6) = =(K, + K_)S. + WAXL R + (WAXL - W _.)2U,
2 2 2
- KT_ (T + A )% - KT_,T3° - KT__(T _+ Y )
2
- KT, (T + A+ Y,) KOVT_ - KOVT_,
A(6,9) = =(K, - K ,)S + (WAXL - W )(a - ¢,)
A(6,12) = (KT, - KT_ )(T_+ A ) + (KT, - KT_.)T,
- (KT_+ KT_,)Y_+ WAXL a
A(6,15) = -[(F2Z, + F2_,) + ((KT + KT_)(T + Y ) +
KTS 4A3)¢U3]
2
A(6,16) = (K, + K_)S]
A(7,1) = =(WAXL - W, )¢
A(7,2) = =(K - K )S
A(7,4) = (K - K )S - (WAXL - W  )a
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A(7,7) = K. + K

A(8,1) = -(WAXL - W )¢

uz2 vz

A(8,3) = -(K, - K, )S

21 2

A(8,5) = (K, - K, )S,— (WAXL,- W . )a

1

A(8,8) = K, + K__

A(9,1) = -(WAXL_- WU_)¢

A(9,6) = (K - K ,)S = (WAXL - W )a

A(9,9) = K + K

A(9,16) = -(K - K_.)S,

A(10,4) = -(KT, + KT _- KT _- KT )T - (KT : KT )A
+(KT _+ KT )Y,

A(10,10) = KT  + KT + KT _+ KT

A(10,13) = (KT, _+ KT )¢

A(11,5) = -(KT,+ KT - KT, - KT )T,~ (KT, - KT, )A

+(KT, + KT, )Y,
A(11,11) = KT, + KT+ KT+ KT,

A(11,14) = (KT, + KT, )¢

24° 02
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A

A(12,6) = - (KT .+ KT ,- KT - KT, )T - (KT - KT_ )A

3 3

+ (KT__+ KT_ )Y,

A(12,12) = KT, + KT_,+ KT__+ KT

A(12,15) = (KT, + KT, )¢
A(13,1) = WAXL

A(13,13) = - KYT,

A(14,1) = WAXL,

A(14,14) = - KVT,

A(15,1) = WAXL,

A(15,15) = - KYT3

A(16,16)=1

le8



APPENDIX C

TEST VEHICLE CONFIGURATION AND PARAMETERS
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TEST VEHICLE CONFIGURATION AND PARAMETERS

The test vehicle used is a nine~axle tractor semitrailer

with the following configuration [6]:

o 00O OO0

The input data to SRM are:

Total Sprung mass: (w‘) 112300 [1b)
Weight of the tractor front axle (Wm) 1200 [1b]
Weight of the tractor rear axle (W,,) 4500 [1lb)
Weight of the trailer axles (W,,) 6000 [1b]
Load on tractor front axle (WAXLI) 14000 [1b)
Load on tractor rear axle (WAXLZ) 32000 [1b]
Load on trailer axles (WAXLb) 78000 [1b)
Half the lateral distance between

inner tires on tractor front axle (T,) 40.42 [in)
Nual tire spacing on tractor front

axle (A)) 0.0 [in)
Half the lateral distance between

inner tires on tractor rear axle (T,) 29.00 [in)
Dual tire spacing on tractor rear

axle (A,) 13.0 [in)
Half the lateral distance between

inner tires on trailer axle (T.) 29.00 (in)
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Dual tire spacing on trailer axle
tires (A.) 13.0 [in]

Half the lateral distance between
suspension springs on tractor
front axle (S.) 16.0 [in]

Half the lateral distance between
suspension springs on tractor
rear axle (S.) 19.0 [in]

Half the lateral distance between
suspension springs on trailer

axles (Ss) 19.0 [in)
C.G. height of front sprung mass (2s,) 44.0 [in)]
C.G. height of rear sprung mass (zs,) 40.0 [in]
C.G. height of trailer sprung mass (Zsa) 87.8 [in]
C.G. height of tractor front axle (ZUI) 20.0 [in]
C.G. height of tractor rear axle (z2U,) 20.0 [in)
C.G. height of trailer axles (28,) 20.0 [in]
Height of tractor front axle roll

center (HR)) 22.0 [in)
Height of tractor rear axle roll

center (HR,) 20.0 [in)
Height of trailer roll center (HR,) 28.0 [in]
Height of fifth wheel (ZS) 50.0 [in]
Height of tractor frame (zrn) 34.0 [in]

‘Vertical Stiffness of one tire
on tractor front axle (KT,) 5000.0 [1lb/in)

Vertical Stiffness of one tire
on tractor rear axle (KT.) 5000.0 [lb/in]
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Vertical Stiffness of one tire
on trailer axle

Auxiliary tractor front roll
stiffness

Auxiliary tractor rear roll
stiffness

Auxiliary trailer roll stiffness
Tractor frame roll stiffness
Tractor frame coulomb friction
Fifth wheel roll stiffness

Fifth wheel separation moment
Lash in fifth plates

Vertical locad on fifth wheel
Tractor rear sprung weight

Lateral stiffness of one tire
on tractor front axle

L.ateral stiffness of one tire on
tractor rear axle multiplied by
number of axles

Lateral stiffness of one tire on
trailer axle multiplied by
number of axles

»

overturning stiffness of one tire

on tractor front axle

Overturning stiffness of one tire
on tractor rear axle multiplied by

number of axles

overturning stiffness of one tire

on trailer axle multiplied by
number of axles
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(KT) 5000.0 {1b/in)
(KRS, ) 0.0 [{in.1lb/deq)
(KRSZ) 0.0 [in.1lb/deq]
(KRS, ) 0.0 [in.1lb/deg]

(K ) 9000.0 [in.1lb/deg]
(CrR) 11000.0 [in.1lb)
(M_) 1000000.0 [in.lb/deg)

(MOM__, }  558000.0 [in.1b)

(LASH, ) 2.0 [deg]
(W) 31000.0 [1lb)
(W, ) 2000.0 [1b]
(KYT, ) 3000.0 [1lb/in.]
(KYT,) 6000.0 [1lb/in.)
(KYT_ ) 18000.0 [1lb/in.)
(KOVT, ) 1000.0 [1lb/in.]

(KOVT, ) 2000.0 (1b/in.]

(KOVT_ ) 6000.0 [1b/in.)



SPRING TABLES

(a) Tractor Front Suspension

Force (1b) Deformation
7500.0 | 5.0

(b) Tractor Rear Suspension (grouped)

Force (1lb) Deformation
-24000.0 -4.5
0.0 -1.5
0.0 0.0
36000.0 3.0

(c) Trailer Suspension (grouped)

Force (1b) Deformation
-75000.0 -4.5

0.0 -1.5

0.0 0.0
144000.0 3.0
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